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I. Robinson60, J. Röhler56, R. Röhlsberger6, G. Rosenbaum1, J.E. Rubensson65,
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Chapter 1

Introduction

During the past 30 years, research carried out at synchrotron radiation facilities has made sig-
nificant contributions to basic as well as applied sciences. The development of experimental
techniques answering a wide variety of scientific questions is progressing at an unprece-
dented pace. These improvements have always been strongly correlated to the advances in
source brilliance. In the very beginning, scientists, mainly physicists, investigated the basic
properties of synchrotron radiation. However, soon its unique properties were recognized:
tunability over a large range of the electromagnetic spectrum, extreme collimation, very high
intensity, polarization properties and a pulsed time structure. Synchrotron radiation experi-
ments at the synchrotron of the Deutsches Elektronen-Synchrotron (DESY) were among the
first and played a key role for the following developments. First experiments in 1967 con-
centrated on spectroscopic investigations of atoms in the VUV energy range for which no
laboratory sources were available. Already in 1970 first small angle scattering experiments
using X-rays were carried out on biological samples exploiting the small divergence of the
beam. Today, the spectral range used for experiments extends from the infrared to the very
hard X-ray range at several 100 keV. Since these early days when only few experts took on
the effort to carry out pioneering experiments, the situation has changed dramatically and
many synchrotron radiation techniques have reached a considerable state of maturity and a
high degree of automation, thus, making these techniques available for a wide user commu-
nity. The developments in many fields such as surface and interface physics, magnetism,
absorption and fluorescence spectroscopy, or diffraction and scattering experiments at high
photon energies would be unthinkable without synchrotron radiation. Another very suc-
cessful field is structural biology, where meanwhile the fraction of protein crystal structures
newly deposited in the Protein Data Base (PDB), and measured using synchrotron radiation,
is approaching 90%.

Worldwide about 40000 scientists are using synchrotron radiation very often in an interdis-
ciplinary approach. The operational German sources serve about 3000 users per year, 2000
of them using DESY facilities. The applications stretch over such different fields as atomic
and cluster physics, condensed matter physics, chemistry, materials science, structural biol-
ogy, crystallography, geo- and environmental science and medical science. In the beginning,
scientists used in a ‘parasitic’ mode the radiation emitted from the bending magnets of syn-
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2 1. Introduction

chrotrons and later of storage rings, built for particle physics research. These so-called first
generation sources were soon followed by the 2nd generation providing radiation from lin-
ear, periodic magnetic arrays of small dipoles, so-called wigglers, in addition to the radiation
emitted by bending magnets. Such wigglers provide a 30–100 fold flux of a bending mag-
net. All these machines have in common relatively large particle beam cross sections of the
order of one millimeter. They provide rather large photon beams, which are very well suited
for studies of samples of milli- to centimeter sizes such as whole work pieces common in
materials science.

For the 3rd generation of synchrotron radiation sources a further, rather dramatic improve-
ment of the photon beam quality has been achieved by exploiting the constructive interfer-
ence of the radiation emitted from the individual poles of periodic magnetic structures called
undulators. For these devices to function efficiently rather small and parallel particle beams
are needed. These very demanding requirements and the fast growth of the user community
led to the construction of dedicated synchrotron radiation sources specialized for serving
undulators with particle energies matching the photon energy range needed for the main ap-
plications, e.g. BESSY II in Berlin for the VUV and soft X-ray regime and the European
Synchrotron Radiation Facility (ESRF) in Grenoble for hard X-rays.
The main domain of undulator beams is the investigation of small samples or sample re-
gions in the sub-millimeter to sub-micrometer range. The most suitable parameter to com-
pare 3rd generation sources is brilliance, that means the flux per second in a given energy
range normalized to the size of the source and to the solid angle under which the radiation
is emitted. In Fig. 1.0.1 the brilliance as a function of photon energy is compared for a
number of synchrotron radiation sources. The dramatic increase in brilliance from 2nd to
3rd generation facilities has triggered a large number of new techniques and experiments un-
thinkable before. Meanwhile, focussing of hard X-rays down to a spot size of < 100 nm has
been demonstrated at ESRF providing the possibility to analyze samples at very high spa-
tial resolution. A high brilliance beam contains a considerable fraction of coherent photons
enabling techniques like phase contrast imaging and X-ray photon correlation spectroscopy
(XPCS) to become practical tools for the investigation of the static and dynamic properties
of matter. The same holds for a number of other techniques where the basic feasibility was
demonstrated at 2nd generation sources but applications to scientifically interesting samples
need the high brilliance of 3rd generation sources.

At present, DESY is operating the storage ring DORIS III, a 2nd generation synchrotron ra-
diation source, at a positron energy of 4.45 GeV. The relatively high particle energy provides
a considerable flux also at photon energies in the hard X-ray regime beneficial to a number of
applications that require penetration into or through larger bulk specimen. The large positron
beam at DORIS III provides relatively large photon beams which are ideally suited for the
investigation of milli- to centimenter size samples. The corresponding beamlines are robust
and easy to operate by users. However, small samples, extremely small foci, experiments
at extremely high resolution in reciprocal space or in energy, or coherence experiments are
beyond the capability of the radiation provided by this storage ring. For that reason DESY
decided to rebuild its 2.304 km long storage ring PETRA II into a 3rd generation synchrotron
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Figure 1.0.1: Average brilliance of synchrotron radiation and free-electron laser (FEL) photon
sources available or planned at DESY compared with the actual performance of other 3rd generation
storage rings and the FEL for hard X-rays under construction at SLAC, Stanford. The tuning curves
of the DORIS III sources are colored in dark green including the BW2 and BW3 wiggler. The other
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4 1. Introduction

radiation source called PETRA III. The conversion of PETRA will start in 2007. The par-
ticle energy of this new source will be 6 GeV at an initial current of 100 mA. Present plans
feature 13 independent undulator beamlines for experiments. The emittance of PETRA III
will be 1 nmrad which is a so far unrivaled value for storage rings operated at a comparable
high particle energy for the production of hard X-rays. PETRA III will provide a maximum
brilliance of the order of 1021 ph/s/mm2/mrad2/0.1% BW with a considerable fraction of co-
herent photons also in the hard X-ray range. With a coupling ratio of 1% PETRA III will be
diffraction limited in the vertical direction up to a photon energy of about 10 keV.
The choice of a particle energy of 6 GeV was motivated by an optimization for a small beam
emittance, which scales with the square of the energy, and a sufficiently high particle energy
which is needed to provide tunable high-energy photon beams with sufficient flux and bril-
liance.

After the conversion of PETRA, a number of unique sources will be available for the re-
search with synchrotron radiation at DESY: (i) the high energy storage ring PETRA III for
the investigation of matter with sub-millimeter to sub-micrometer spatial resolution, (ii) the
storage ring DORIS III for applications that need high flux and that can use beams of mil-
limeter size dimensions, (iii) the VUV-Free Electron Laser (VUV-FEL) for research with
extremely intense and coherent photon beams in the VUV and soft X-ray regime down to
6 nm wavelength and pulses of ≈ 50 fs duration. In 2012, the planned European X-ray Free
Electron Laser Laboratory (XFEL) should provide very short, extremely intense, coherent
hard X-ray pulses up to about 12–14 keV photon energy with a peak brilliance about nine
orders of magnitude higher than available today. This unique ensemble of X-ray sources will
offer most attractive opportunities for photon science.

Today, the ESRF is serving the European synchrotron radiation community with brilliant
photons mainly in the hard X-ray regime. However, the ESRF is heavily overbooked and can
not fulfil all user requests for beamtime. In the somewhat softer energy range a number of
medium particle-energy storage rings like SOLEIL close to Paris, DIAMOND near Oxford
and the Spanish light source in the vicinity of Barcelona are planned or under construction in
Europe in addition to the existing facilities ELETTRA, MAXLab, BESSY II and the Swiss
Light Source (SLS). These facilities attract communities using the photons in the VUV as
well as in the soft X-rays regime from undulators and X-ray photons up to about 10–20 keV
from wigglers, wavelength shifters, and small gap in-vacuum undulators. With its particle
energy of 6 GeV and the future upgrade possibilities for beamlines providing even extremely
hard X-ray radiation, PETRA III fits very well into the whole scenario of European sources
in order to serve the community with very brilliant X-ray beams at photon energies also well
beyond 20 keV photon energy.

Furthermore, with its design parameters (see Sec. 2.2) and future upgrade possibilities the
PETRA III storage ring represents a development about half way in between presently oper-
ating 3rd generation X-ray sources and what is, according to a theoretical study by the ESRF
machine group, considered to be the ultimate storage ring. Especially the very small horizon-
tal emittance is expected to provide significantly better conditions than presently available
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5

for the realization of very small focal spot sizes and for experiments exploiting the coherence
properties of the beam. Therefore, the PETRA III upgrade represents a unique possibility to
strengthen the research infrastructure in the harder X-ray regime and, probably more im-
portant, to provide a significant improvement for all techniques that require a low emittance
source.

The design study presented in this report has been developed since year 2000 in close col-
laboration with the synchrotron radiation community and a large number of international
experts in the field of beamline instrumentation and synchrotron radiation storage rings. Ten
workshops were organized to exchange and discuss ideas.
The technical design concerning the conversion of the storage ring has already been prelim-
inary reviewed by a panel consisting of the DESY machine advisory committee (MAC) and
external machine experts from 3rd generation synchrotron radiation sources. According to
their first judgement the conversion of PETRA is ‘. . . considered to be a cost effective solu-
tion . . . and . . . a very clever design . . . ’. This panel is expected to accompany the storage
ring part of this project.

Experiments requiring the high brilliance of PETRA III were discussed in a series of user
workshops which led to a larger number of proposed experiments for PETRA III than the
number of available undulator ports. After publication of this report, an external, inter-
national advisory board will be established to assist DESY in prioritizing these beamline
proposals.

The next chapter in this technical design report will give a comprehensive overview of the
PETRA III project including a short description of the proposed experimental stations. The
following chapters describe in detail the conversion of the storage ring and the refurbish-
ment of its infrastructure, the proposed insertion devices, the beamline vacuum system, the
X-ray optics, and a detailed description of the science case as well as technical issues of the
proposed experimental stations. The last chapters of this TDR deal with civil engineering,
project costs and personnel requirements, schedule, and future upgrade possibilities.
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Chapter 2

Executive Summary

2.1 Science at Low Emittance High-Energy Synchrotron
Radiation Sources

Synchrotron radiation science experienced a tremendous boost during the past 10–15 years
after the advent of 3rd generation low emittance synchrotron radiation sources like ESRF
(Grenoble), APS (Argonne) and SPring-8 (Harima) in the hard X-ray regime and ELETTRA
(Trieste), BESSY II (Berlin), SLS (Villingen) and MAXLab (Lund) in the somewhat softer
energy range. While the sources of first and 2nd generation operating in parasitic or dedi-
cated mode deliver intense X-ray beams from bending magnets and wigglers, 3rd generation
facilities use undulators as their main radiation sources. The total flux of a wiggler at a
2nd generation source like DORIS III at DESY is not significantly smaller than the flux of
an undulator beamline at a 3rd generation source but it is distributed over a considerably
larger solid angle, thus providing ideal conditions for the investigation of samples of about
millimeter to centimeter size. In comparison, the source size of an undulator beam of a
3rd generation source is about two orders of magnitude smaller providing ideal conditions
for the investigation of much smaller samples or for micro- to nano-focussed beam. The
commonly used quantity to characterize synchrotron radiation sources is the well known
brilliance B1

B =
F

4π2σTxσTyσTx′σTy′
(2.1.1)

where F is the spectral photon flux in photons/(s·0.1% BW); σTx and σTy are the total (index:
T) photon source sizes in horizontal and vertical direction, respectively; σTx′ and σTy′ are the
total beam divergence in horizontal and vertical direction2. Usually, all flux and brilliance
values are given for a 0.1% energy bandwidth (BW) which is about seven times larger than
the average intrinsic energy bandwidth behind a Si (1 1 1) monochromator. The total photon
source size and divergence are given by the convolution of the sizes (σx,y) and divergences

1Brilliance is often called brightness in American literature. The definition of all quantities in this TDR are
according to (Kim, 1995).

2All source sizes and divergences will be characterized by their RMS values assuming Gaussian shaped
distribution functions.
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8 2. Executive Summary

(σx′,y′) of the electron beam with the intrinsic radiation characteristics (σr, σr′) of a single
electron. For that reason the horizontal emittance

εx = σx · σx′ (2.1.2)

of a storage ring is of crucial importance for the photon beam parameters. The vertical emit-
tance is given by εy = κ · εx with the so-called coupling factor κ that depends mainly on the
precision of the alignment of the storage ring. Typical values for κ at present synchrotron
radiation storage rings are in the range of 1 %. The brilliance is usually given in units of pho-
tons/(s mm2 mrad2 0.1%BW) and characterizes the number of photons per unit phase space
volume. Undulator sources at modern 3rd generation storage rings are very well suited to
produce high brilliance due to the small source size and the low divergence of the emitted
radiation.
To a certain extent it is also possible to focus the relatively large beam of a wiggler of a
2nd generation source onto a small sample area at the expense of an increased divergence in
the focus. However, due to limitations in the achievable demagnification ratio and the small
aperture of X-ray optical elements the large source size of 2nd generation storage rings im-
poses a lower limit for the smallest achievable focal spot size. If an experiment requires
both, high flux on a very small sample area and a beam as parallel as possible, then only
3rd generation sources are able to fulfill these demands.

High brilliance is mandatory for a number of experimental techniques:

• Protein crystallography: For many proteins it is extremely difficult to grow large crys-
tals. At the same time interesting structures get more complex, leading to weakly
diffracting crystals with large unit cells and a very densely populated reciprocal space
which requires a parallel and intense beam to resolve different diffraction orders.

• High resolution diffraction from small sample areas, especially from surfaces and in-
terfaces: These techniques require a very parallel beam conditioned by slits to an ap-
propriate size. Providing a high intensity beam under these conditions is not possible
at a 2nd generation source.

• Spectroscopy with sub-µm spatial resolution: These experiments require the small-
est possible source size due to the achievable demagnification ratio and the limited
aperture of the available X-ray optical elements.

• Small angle scattering with µm spatial resolution or very small samples: This tech-
nique requires a micro-focus beam but a divergence small enough to obtain sufficient
resolution in the scattering pattern.

A low emittance storage ring operated in the 6–8 GeV range allows to generate well col-
limated undulator radiation up to quite high X-ray photon energies which have significant
advantages in materials science applications where

• very small but intense photon beams can be generated for hard X-rays that are needed
to penetrate large samples and components for 3D microscopy with sub-µm spatial
resolution.
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2.1. Science at Low Emittance SR Sources 9

• Extremely small foci of hard X-rays will also allow for cone beam tomographic tech-
niques for 3D imaging in the 100 nm resolution range.

The spectral flux F of such an undulator is significantly higher than that of a wiggler. Yet,
since an undulator emits discrete energy bands the total heat load on the optical elements
compared to the flux density available for the experiment is significantly lower than for a
wiggler. For this reason an extremely high flux at the sample position can be generated
with sufficient stability. This is a prerequisite for experiments that use only a very small
wavelength bandpass of the incident radiation such as:

• Inelastic scattering: This technique only became a standard technique due to the avail-
ability of 3rd generation synchrotron radiation sources. Experiments on µm-size sam-
ples like those used for high pressure studies are still a challenge and need very long
data acquisition times.

• Nuclear resonant scattering: Since only a very small part of the energy spectrum of the
incident photons can be used, experiments are flux limited at present 3rd generation
sources.

Every incoherent source like an undulator at a storage ring provides a certain fraction of
coherent photons. The transversely coherent flux Fc is given by

Fc = B

(
λ

2

)2

=
Fλ2

16π2σTxσTyσTx′σTy′
, (2.1.3)

with λ being the photon wavelength. At a PETRA III undulator with a brilliance above
1020 ph/(s mm2 mrad2 0.1% BW) Fc will be about 4 · 1010 ph/s in a monochromatic beam3 at
12 keV photon energy. The transverse coherence length ξt(x,y) of a beam from an incoherent
source of size σT (x,y) at distance L for a particular wavelength is given by

ξt(x,y) =
λ · L

2 ·
√

2 ln 2 · σT (x,y)

. (2.1.4)

The longitudinal coherence length ξl is determined by the monochromaticity of the beam:

ξl =
λ2

∆λ
. (2.1.5)

For the intrinsic line of an undulator the relative bandwidth is given by

∆λ/λ = 1/nN, (2.1.6)

with N being the number of poles and n the harmonic number4. Thus the longitudinal
coherence length of an undulator line is given by ξl = nNλ. These coherence properties
promoted the development of new experimental techniques during the last years:

3Behind a Si (1 1 1) monochromator.
4In principle 1/nN has to be convoluted with the particle energy spread of the storage ring in order to obtain

the true ∆λ/λ. The energy spread contribution, however, is only significant for higher harmonics of very long
undulators.
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10 2. Executive Summary

• X-ray photon correlation spectroscopy (XPCS): This technique allows to gain insight
into the dynamics of materials on time and length scales that are not accessible with
other methods like inelastic neutron scattering or laser correlation spectroscopy using
energies in the visible spectral range.

• Phase contrast imaging: In samples where differences in absorption contrast are very
small, the interference contrast of neighboring rays that experience slightly different
phase shifts due to inhomogeneities of the index of refraction can clearly be detected.
This experimental technique provides a totally new, non destructive imaging method
mainly for low-Z materials.

The advantages mentioned above hold more or less for all 3rd generation high-energy syn-
chrotron radiation sources such as ESRF, APS and SPring-8. The emittance of PETRA III
will be 1 nmrad. This is by a factor of three to four smaller than that of present sources.
The smaller emittance translates directly to a smaller source size which results in a higher
brilliance and a higher coherent fraction. The experiments that benefit most from the smaller
emittance are:

• Micro- or nano-focus experiments; the smaller source size allows the realization of
very small focal spots. Since at the same time the divergence of the radiation is also
smaller, a significantly larger part of the total beam can be collected by optical elements
leading to a higher focal flux density.

• High resolution diffraction experiments for the investigation of fine details in momen-
tum space that derive from long range correlations in real space, because they need
extremely high resolution in energy (∆λ/λ) and Q-space.

• Coherence applications like XPCS as mentioned before.

In addition to ‘standard’ size insertion devices that are available at most other synchrotron ra-
diation sources, the geometry of PETRA III allows to install a number of very long (> 20 m)
insertion devices. One of them will be implemented already in the first stage. Therefore,
very high photon flux can be provided for some of the flux ‘hungry’ experiments mentioned
above.

2.2 PETRA III Conversion Overview

2.2.1 Storage ring
The conversion of the PETRA storage ring will include the total rebuilding of one eighth of
the storage ring to provide the electron beam optics for nine straight sections (see Sec. 3.1).
Eight of them will provide space for one 5 m or two 2 m long insertion devices (ID). The two
2 m IDs will be inclined towards each other by 5 mrad. This scheme allows to operate two
independently tunable undulators in a single straight section with beam paths sufficiently
separated for individual beamline optics. The ninth straight section will be suitable for the
installation of an insertion device up to a length of 25 m. From the present point of view and
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2.2. PETRA III Conversion Overview 11

εx [nmrad] E [GeV] εx/E2 εx [nmrad] E [GeV] εx/E2

USR 0.3 7 0.006 SLS 4.4 2.4 0.763
PETRA III 1 6 0.027 ELETTRA 7 2.4 1.215
SPring-8 3.4 8 0.053 BESSY II 6 1.9 1.66
APS 3 7 0.061 Spear III 18 3 2
ESRF 3.9 6 0.108 MAX II 9 1.5 4
Diamond 2.5 3 0.2 ANKA 41 2.5 6.56
Soleil 3 2.5 0.48 DORIS III 450 4.5 22.2

Table 2.2.1: Emittance εx, particle energy E and normalized emittance εx/E2 of a number of op-
erating and planned storage rings. ‘USR’ denotes a study about an ultimate storage ring carried out
by the ESRF machine group (Ropert et al., 2000). ‘PETRA III’ denotes the upgraded PETRA storage
ring. Planned sources or feasibility studies are colored in green, sources under construction in blue
and operational facilities in black.

taking into a account the available space in the experimental hall, a number of 13 insertion
devices (one with 20 m, four with 5 m and eight with 2 m) are planned.
Due to the large radius of PETRA III, the angle between the beams of neighboring straight
sections will be 5◦. This angle does not allow to have large experimental stations using the
radiation from the bending magnets between the undulator beams. However, depending on
the exact layout of the undulator beamlines, the option to use radiation from the bending
magnets downstream of each undulator will be kept open.
The design values for the new storage ring will be 6 GeV for the particle energy and 100 mA
for the current. However, all components handling heat load or dealing with radiation safety
will be dimensioned for a current of at least 200 mA in order to leave room for further up-
grades. The envisaged particle energy of E = 6 GeV is a compromise between a small hor-
izontal emittance εx ∝ E2 and a particle energy E sufficiently high to provide also tunable
beams of high photon flux in the energy range of 50–150 keV. A complete description of the
new parameters of PETRA III is given in Sec. 3.1 and Tab. 3.1.1.
In addition to the straight sections located in the converted eighth of the storage ring, four
straight sections with 64.8 m and another four with about 108 m length exist at PETRA.
These straight sections will in part be used for damping wigglers (Sec. 3.4) with a total
length of 80 m in order to reduce the emittance of the particle beam to its design value of
1 nmrad. Since the emittance of a storage ring scales quadratically with the particle energy,
the quantity εx/E2 can be used to compare different storage rings. In Tab. 2.2.1 the quan-
tity εx/E2 is listed for a number of storage rings that are in operation, under construction
or planned. It is obvious that PETRA III compares favorably with present sources at higher
particle energies. Only the parameters of a theoretical ESRF study for an ultimate storage
ring (USR) would provide a lower emittance beam.
In order to ensure a reliable operation of the storage ring almost all magnet coils of the re-
maining 7/8 of the storage ring will be replaced (Sec. 3.3) as well as the whole vacuum sys-
tem (Sec. 3.5). In addition, further upgrades are necessary for the RF system of the storage
ring (Sec. 3.6), the magnet power supplies (Sec. 7.2.3) and the cooling system (Sec. 3.13).
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12 2. Executive Summary

βx βy σTx σTy σTx′ σTy′ ID-length
[m] [m] [µm] [µm] [µrad] [µrad] [m]

low-β 5 m 1.3 3 36 6.0 28 3.7 5
high-β 5 m 20 2.4 141 5.5 7.7 3.8 5
low-β 2×2 m 1.4 3 37 5.7 27 5.4 2
high-β 2×2 m 16.2 2.6 127 5.3 9.3 5.5 2
20 m-ID 16 5 126 7.9 8.2 2.7 10
DW-drift 16 16 127 13 8.5 3.3 5
ESRF low-β 0.5 2.73 59 8.3 90 3 5
ESRF high-β 35.2 2.52 402 7.9 10.7 3.2 5
SPring-8 22.6 5.6 277 6.4 13 5 4.5
APS 15.9 5.3 217 12.6 15.3 5.7 4

Table 2.2.2: Overview of typical β functions, photon source sizes σx,y and divergences σ′x,y for
various ID positions at different storage rings compared to PETRA III. The photon source parameters
are given in RMS values for a photon energy of 12 keV. ‘2×2 m’ indicates the inclined undulator in-
sertion device positions at PETRA III. ‘DW-drift’ denotes possible undulator positions in the straight
sections outside the new, converted eighth of the PETRA storage ring. For this position, αx = −0.7
and αy = 0.7. The α values of all other PETRA III insertion device positions are zero which holds
also for the dispersion in the straight ID sections. To calculate the values for PETRA III, SPring-8
and APS an emittance (coupling) of 1 nmrad (1%), 3.4 nmrad (0.2%) and 3 nmrad (1%) was assumed,
respectively. All values are calculated from published β-functions and emittances using SPECTRA
(Tanaka & Kitamura, 2003). ESRF values were taken from ESRF Highlights 2003.

The Touschek lifetime is decreasing with the emittance of a storage ring. For this reason
the standard bunch filling pattern will consist of a large number (960 bunches corresponding
to 8 ns bunch distance) of equally spaced bunches with comparatively low charge. The life-
time for higher charged bunches for timing modes of operation (e.g. 40 bunches with 192 ns
bunch distance) at 100 mA will be as low as 2 h compared to about 24 h for the 960 bunch
mode. Considering the very good experience of SLS and APS in terms of thermal stability
of the storage ring as well as the X-ray optical elements, a topping-up injection mode of op-
eration is foreseen. Since the time between top-up injections can be as small as 70 s for a 40
bunch filling pattern in order to keep the current constant within 1%, a very high availability
for the injector (Sec. 3.8) and pre-accelerator systems (Sec. 3.16) is required demanding also
significant refurbishments of these systems. The RMS-bunch length at PETRA III will be
about 40 ps.
In Tab. 2.2.2 the planned β-functions (β(x,y) = σ(x,y)/σ(x′,y′), see also Eq. 2.1.2) as well as
photon source sizes and divergences in the straight sections of PETRA III are compared to
those at other high energy synchrotron radiation sources. Similar to the ESRF there will be
the option to have either a low or a high-β value in a straight section of the converted eighth
of the storage ring. According to present plans the possibility to switch between these two β-
function values during a short shut down period is envisaged. The vertical beam parameters
of present high-energy 3rd generation SR sources are very similar since all of them are close
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2.2. PETRA III Conversion Overview 13

to the diffraction limit in this direction. Therefore, the improvement provided by PETRA III
is mainly for the beam parameters in the horizontal direction.
The experiments can only benefit from the small source sizes if the beam stability is very
high. For this reason a suitable diagnostics (Sec. 3.9) and beam position control system will
be established.

Figure 2.2.1: Schematic position of the new experimental hall (magenta) situated between buildings
47 and 48. Additional buildings for experiments are sketched in dark magenta at positions where
further undulator beamlines could be placed in future.

2.2.2 Experimental hall
A new experimental hall (see Chapter 7) will be built at the rebuilt eighth of the storage ring.
Its location is schematically indicated in Fig. 2.2.1. Designs for the experimental hall are
based on the experience at other synchrotron radiation facilities. The requirements for the
floor stability of a synchrotron radiation facility of very low emittance are extreme. There-
fore, the whole ring tunnel in the new eighth of the storage ring will be rebuilt and located
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14 2. Executive Summary

inside the experimental hall. Both shielding walls will be of 1 m thickness and cast out of
heavy concrete. The tunnel roof will consist out of 0.5 m thick removable concrete blocks.
The experimental hall will be equipped with a crane able to lift up to 20 tons. The present
planning foresees to cast the floor in the experimental hall as one concrete slab about 1 m
in thickness which will carry the ring tunnel and the experiments. This slab will be vibra-
tionally decoupled from the experimental hall super structure and the auxiliary buildings.
Other possibilities for the design of the experimental hall floor are still under investigation.
The dimensions of the hall are such that beamlines can be up to 103 m long inside the exper-
imental hall. For experimental hutches outside the main hall the following options exist:

• The first undulator (20 m ID, counting starts at hall 47) has space for a 210 m long
beamline.

• The beamlines of the second and third ID can be extended up to 150 m length.

The air conditioning of the hall will be designed for a temperature stability of ±1 K. Along
the outer perimeter of the experimental hall there will be laboratory and workshop space in
the ground floor and office space in the first floor among other necessary infrastructure and
facilities. The total space for laboratories and offices amounts to about 1800 m2. The hall
will be accessible from both ends by doors large enough for trucks. In addition there will be
four entrances along the outside of the hall large enough for smaller fork lifters.

2.2.3 Expected photon beam performance
The characteristics of the electron beam have already been shortly described above (see
Sect. 2.2.1). The vacuum chamber inside the undulators will have an internal aperture of
7 mm. This means that the minimum magnetic gap of the undulators will be limited to a
value of about 9.5 mm. In Fig. 2.2.2 the tuning curves of typical PETRA III undulators as
well as the flux at higher photon energies through a 1 mm2 pinhole in 35 m distance from
the source are compared with those of existing 3rd generation synchrotron facilities. A more
detailed discussion of the PETRA III insertion devices is given in Chapter 4. The majority of
the undulators will be designed to be tunable over the whole wavelength regime (Kmax ≈2.2).
The highest brilliance available will be above 1021 ph/(s mm2 mrad2 0.1%BW). The max-
imum brilliance of a 2 m insertion device is about 3.2 times less than the one of a 5 m ID
while a 20 m ID provides about 2.7 times the brilliance of a 5 m device. This relatively small
increase is due to the necessary change in β-function in order to be able to operate such a
long device. The increase in flux scales approximately with the length.
The transverse coherence lengths (Eq. 2.1.4) calculated from the values in Tab. 2.2.2 are
listed in Tab. 2.2.3. The total coherent flux (Eq. 2.1.3) at about 12 keV is 4 · 1010, 1011 and
2.5 · 1011 ph/s/0.01%BW for a 2 m, 5 m and a 20 m insertion device, respectively. With a
horizontal and vertical emittance of εx ≈ 1 nmrad and εy ≈ 0.01 nmrad, PETRA III will be a
diffraction limited source up to photon energies of about 10 keV in vertical direction and up
to 100 eV in the horizontal direction, i.e. εxεy ≤ (λ/4π)2.
Fig. 2.2.2b shows that the photon flux of a high flux wiggler at PETRA III at photon energies
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2.2. PETRA III Conversion Overview 15

Figure 2.2.2: a. Comparison of the brilliance of typical PETRA III Kmax=2.2 undulators for different
length and β functions (according to Tab. 2.2.2) for the following parameters: 1 nmrad emittance, 1%
coupling, 100 mA current, 9.5 mm minimum gap and 29 mm period. b. Flux through a 1 × 1 mm2

pinhole at 40 m source distance for a number of high-energy radiation insertion devices. The source
distance for the PETRA II undulator is 100 m. Note, this comparison is only relevant for apertures
<1 mm.
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16 2. Executive Summary

ξt,x ξt,y

high-β 18µm 500µm

low-β 72µm 460µm

Table 2.2.3: Horizontal and vertical coherence lengths at PETRA III in FWHM calculated for
1 nmrad emittance and 1% coupling at 12 keV photon energy and at 60 m distance from the source.

around 100 keV through a 1 mm2 pinhole is higher than that of a standard Kmax. ≈ 2.2 un-
dulator. Very likely both devices will be outperformed by superconducting undulators if the
development advances so far that these devices can be manufactured with a phase error small
enough for the effective use of the higher harmonics of the spectrum. Another interesting
and new development that should be kept in mind are variable period undulators (Shenoy
et al., 2003a; Shenoy et al., 2003b).
It should be emphasized that the brilliance calculations above are based on the assumption
of a 1% horizontal/vertical coupling. A smaller coupling value would further increase the
brilliance especially at higher photon energies due to a smaller vertical source size. However,
it will also further reduce the Touschek lifetime. The main difference between PETRA III
and current high-energy, 3rd generation synchrotron radiation sources will therefore be in
horizontal emittance which results in a smaller horizontal source size and therefore a larger
total fraction of coherent photons or a higher number of photons in a given microfocus.
For photons in the VUV and XUV range, a high-energy storage ring has significant advan-
tages for experiments needing circular polarized photons in the 200–2300 eV range with a
high degree of polarization, which can only be obtained in the first undulator harmonic of a
helical undulator. The performance of such devices is discussed in Sec. 4.1.1.

2.3 Proposed Experimental Stations
A detailed description of all proposed experimental stations including a description of the
scientific applications is given in Chapter 6. In order to define the experimental stations to
be proposed for PETRA III a number of user workshops were organized in the years 2002
and 2003 at DESY and the following criteria have been applied for beamline proposals:

1. Exploitation of the unique properties of the X-ray beams provided by PETRA III.

2. Implementation of innovative developments and techniques.

3. Consideration of the requirements of the specific HASYLAB user community.

4. Complementarity to other existing opportunities at large scale synchrotron radiation
facilities in Europe and at upcoming X-ray free-electron lasers.

In the following a list of the titles of beamlines or experimental stations proposed for PE-
TRA III is given:
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2.3. Proposed Experimental Stations 17

• X-ray diffraction and imaging

– High energy X-ray diffraction

– Coherence applications

– High resolution diffraction

– Micro- and nano-tomography

• High energy resolution spectroscopy

– Inelastic scattering

– Nuclear resonant scattering

• Materials science

– High energy X-rays for materials science

– Powder diffraction

– Small angle scattering

– Microfocus applications

• X-ray absorption and resonant scattering

– Absorption spectroscopy

– High-energy photoelectron spectroscopy

– Hard X-ray microprobe

– Resonant scattering

– Variable polarization XUV beamline

• Structural biology

– Macromolecular crystallography (EMBL proposal for three stations, MPG pro-
posal for two stations)

– Biological absorption spectroscopy

– Biological small angle scattering

In the following sections each proposed station will be described briefly. A full description
of each proposal can be found in Sec. 6. For the final layout of the experimental hall it
is assumed that in many cases more than one experimental station can be operated in time
sharing mode on a single undulator beamline if the requirements for the beamline optics are
similar.
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18 2. Executive Summary

2.3.1 X-ray diffraction and imaging

2.3.1.1 High energy X-ray diffraction

With the development of high-energy 3rd generation synchrotron radiation sources, high-
energy X-ray diffraction became a powerful tool for the analysis of bulk materials and buried
interfaces by the use of extremely collimated and small beams. Since the absorption lengths
above 100 keV for most materials lie in the range of 0.1 mm to several cm, studies on thick
samples become feasible. For the same reason, thick window materials for sample envi-
ronments as cryostats or furnaces become less critical or even negligible. Moreover, dif-
ficult corrections for absorption, extinction and multiple scattering effects can be avoided
in many cases. Another important feature of high-energy X-rays is that reciprocal space
can be mapped up to large momentum transfers such as 30–50 Å−1, which is crucial for
precise structure determination of liquids and amorphous materials. Up to now most ap-
plications of hard X-rays have addressed bulk properties of thick samples. However, the
application of high-energy diffraction methods becomes particularly attractive if combined
with microfocusing techniques. The high penetration depth allows one to directly access
ordering phenomena and phase transitions at buried interfaces that are not accessible with
any other technique. It is expected that such studies can be extended into new areas by using
high-brilliance X-ray beams delivered at PETRA III.

Using a particle energy of 6 GeV the flux density at 100 keV photon energy delivered by a
PETRA III undulator or wiggler is one or two orders of magnitude and the brilliance is more
than four orders of magnitude larger than the most powerful hard X-ray insertion device
at DORIS III. Upcoming new insertion device techniques, like superconducting in-vacuum
undulators, and the very small emittance of PETRA III will provide an even more brilliant
beam at higher photon energies. The beam will be further concentrated by refractive lenses
and/or bent monochromator crystals. The beamline will be optimized for an energy range
of 50–100 keV. A minimum focal spot size in the micrometer range is envisaged for the
investigation of buried layers or small volume elements inside larger bulk samples. The
beamline will be equipped with a flexible high precision diffractometer. However, there will
also be enough space for special setups developed by users.

2.3.1.2 Coherence applications

A recent development at modern synchrotron radiation sources is the use of coherent undu-
lator radiation for both, scattering and imaging applications. If coherent light is scattered
from a disordered system it gives rise to a random diffraction or “speckle” pattern. Such a
“speckle” pattern is an interference pattern and related to the exact spatial arrangement of
the disorder although phase information is lost. Major progress has however been made in
recent years (e.g. by the oversampling technique) to retrieve this phase information, thus
allowing to reconstruct the pattern and to unravel real space information.
The improved coherence parameters at PETRA III (almost 100µm spatial coherence length
in the low-β configuration, see Tab. 2.2.3) will facilitate the reconstruction of complicated
patterns and allow access to shorter (eventually atomic) length scales. One might anticipate
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2.3. Proposed Experimental Stations 19

that even disorder in magnetic systems will become accessible. This will only be possible
due to the high brilliance B and the correspondingly increased coherent flux Fc=(λ/2)2·B
provided by the PETRA III undulators.
The unprecedented coherence properties of the PETRA III source will also impact imaging
techniques in the near field or Fresnel limit. Phase contrast imaging will benefit from an
increased degree of coherence and the increased flux will allow not only to improve the res-
olution but might enable time series of phase contrast images limited only by the detector
frame rate.

Of outmost importance is the possibility to study the dynamics of disordered systems with
coherent light: If the spatial arrangement of a system changes as a function of time the
corresponding speckle pattern will also change and fluctuate. Characterization of temporal
intensity fluctuations is usually performed by correlation spectroscopy techniques and X-ray
photon correlation spectroscopy (XPCS) gives access to the slow (>ns) dynamics on length
scales (Q>10−3 Å−1) not accessible to visible coherent light. Many applications lie in the soft
condensed matter domain (dynamics of complex fluids, glass forming systems, or capillary
wave dynamics) or in the area of critical fluctuations. Here it is in particular the increased
coherent flux of the PETRA III facility that will allow to address questions of slow dynamics
on even shorter length scales (<100 nm) than presently feasible. Furthermore, the improved
beam parameters will permit the operation in heterodyne mixing mode (known from Dy-
namic Light Scattering) and to finally also address questions of non-equilibrium dynamics.
The energy tunability, the polarization properties of the beam and the surface sensitivity of
X-rays will allow XPCS to be applied to a multitude of surface/interface phenomena and to
the dynamics of magnetic systems being barely possible or unachieved today.

2.3.1.3 High resolution diffraction

High resolution X-ray diffraction (HRXRD) using extremely collimated beams is widely
used as a standard technique for structural investigations at a wide variety of length scales,
from the atomic level to bulk behavior and to surfaces and interfaces. The technique is used
for precise lattice parameter measurements to access very small changes in lattice spacing
due to thermal expansion, strain, chemical composition, or due to the exposure to external
fields, etc. At solid and liquid surfaces and buried interfaces HRXRD allows to determine
parameters, such as layer thickness, chemical composition and interface roughness. By vari-
ation of the penetration depth in grazing incidence diffraction also depth-resolved studies are
possible. Two-dimensional reciprocal space mapping methods are now standard for these
applications. Lattice distortions and crystal quality can be examined by reflection profile
analysis. Structural parameters of periodic and non-periodic nano- or mesoscopic structures
can be investigated by high resolution reciprocal space maps.

The low emittance and high brilliance of PETRA III provides ideal beam conditions to gen-
erate a photon beam of ultra-high collimation and high monochromatization over a wide
energy range. The high coherence length of the beam will provide access to length scales
ranging up to tens of micrometers. The brilliance available also at higher photon energies
(25–45 keV) will enable experiments at internal solid/solid and liquid/solid interfaces. This
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20 2. Executive Summary

is of special importance, as interface processes are so far mostly studied in model surface
experiments. The high brilliance will also allow in situ studies of process dynamics which
determine diffusion, growth and phase transitions. Research on very small sample volumes
and highly diluted materials will become feasible. The beamline will be equipped with an
UHV chamber connected via a transfer tunnel to a UHV preparation chamber for surface
research.

2.3.1.4 Micro- and nano-tomography

In recent years micro-tomography using synchrotron radiation became a valuable tool for
the non-destructive three-dimensional investigation of specimens in fields such as medicine,
biology and materials science. At DORIS III absorption- and phase-contrast techniques were
developed and applied at photon energies in the range of 8 to 150 keV. At the wiggler-
beamlines BW2, W2, and BW5, a public user instrument for microtomography makes use of
the large, intense, and incoherent X-ray source. Experiments at DORIS III are optimized for
performing absorption-contrast microtomography on large samples. Due to the divergence
of the source the spatial resolution of a tomogram is limited to about 2µm.

PETRA III will allow for new absorption- and phase-contrast techniques which make use
of the coherence of the X-ray beam. Different features of the specimens can be mapped
simultaneously. By using a standard setup the spatial resolution can easily be increased to
resolve about 0.7µm structures. For resolving smaller structures in the 100 nm regime new
techniques have to be developed. Recently first results were obtained performing cone-beam
tomography by creating a nanometer divergent X-ray source using a KB multilayer arrange-
ment and magnifying the sample onto a two dimensional X-ray detector.
The standard user experiments for microtomography at PETRA III will require a large mono-
chromatic, parallel and intense beam. The photon energies will range from 8 to 150 keV and
the required beam size is about 5×1 mm2. To achieve a smooth beam profile the beam-
line will have as few optical elements as possible. The experimental hutch will allow for
a variable sample detector distance from almost 0 to 10 m. For cone-beam geometry, opti-
cal elements will be added to the beamline to achieve a divergent X-ray source in the nm
regime. The high brilliance of PETRA III and the development of faster detectors will also
enable time resolved tomographic studies.

2.3.2 High-energy resolution spectroscopy
2.3.2.1 Inelastic scattering

Inelastic X-ray scattering (IXS) with meV energy resolution allows one to study elementary
excitations in condensed matter, providing detailed insight into the mechanisms of phase
transitions and dynamic processes. These properties play a crucial role in nanoscale mate-
rials because the modification of the dynamic properties due to the reduced dimensionality
very often forms the basis for a new functionality. In this field, inelastic X-ray scattering at
PETRA III will open new research areas that are hardly accessible at existing facilities. Par-
ticularly exciting are the study of low-energy excitations in disordered metallic alloys and
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2.3. Proposed Experimental Stations 21

the study of lattice dynamics in high-Tc superconductors and correlated electron systems,
for example. A unique feature of IXS at PETRA III will be the combination of inelastic
scattering with microfocusing techniques. Experiments on smallest amounts of material like
thin films, single crystallites within a polycrystalline material and tiny grains of material
in diamond-anvil cells under extreme conditions of pressure and temperature will be possi-
ble. Metastable and non-equilibrium phases become accessible that can only be produced in
small quantities like tiny crystals or thin films.

The small beam sizes available at PETRA III allow for a very efficient implementation of
spectrometers with sub-meV resolution. This will help to clearly identify low-energy collec-
tive excitations that are often observed in disordered materials and in the vicinity of phase
transformations. KB mirror optics will be used for the generation of sub-µm focal spots
for the investigation of extremely small amounts of material. The instrument proposed here
consists of a vertical spectrometer for the investigation of excitations in single crystals with
2–3 meV energy resolution and a horizontal spectrometer for the study of dynamical proper-
ties of disordered materials with sub-meV energy resolution. In general, the properties of the
radiation delivered at PETRA III will stimulate the development of innovative experimental
techniques in this field that are hardly possible at existing sources. The utmost performance
of these techniques is achieved if the experimental stations are installed at the 20 m long
undulator, because many of these experiments are strongly flux-limited. This will put this
beamline significantly ahead of those that are currently in operation.

2.3.2.2 Nuclear resonant scattering

Nuclear resonant scattering (NRS) using synchrotron radiation has a long standing history
in Hamburg since the first experiments almost 20 years ago at the DORIS storage ring. The
advent of high-energy 3rd generation synchrotron sources has turned this method into a rou-
tine experimental technique. With increasing brilliance of the radiation, this method became
sensitive to smallest amounts of material like single monolayers, nanoparticles and samples
in high-pressure cells. This trend will continue at PETRA III, so that magnetic ordering and
vibrational dynamics in reduced dimensions can be revealed. The narrow energy bandpass
makes NRS an ideal tool to study dynamical properties on very short time scales. Examples
are diffusive and relaxational processes that can be studied on time scales ranging from ps to
µs. The much faster dynamics of phonons becomes accessible in an energy resolved mode
with resolutions in the sub-meV range. Moreover, the high brilliance at PETRA III will allow
for the application of ultrathin isotopic probe layers to study magnetic and dynamic proper-
ties with atomic resolution.

Due to the narrow linewidth of the nuclear resonances involved (typically some neV to µeV)
NRS experiments are extremely flux hungry. For this reason such experiments have to be
performed at the 20 m insertion device at PETRA III. An experimental station at this inser-
tion device will provide 1.6 · 107 ph/s in an energy bandpass of 0.1µeV. This is four times
higher than on other NRS beamlines at present 3rd generation synchrotron radiation sources.
Besides the established and widely used techniques where a resonant isotope is needed as
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22 2. Executive Summary

part of the sample, the increased spectral flux available at PETRA III could make time-
domain interferometry a more widespread technique. This offers the option to study dy-
namical properties of samples that do not contain resonant isotopes.

2.3.3 Materials science
2.3.3.1 High energy X-rays for materials science

The activities on the new high energy materials science beamline will be concentrating on
three intersecting topics: Industrial research, applied research, and fundamental research.
The industrial user community will be provided with fast, robust, and standardized exper-
imental techniques and online data analysis routines. Applied research will focus on the
in-situ investigation of real manufacturing processes, the optimization of systems of high
interest (e.g. fuel cells, battery electrodes), ”classic” as well as cutting edge materials (e.g.
Mg-base alloys, TiAl, trip-steel, bulk metallic glasses, composites, ceramics, ”smart materi-
als”), and materials processing. Fundamental research will yield new insight in the field of
metallurgy (e.g. micro structure, grain boundary engineering or the understanding of com-
plex phenomena such as plastic deformation), rapidly emerging fields like biomimetics (e.g.
biomineralization) and nanoscience. The length scales at which the different experiments are
aiming at will range from the macroscopic over the mesoscopic scale down to the investiga-
tion of nano structures, atoms, and their displacements down to the range of 10−15 m. All
applied techniques will be non-destructive, allowing bulk investigations of several centime-
ters thick samples.

The beamline will have an insertion device with a main energy of 120 keV, tunable in the
range from 50–300 keV and optimized for sub-micron focusing. Positioning units for sam-
ples up to 1 t will be available. A 150 m long flight tube will be installed for small angle
scattering experiments at high energies. The beamline will stand out by the combination of
three unique main features: Firstly, the high flux, ultra fast data acquisition systems, and
the beamline infrastructure will be the basis for complex in-situ experiments for the obser-
vation of highly dynamic processes. Secondly, an exceptional flexibility in beam shaping
and focusing down to spot sizes below 1µm will be available for the high energy X-rays.
Thirdly, the beamline will provide the possibilities to merge different analytical techniques
such as diffraction, tomography, small angle scattering, and spectroscopy. By exploiting
these techniques simultaneously it will be the first beamline, where the boundaries between
the different analytical techniques are gradually disappearing, being one of the prerequisites
for a leap in materials science and engineering research.

2.3.3.2 Powder diffraction

Powder diffraction is the method of choice for crystal structure determinations if no single
crystals can be obtained or if samples have to be investigated under conditions where single
crystals are not stable, for example during a phase transition. New experimental techniques
as well as new data evaluation methods developed recently provide means to solve crystal
structures from powder diffraction data with increasing complexity.
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2.3. Proposed Experimental Stations 23

Other important applications of powder diffraction are in-situ studies such as formation of
new phases in chemical reactions. Further examples are reactions of solids with gases or liq-
uids as they are common in catalysis research like the adsorption of molecules into zeolites
or ion exchange reactions between solids and liquids.

Undulator photon beams from a low emittance high energy storage ring like PETRA III have
several advantages for powder diffraction experiments: (i) the high brilliance provides intrin-
sically very parallel photon beams that are needed to resolve neighboring diffraction profiles,
(ii) even at energies as high as the foreseen 50–60 keV a very high photon flux is available,
(iii) very small focal spot sizes can easily be achieved by suitable optics for experiments on
small sample volumes as they are needed for example in high pressure investigations. The
high photon energy of the proposed station has the advantage of a reduced radiation damage
mainly for organic materials that contain mostly light atoms, less absorption and therefore
the possibility to collect more accurate data for heavily absorbing samples, and the option to
penetrate through sample or reaction containers in case of in-situ studies.

2.3.3.3 Unfocused small angle scattering

Classical Small-Angle X-ray Scattering (SAXS) experiments average over a large sample
volume and give structural and quantitative information of high statistical significance on a
mesoscopic length scale between 1 and several 100 nm, which can be correlated with macro-
scopic physical and chemical parameters of the analyzed materials (alloys, semiconductors,
glasses, macromolecules in solution, metal nano particles, composites). In addition to the
normal SAXS signal, the anomalous signal close to absorption edges of suitable atoms can
be exploited for contrast variation. This so-called ASAXS method has gained quite some
importance in materials science, catalysis and polyelectrolytes.

Due to the low emittance of PETRA III, the beam parameters at a high-β section are best
suited for the design of an unfocused SAXS beamline with high Q-resolution. Additionally
the energy spectrum covered by a PETRA III standard undulator will allow to make use
of the element-selective ASAXS technique and to extend the classical energy range of this
technique (5–35 keV) up to energies of about 90 keV. The extension to higher energies will
give access to the K-absorption edges of the heavier elements (Z > 53). The energy range in
combination with the high flux of a 3rd generation source offers the opportunity to address
numerous challenging scientific objectives in solid state physics, catalyst research, chemistry
and biology, which are not accessible by the existing state of the art (A)SAXS-experiments.

2.3.3.4 Microfocus applications

A scattering beamline with micro- or nano-focus capabilities will enable static and time re-
solved measurements in the WAXS5 to the USAXS6 regime for the investigation of phase
formations and transformations in a vast variety of isotropic and anisotropic materials like

5Wide Angle X-ray Scattering
6Ultra Small Angle X-ray Scattering
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24 2. Executive Summary

polymer systems, colloids or nanostructured samples. Using an extremely small focus allows
the spatially resolved investigation of hierarchically organized samples in the field of life sci-
ence like bones or wood and synthetic systems like polymer composites. WAXS, SAXS and
USAXS under grazing incidence conditions allow one to study short and long range ordered
systems on substrate surfaces like dewetting polymer films on metals, adhesives during de-
taching from a surface or self organization of quantum dots on semiconductor surfaces. To a
certain extent all these techniques can be combined with a micro focus in order to investigate
a sample by 2D-scanning techniques.

Due to the extremely low divergence of the undulator located at a high-β section of PE-
TRA III, a focus of 7µm vertical and 40µm horizontal width (FWHM) with 13 µrad vertical
and 120µrad horizontal divergence (FWHM) can be achieved. A Kirkpatrick-Baez (KB)
mirror arrangement with a first mirror at 57 m behind the source and a second one at 75 m
will reach such a focus which is then at 85 m distance from the source and has a total flux of
3·1013 photons/s using a Si(1 1 1) double crystal monochromator at 10 keV. The low diver-
gence still maintained in this focus allows to resolve correlation distances of up to 1000 nm in
the vertical direction and about 200 nm horizontally, the latter can be increased by accepting
a corresponding flux reduction. This high brilliance beam will surpass all others available for
comparable scattering applications at existing 3rd generation synchrotron radiation facilities
worldwide.

2.3.4 X-ray absorption and resonant scattering

2.3.4.1 Absorption spectroscopy

In general, X-ray absorption fine structure (XAFS) and X-ray absorption near edge struc-
ture (XANES) are no typical high-brilliance applications. However, if very small sample
regions have to be investigated as it is the case in high pressure experiments, for example,
a highly brilliant source is mandatory. This applies as well for XAFS tomography or for
µ-XAFS if a very high spatial resolution is desired. Furthermore, the considerable brilliance
of a PETRA III undulator at higher photon energies allows to measure XAFS at the K-edges
of heavy elements with reasonable flux. Despite the life time broadening these spectra yield
more precise spectral information than measurements at the L3-edges, because the scan range
can be larger and the matrix effects are negligible. Higher energies offer the possibility to
study these elements, for example during in situ experiments in catalysts.

The design of the beamline has a monochromatic beam (∆E/E ∼ 10−4) tunable over an en-
ergy range of up to 2000 eV while covering an energy range between 2.4 and 80 keV using
different crystals. It will be followed by an optional pair of mirrors for the suppression of
higher harmonics radiation. The final focusing device for spot sizes < 1µm will be close to
the sample. Depending on the photon energy, KB-mirrors and different kinds of lenses will
be used. A low-β section will be of advantage to achieve a very small focus. The experi-
mental hutch will be equipped with all necessary installations to perform in-situ experiments
with toxic and/or flammable gases and liquids.
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2.3. Proposed Experimental Stations 25

2.3.4.2 High-energy photoelectron spectroscopy

Photoelectron spectroscopy is a key method to study electronic properties of matter in solid
state physics and materials science, providing unique information on chemical bonding and
composition, on electronic correlations and other atomic many-body effects. In conven-
tional applications using UV and soft X-ray excitation, the information is obtained from the
topmost atomic layers due to the short electron mean free path. This is a serious limita-
tion since electronic properties near the surface often differ from those of the bulk material.
Buried interfaces and structures cannot be reached at all. The high surface sensitivity can be
overcome with hard X-rays emitting energetic photoelectrons with a correspondingly larger
escape depth up to about 10 nm around 10 keV kinetic energy. At the same time, the short
photon wavelength can be utilized to excite X-ray standing waves in crystalline materials
thus allowing to correlate structural and electronic information on an atomic scale.

Hard X-ray photoelectron spectroscopy with high-energy resolution down ≈ 10 meV is ex-
tremely challenging and requires an intense and brilliant source as well as highly sophis-
ticated and efficient electron detection. At present, strong attempts are being made to im-
plement this promising new technique at 3rd generation X-ray sources. The experimental
station proposed for PETRA III specifically utilizes the low emittance properties. The low
divergence beam from a high-β undulator is ideally suited for high-resolution monochrom-
atization (≈ 10 meV at 10 keV) preserving the high monochromatic flux (≈ 1011 photons/s)
needed to cope with low photoelectric cross sections and electron analyzer transmission.
Furthermore, the achievable resolving power of the analyzer is directly linked to the focus
size on the sample which can be easily brought down to 10µm with suitable optics such as
KB-mirrors. If sub-micron focussing of the beam is accomplished, lateral spatial resolution
for studies of inhomogeneous materials is achieved in a scanning mode of operation. In
combination with the high bulk-sensitivity, this will make the instrument a unique tool for
studies of the electronic and chemical properties directly of bulk material and, in particular,
buried nano-structures.

2.3.4.3 Hard X-ray microprobe

Hard X-ray microprobe beamlines combine the non-destructive elemental micro-analysis ca-
pability of µ-XRF (microscopic X-ray fluorescence analysis) with the ability of performing
complementary µ-XAS (X-ray absorption spectroscopy) and/or µ-XRD (X-ray diffraction)
measurements. These instruments provide simultaneously correlated information on the lo-
cal elemental composition, chemical state, the local structural environment of specific el-
ements and/or the local crystallographic structure of the examined materials. Hard X-ray
microprobe techniques are mostly applied in materials, geological, biological, biomedical,
and environmental sciences, as well as archeology and arts.

The hard X-ray microprobe beamline will enable different complementary X-ray micro-
beam methods to be performed simultaneously or sequentially during one experiment. Scan-
ning X-ray fluorescence microscopy measurements in combination with broad beam radio-
graphy imaging will be the most straightforward technique to characterize heterogeneous
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26 2. Executive Summary

samples in terms of local elemental composition and density. Microscopic X-ray absorption
spectroscopy (µ-XANES, also µ-EXAFS) and microscopic X-ray diffraction will provide
information on the local speciation and structure. Tomographic methods (fluorescence mi-
crotomography, XANES microtomography) and confocal arrangements of X-ray optics for
the primary beam and fluorescence photons give access to quantitative three-dimensional
measurements.
The beamline will provide beam sizes down to the 100 nm range utilizing the outstanding
small source size and high brilliance of PETRA III, but also larger beam sizes of 1–10µm
and an unfocused beam for flat field imaging will be available. The accessible energy range
covers the K-edge energies from sulfur to uranium (E = 2.4–116 keV) and the flux is maxi-
mized by the use of KB mirrors. For broad band excitations a pink beam option is foreseen.

2.3.4.4 Resonant scattering

Correlated electron materials provide one of the biggest challenges of condensed matter
research today. Complex magnetic ordering phenomena occurring in nano structured multi-
component materials are an example of the consequences of electronic correlations. Of
particular interest are materials with exceptionally strong electronic correlations. The com-
plex interplay of spin, charge, orbital and lattice degrees of freedom gives rise to a variety of
different phases having insulating, metallic or superconducting properties, being anti-ferro,
ferro- or paramagnetic and possessing different structures. The most prominent examples are
transition metal oxides, which exhibit high-Tc superconductivity or the colossal magneto-
resistance effect. The competition between the different phases can result in an electronic or
structural phase separation from the Å to the µm scale.
Resonant X-ray scattering is an ideal tool to characterize the ground state of these new ma-
terials. It probes correlations of spin, charge, orbital and lattice degrees of freedom. The
resonance technique provides element sensitivity and even band selectivity, giving detailed
information on the electronic structure.

The resonant scattering experiments will take advantage of the excellent beam properties of
the PETRA III source in the following aspects: (i) The high brilliance of more than 1021

photons/(s mm2 mrad2 0.1% BW) at 12 keV allows the design of X-ray optics that enable a
high Q-resolution of about 10−5 Å−1 with considerable flux. (ii) A highly polarized beam,
essential for the resonant scattering technique, can only be obtained on a small emittance
source. At PETRA III a very high degree of linear polarization (close to 99.99 %) should
be achievable. The high degree of linear polarization combined with small divergence pro-
vides the possibility also for a highly circular polarized beam using a phase retarder. (iii)
Spatial resolutions ranging from micro- to nanometers can be acquired using a microfocus
device which is important when studying nano-devices or phase separated materials. (iv)
The high degree of coherence enables speckle experiments to resolve domain shapes and
probe dynamic properties utilizing the time correlation function.
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2.3.4.5 Variable polarization XUV beamline

Soft X-rays are ideal for spectroscopic investigations ranging from magnetism in nano struc-
tures to biological systems. Many absorption edges of practically all important elements
lie in the soft X-ray range (100 eV to 3 keV) which opens up the possibility to uniquely
determine the element-specific local electronic structure in complex materials by exploit-
ing atomic resonances. Until recently really high brilliance light sources were not available
for such investigations. Experiments at the latest 3rd generation synchrotron light sources
are now beginning to demonstrate the enormous scientific potential of this spectral region.
Currently, investigations are still limited by the light source and improved sources will imme-
diately produce new science. In the future, polarization-dependent studies with soft X-rays
will play a key role in enhancing our knowledge of the structure of matter.

Suitable insertion devices at high-energy storage rings can provide very high brilliance of
circularly polarized light in the energy range of 500–2000 eV as has been demonstrated at
both the ESRF and SPring-8. Helical undulators operating in the first harmonic provide the
highest flux and complete polarization, but require machine energies greater than 3 GeV. In-
sertion devices on lower energy machines like BESSY II, ELETTRA, and ALS only produce
circularly polarized light up to about 500 eV in the first harmonic and newer machines like
SLS and SOLEIL will extend this limit to 700–900 eV. The variable-polarization soft X-ray
beamline at PETRA III will be unique and will open up completely new scientific opportuni-
ties by providing the highest brilliance and flux in the important spectral region from 500 eV
to 2.5 keV . With current technology it is possible to achieve a spectral resolution of 10000 at
1 keV with an extremely high flux (more than 1012 ph/s) focused on the sample. Compared
to the best present day sources the PETRA III soft X-ray beamline will provide up to two
orders of magnitude higher flux at photon energies above 1 keV. This beamline will promote
significant progress in fields ranging from surface science to molecular and cluster physics,
magnetic studies, condensed matter physics and nanotechnology.

2.3.5 Structural biology
2.3.5.1 Macromolecular crystallography

Over the last fifty years biological X-ray crystallography has evolved into an advanced field
of life sciences and has provided unprecedented three dimensional structural information on
the molecular level of a large number of complicated biological processes. Knowledge of
spatial structures has allowed to delineate the molecular origins for diseases such as cancer,
autoimmune diseases and microbial infections. The performance and contribution of bio-
logical X-ray crystallography can be readily assessed by the huge number of new structures
being deposited in the Protein Data Base (PDB), which is increasing at a nearly exponential
rate. As a result, the growth in demand for synchrotron radiation beamlines for macro-
molecular crystallographic experiments has risen substantially both in absolute numbers and
in overall proportion. New challenges for the future are the understanding of the function
of large macromolecular assemblies. At present, the largest structures determined, though
bearing internal symmetry, are from viral assemblies. Some of these structures have imposed
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unprecedented challenges in terms of the size of available crystals, which may be as low as
a few microns, and unit cell dimensions, in a few cases even exceeding 1000 Å. Many of
these projects have only become feasible with the recent availability of the highest brilliance
beamlines at 3rd generation synchrotron sources providing both a small focal spot size and a
beam divergence small enough to resolve individual reflections even for the largest unit cells.

A number of beamlines for structural biology at PETRA III are proposed by the EMBL and
MPG outstations at DESY (Sects. 6.16, 6.17). Due to the high brilliance of PETRA III
about 1013 ph/s will be available in the monochromatic beam. Minimal focal spot sizes in
the 10µm range are envisaged. At the same time, the maximal divergence will not exceed
0.5 mrad even for the smallest focus. The different stations will be optimized for different
applications such as wide range energy tunability, high-throughput structure determination,
microfocus and special applications like investigation of large macromolecular complexes.
All of them will be highly automated for optimum use of the beamtime.

2.3.5.2 Biological absorption spectroscopy

X-ray absorption spectroscopy determines the electronic structure of probe atoms and their
structural vicinity. In biology typical probe atoms are metals or other elements of limited
occurrence. In proteins metals fulfill a variety of essential functions: They stabilize the sec-
ondary protein structure, they serve as a binding partner in transport processes, they define
the pathway for electron transfer, and they act as the key element in catalytic reactions. In at
least 30% of the gene products, metals are believed to play a key role; these are classified as
metallo-proteins. Cutting edge applications are (i) Time-resolved BioXAS experiments to fa-
cilitate insights in reaction dynamics/kinetics and structural characterization of intermediate
states, (ii) spatially resolved XANES (tomography) facilitating spatially resolved speciation
with respect to oxidation state and ligand environment and (iii) high-resolution fluorescence
for site-specific measurements, these experiments have the added advantage that they pro-
vide greatly improved spectral resolution for XANES studies.

A BioXAS station at PETRA III with an energy range from 5 keV to 35 keV will cover K-
and L- edges of most important probe elements in biological materials. A 2 m long standard
Kmax = 2.2 undulator will provide sufficient flux for this station. The main advantage of
PETRA III for BioXAS will be the small focal spot sizes. For tomography experiments
at a low-β section a demagnification below 100 nm is possible with parabolic refractive Be-
lenses. With KB mirrors similar spot sizes can be achieved. The high brilliance of PETRA III
will also provide sufficient intensity for resonant inelastic X-ray scattering (RIXS) which is
looking at the decay of excited states and is a powerful tool in determining site sensitive
information on probe atoms as well as in understanding electronic structure of probe atoms
and their ligands.
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2.4. Future Upgrade Prospects 29

2.3.5.3 Biological small angle scattering

During the last decade, small-angle X-ray scattering (SAXS) has become an increasingly
important tool for the study of biological macromolecules. The method enables studies of
native particles in solution, from individual proteins to large macromolecular complexes,
under nearly physiological conditions. SAXS not only provides low resolution models of
particle shapes but in many cases answers important functional questions. In particular, ki-
netic SAXS experiments allow one to analyze structural changes in response to variations in
external conditions. Fundamental biological processes such as cell-cycle control, signalling,
DNA duplication, gene expression and regulation, some metabolic pathways, depend on
supra-molecular assemblies, and their configurational changes over time can be studies by
SAXS techniques. There are well recognized basic problems for studying such complex
systems, especially their dynamic changes by other structural techniques like spectroscopy,
NMR and macromolecular X-ray crystallography.
The recent resurgence of biological SAXS is due to the synergy of software and hardware de-
velopment. New powerful data analysis methods have become available, which have tremen-
dously improved resolution and reliability of models deduced from SAXS data leading to an
enlargement of the user community.

A SAXS station for biological applications is proposed by the EMBL outstation. As the
SAXS pattern is collected in the vicinity of the primary beam, the data quality depends criti-
cally on the beam size and divergence. SAXS is therefore among the techniques, which profit
most from the low emittance undulator radiation on a 3rd generation sources. Furthermore,
the high flux of these sources is extremely important for the analysis of weakly scattering
biological samples. Currently, high quality scattering patterns can be collected in less than
a second using sub-mm beam sizes on the undulator SAXS beamlines at 3rd generation
sources. The biological SAXS beamline at PETRA III will provide a resolution range from
about 2000 nm to 0.1 nm and will be tunable in an energy range of 4 to 20 keV in order to
enable ASAXS studies using all relevant biological ions from Ca to Mo.

2.4 Future Upgrade Prospects
After the conversion of PETRA described in this report there will still be several future
upgrade options for more beamlines. They all have the advantage that they do not need any
significant change of the magnetic lattice of the storage ring.

• In the beginning one experimental station per undulator will be built. The efficiency of
each beamline can be increased by constructing additional experimental stations with
reproducibly positionable roll-in/roll-out equipment.

• In case of sufficient user demands, bending magnet stations can be build where the
available space permits.

• The damping wigglers are designed to be cost effective and adapted to their main
function to reduce the emittance. They generate a wide fan of extremely hard radiation.
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30 2. Executive Summary

This radiation could be used for materials science experiments where a large beam is
needed. However, the possibility to install additional wigglers that are better suited for
hard X-ray experiments than the present damping wiggler design also exists.

• A number of positions around the PETRA storage ring exist where additional insertion
devices can be placed without major changes of the magnetic lattice. There are two
other positions at PETRA (buildings 43 and 45, see map in Fig. 2.2.1) where long
undulators could be placed as well as three positions (in or close to buildings 44, 46a/b
and 48) for 5 m long IDs. Thus in total about 18 insertion device positions are available
at the converted storage ring. The position of the additional insertion device positions
are summarized in Tab. 2.4.1.

• On the long term it is envisaged to increase the storage ring current up to 200 mA.

in building max. ID length [m] max. BL length [m]
43 20 360
44 5 180
45 20 320
46 5 220
48 5 170

Table 2.4.1: Positions at the PETRA III storage ring where further IDs could be installed. The
building number can be looked up in Fig. 2.2.1. The ID position labeled with ’46’ is actually not in
building 46 but in the straight section closest to these buildings.

A detailed description of all upgrade possibilities can be found in Chapter 10. About half of
the PETRA storage ring is underground. What seems to be a disadvantage at first sight might
be a significant advantage for some of the future upgrade possibilities. Experience with ID’s
for extremely high photon energies (more than several 100 keV) at ESRF, APS and SPring-8
has shown severe problems with radiation shielding which will be significantly relaxed at
underground experimental stations.
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2.5. Summary of Project Costs and Timetable 31

2.5 Summary of Project Costs and Timetable

2.5.1 Project costs
The project cost estimates include all costs related to (i) the refurbishment of 7/8, and the re-
construction of 1/8 of the PETRA storage ring, (ii) the refurbishment of the pre-accelerators
and accelerator infrastructure, (iii) all construction work necessary for the new experimental
hall including radiation protection, offices and laboratories, (iv) the beamlines and experi-
mental stations to be built and operated by DESY, and all costs for manpower.
The PETRA III upgrade project comprises about 13 beamlines at independent undulators.
About seven of these beamlines will be built and operated by DESY. All other beamlines
will be built or financed by external institutions like EMBL, GKSS and the Max Planck
Society (MPG). The cost estimates given in this report do not include the beamlines and
experimental stations built by external institutions.
On the basis of year 2003 prices the PETRA III project amounts to about 192 Me of which
71 Me are needed for the storage ring, 64 Me for the new experimental hall including the
DESY beamlines, and 57 Me for personnel. More detailed information on the estimated
costs are given in Chapter 8.

2.5.2 Time table
In Fig. 2.5.1 an overall time table of the most important milestones for the PETRA III project
is given. A more detailed schedule is compiled in Chapter 9. The preparation and R&D for
the PETRA III project has already been started (as of begin of 2004). The construction work
will start in July 2007. First photons for user experiments are expected in 2009.

Figure 2.5.1: Summary of the time table and milestones of the PETRA III project. (Please use your
readers zoom function for a more detailed view.)
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Chapter 3

The Storage Ring

3.1 Introduction
The following part of the design report covers aspects of accelerator physics and technical
issues of the PETRA III project. As was already pointed out PETRA III will be designed to
be a high brilliant light source in the hard X-ray regime. Although this machine has features
of existing light sources it also differs considerably from the design of any present radiation
source.
In the introduction we will present the general design philosophy and give reasons why we
decide to build PETRA III in this particular form. This part can be viewed as a guide line
and a summary for the accelerator and technical part of the project.
The schematic layout of PETRA II is given in Fig. 3.1.1. PETRA II has a large circumference
of 2304 m which is considerably larger than any existing light source. The machine consists
of arcs and several straight sections. The so-called long straights which have a length of
108 m are located in the North, East, South and West. In between two long straights are
short straight sections with a length of 64.8 m. These straights are connected by arcs. The
magnetic structure is a simple FODO lattice. The part that extends from the middle of one
long straight to the middle of the adjacent short straight is the basic building block of the
machine. Since this section is just one eighths of the machine it is called an octant. In
principle the magnetic arrangement of one octant is mirror reflected at the middle of the
short straight. The machine has therefore a four fold symmetry. Positrons or electrons are
injected in the South-East (SE) and travel clockwise around the machine.
The basic design parameters of the new machine PETRA III are given in Tab. 3.1.1. The
design is driven by two major criterions. First of all PETRA III should be competitive with
the existing high energy synchrotron radiation sources like APS, ESRF and SPring-8 but on
the other hand the reconstruction should be cost effective. That last criterion is the reason
why the number of insertion devices is relatively small for a machine with a circumference
as large as 2304 m. The energy is fixed by a compromise of the different user requirements.
The maximum current and the emittances are chosen to achieve a high brilliance. The current
is limited by coupled bunch instabilities driven by the parasitic modes of the existing RF
cavities. Replacing the exiting cavities would be to costly and does not fit into our present
budget. All components of the machine and in particular those which are affected by heat
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34 3. The Storage Ring

Figure 3.1.1: Overview of PETRA storage ring.

Parameter
number of insertion devices 13

energy (GeV) 6
current (mA) 100
εx (nmrad) 1
εy (nmrad) 0.01

Table 3.1.1: Basic design parameters of PETRA III.

load or radiation should be designed and dimensioned for a current of up to 200 mA in order
not to prevent future upgrades. The emittances are rather small compared to achievements of
other light sources. To meet the design goal for the emittances is certainly one of the major
challenges of this project.
In the following we will show how the design parameters can be accomplished.
We investigated several possibilities to house the insertion devices in the machine. Finally
we decided to accommodate the insertion devices in one octant of the machine since this is
an effective solution in terms of costs and constructional changes. The octant extending from
North-East to East was chosen for reconstruction (see Fig. 2.2.1) because here the machine
is above ground and easily accessible which eases the rebuilding. The magnetic lattice of
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3.1. Introduction 35

this new octant consists of nine double bend achromat cells (DBA). Details of the optics and
the way how to make room for thirteen insertion devices is described in Sec. 3.2.1.
If the optics of the new octant is combined with an established optics of the remaining
seven eighths of the machine, the so-called old octants, the minimum achievable emittance is
4.5 nmrad. So obviously changes to the rest of the machine are necessary to get the emittance
down to 1 nmrad. There are basically three different ways to reduce the emittance:

• Using the above mentioned optics for the remaining seven eights of the machine which
results in an emittance of 4.5 nmrad and enhancing the radiation damping with damp-
ing wigglers to reduce the emittance. These damping wigglers can be installed in two
of the four long straights sections where there is plenty of space available. This option
is referred to as Optic A.

• A completely new design of the optics of the remaining seven eights of the machine
but using the existing hardware. The appropriate candidate for such a lattice would
be a so-called theoretical minimum emittance lattice abbreviated TME. This option is
referred to as Optic B.

• A completely new design of the optics of the remaining seven eights of the machine
with new magnets in particular shorter dipoles so that the bending angle can be sig-
nificantly reduced which then results in a smaller emittance. The shorter dipoles are
integrated into a FODO lattice with a phase advance of 90◦. This option is referred to
as Optic C.

Figures 3.1.2 and 3.2.2 show the beta and dispersion functions for the three different choices
for an old octant.
We investigated the dynamic aperture of the three different options for an ideal machine
i.e. without field and alignment errors. Furthermore all lattices were optimized with respect
to first order sextupole effects. Fig. 3.1.3 shows the dynamic aperture for the three different
options. This graph clearly indicates that the option with damping wigglers offers the biggest
dynamic aperture. The graph indicates that option B and C provide a much too small dynamic
aperture especially at injection. This result is not completely unexpected since the sextupole
strengths for option B and C are significantly larger than the sextupole strengths for option
A. The sextupoles are the main source of non-linear effects in case B and C and the non-
linear effects coming from the wigglers for option A mainly affect the vertical plane. This
comparison in terms of dynamic aperture and the fact that option B and C tend to be more
sensitive to errors because of the higher field strengths of their quadrupole and sextupole
magnets clearly favors the option with the damping wigglers. This option is investigated in
great detail in Sec. 3.2.2.
The small emittance in combination with the optical function at the source points of syn-
chrotron radiation give beam sizes in particular in the vertical plane in the micron range.
That means that orbit stability in the micron or even sub-micron range is required. Our own
experience and the experience gained at other laboratories indicate that an active stabiliza-
tion system will be necessary in order to achieve the specified orbit stability. Our present
expectations concerning orbit stability and a schematic layout of an orbit stability system is
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Figure 3.1.2: Top: Beta-functions of a TME based octant (Optic B). Bottom: Beta-functions of a
90◦ FODO cell based octant (Optic C).

described in Sec. 3.2.4. An essential part of such a system is the orbit measurement. Beam
position monitors and electronics are described in Sec. 3.9.

An additional problem with the small emittance is the relatively short Touschek lifetime. For
PETRA III two operational concepts are foreseen. In one mode the current is spread over a
large number of bunches namely 960. In that case the expected Touschek lifetime is of the
order of 50 h so that the total lifetime will be approximately 24 h after including other life-
time limiting effects. A lifetime of 24 h meets the user requirements. In the other mode only
a limited number of bunches is allowed namely 40. This small number of bunches is needed
to have a sufficiently large distance between bunches so that time resolved measurements are
possible. In this case the Touschek lifetime is only 2 hours which is incompatible with the
user requirements. The only way out is to inject rather frequently for instance every 5 sec-
onds in order to compensate for the particle losses. This frequent injection is called topping
up. This measure has been applied successfully at other synchrotron radiation sources like
APS and SLS and most recently also at the ESRF. The radiation safety problem of topping
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Figure 3.1.3: Dynamic aperture for the various lattice types as described in the text.

up has been looked at and the result and its consequences are presented in Sec. 3.14. This
method also imposes strong requirements on the reliability of the pre-accelerators Linac II
and the synchrotron DESY II. The feasibility of topping up has been studied at DORIS during
machine shifts and the measures to ensure the demanded reliability of the pre-accelerators
are presented in Sec. 3.16.
A further advantage of topping up is the constancy of the total current which in turn will
lead to thermal equilibrium of components of the machine. Therefore temperature drifts
of orbits will be greatly reduced which will certainly relax the burden on the orbit stability
system. This fact makes topping up also very attractive for the operation with a large number
of bunches and therefore we are aiming at operating the machine entirely in topping up
mode. A problem associated with a frequent injection is radiation damage of the insertion
devices and damping wigglers due to particle losses. In order to protect the insertion devices
and wigglers a collimation system is planned. Such a system will be installed in the short
straight section south west where is plenty of room for such a system.
Single bunch and multi bunch current limitations are dealt with in Sec. 3.2.3. A powerful
multibunch feedback system (see Sec. 3.10) is necessary in order to reach the design current
of 100 mA. Single bunch instabilities will not be an issue as long as the current per bunch
stays below 2.5 mA.
There are several technical systems of the machine that have a strong impact on the perfor-
mance of PETRA III.
The new octant is equipped with completely new hardware. The magnets are described in
Sec. 3.3. Another import component is the girders. The principle layout of the girders and
their properties are given in Sec. 3.7. Considerations on the vacuum system of the new octant
are presented in Sec. 3.5.
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38 3. The Storage Ring

The damping wiggler section is certainly a technically challenging part of the machine. The
vacuum system and the absorbers have to be designed very carefully. A conceptual design
of this section is presented in Sec. 3.4.
Concerning the old octants we want to make use of existing infrastructure and hardware
whenever possible in order to be cost effective. Nevertheless there will be also substantial
changes to the hardware. For example the present vacuum system will be completely re-
placed (see Sec. 3.5). In addition we also want to replace the coils of all main magnets
because they have been damaged by radiation over the last 25 years. Fig. 3.1.4 shows a
radiation damaged coil and magnet with a new coil.

Figure 3.1.4: Damaged and new magnet coil.

The power supplies for both the magnets and the RF system will be replaced (Sec. 3.12). The
cooling water system will be renewed in order to fulfill the higher demands on temperature
stability. Parts of the RF system will be modernized but the present cavities will be used also
for PETRA III (see Sec. 3.6).

3.2 Accelerator Physics Issues

3.2.1 Geometry and optics
Concerning the geometry and optics the basic idea is to keep the lattice structure on seven
eighths of the PETRA II machine whereas one eighth will be completely reconstructed.
PETRA II consists of eight arcs (Fig. 3.2.1) connected alternately by four long (108 m) and
four short (65 m) straight sections. One octant starts at the center of one straight section and
ends at the center of the next one. The optical functions of such a FODO lattice based octant
are shown in Fig. 3.2.2. All straight sections are designed for zero dispersion by using the
missing magnet principle.
For the octant from North-East to East a new design has been made fitting to the geometrical
and optical boundary conditions of the rest of the storage ring. It consists of 9 double-bend
achromat (DBA) cells with zero dispersion straight sections for the installation of eight 5 m
undulators and one 20 m undulator (Fig. 3.2.3). Following the demand of the users two types
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3.2. Accelerator Physics Issues 39

Figure 3.2.1: FODO cell lattice in one of the arcs of PETRA II.
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Figure 3.2.2: Beta-functions (left) and dispersion (right) of one octant of PETRA II.

of DBA cells were designed. Having the same geometry the cells differ in the horizontal
β-functions (1.3 m and 20 m respectively) at the undulator locations. For the vertical β-
functions a middle-sized value was chosen to compromise between the requirements of small
beam divergence and small undulator gap. While the 5 m undulators (or alternatively two
2 m undulators (Fig. 3.2.4)) are located in the arc of the octant the 20 m undulator will be
installed in the short straight section North-East. The geometry of the DBA cells is shown in
Fig. 3.2.5. At the positions where two 2 m undulators are planned a deflection magnet has
to be placed between them to separate the synchrotron radiation beams by an angle of about
5 mrad. In this case a small dispersion value is generated (Fig. 3.2.4) which however has no
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Figure 3.2.3: Beta-functions of the new octant starting with the long undulator followed by nine
DBA cells.

Figure 3.2.4: Optical functions of a low and high βx DBA cell of PETRA III with one undulator
(left) or two undulators per straight section (right).

significant impact on the beam quality. The strength and length of the DBA cell quadrupoles
for the different optics scenarios is listed in Tab. 3.2.2. The corresponding β-functions are
summarized in Tab. 3.2.1.

Horizontal Emittance and Damping Wiggler Parameters The main contribution to the
horizontal storage ring emittance comes from the seven old octants consisting of FODO cells.
The phase advance of 72◦ per FODO cell together with the new octant including undulators
leads to a horizontal emittance of 4 nm rad.
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Figure 3.2.5: Structure and geometry of a DBA cell in the new octant of PETRA III.

5 m undulator two 2 m undulators
low βx high βx low βx high βx

βx [m] 1.34 20.00 1.40 16.15
βy [m] 3.00 2.39 3.00 2.61

Table 3.2.1: Beta-functions in the new octant at the center of the undulator sections.

For a further reduction of the emittance down to 1 nm rad it is planned to install damping
wigglers between the quadrupoles of the dispersion free long straight sections West and
North (Fig. 3.2.6). A total length of about 80 m is available for damping wiggler magnets to
cool the transverse momentum of the stored positrons by synchrotron radiation sufficiently.
The equilibrium emittance in a storage ring is given through the effects of radiation damping,
described by the synchrotron integral I2 ∼

∫
B2dl and betatron oscillation excitation, de-

scribed by I5. Damping wigglers increase I2 while keeping I5 small. The different emittance
contributions of the ring can be combined through the following sum:

εx =
1

I2;arc + I2;oct + I2;und + I2;wig

(I2;arcεx;arc + I2;octεx;oct + I2;undεx;und + I2;wigεx;wig)

(3.2.1)
where εx ∼ I5 is the equilibrium emittance of the various contributions.
The lattice of the FODO arcs and the new octant have been described in Sec. 3.2.1, the values
for I2 and εx which are necessary to reach a 1 nm emittance are given in Tab. 3.2.4:
The wiggler itself creates an emittance of:

εx;wig = 2 – 13× 10−2λ2B3
0 < βx > (3.2.2)

with λ the wiggler period length and B0 the peak magnetic field. The average beta-function
< βx > is around 16 m in the case of PETRA III given by the chosen lattice. This requires
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42 3. The Storage Ring

Name Length [m] k1 [m−2] Gradient [T/m]
Q0K 1.042 -0.09588 -1.92
Q1K 1.042 0.13574 2.72
Q2K 1.042 -0.12723 -2.55
Q4K 1.042 0.13129 2.63
Q5K 0.704 -0.27517 -5.51

Q6N, Q2N, Q4N, Q0N 0.704 -0.17111 -3.42
Q5N,Q3N, Q1N 0.704 0.17130 3.43

Q7N 1.042 0.12848 2.57
Q9N 1.042 -0.13272 -2.66

Q4NW 0.704 -0.16371 -3.28
Q5NW 0.704 0.17430 3.49

QD 0.704 -0.23963 -4.80
QF 0.704 0.23984 4.80

Q0B 1.042 0.17154 3.43
Q1 1.042 -0.15162 -3.03

Q2B 1.042 0.17962 3.59
Q3 0.704 -0.23478 -4.70

Q4B, Q6B 0.704 0.23984 4.80
Q5B, Q5A 0.704 -0.23963 -4.80

Q0A 1.042 0.17400 3.48
QK1 1.042 -0.18792 -3.76
Q2A 0.704 0.26468 5.30
QK3 0.704 -0.21493 -4.30
Q4A 0.704 0.22435 4.49
Q6A 0.704 0.23984 4.80

QDLU 0.704 -0.53766 -10.76
QFLU 0.704 0.22630 4.53
Q4KL 0.704 0.57503 11.51
Q3KL 0.704 -0.53520 -10.71
Q2KL 0.704 -0.18074 -3.62
Q1KL 0.704 0.49910 9.99
Q1KR 0.704 0.09062 1.81
Q2KR 0.704 0.15485 3.10
Q3KR 0.704 0.35133 7.03
Q4KR 0.704 -0.37611 -7.53
QA1 0.5 0.06082 1.22
QA2 0.8 0.43596 8.72
QA3 0.5 -0.65821 -13.17
QA4 0.5 -0.51920 -10.39
QA5 0.5 0.76286 15.27
QB1 0.5 -0.05742 -1.15
QB2 0.8 0.79092 15.83
QB3 0.5 -0.80444 -16.10
QB4 0.5 -0.51920 -10.39
QB5 0.5 0.76286 15.27

QQNL 0.704 -0.24936 -4.99
Q9NL 0.704 0.42164 8.44
Q8NL 0.704 -0.26089 -5.22
Q7NL 0.704 0.24342 4.87
Q6NL 0.704 -0.28193 -5.64
Q5NL 0.704 0.25184 5.04

Table 3.2.2: Strength of quadrupole magnets in PETRA III.
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3.2. Accelerator Physics Issues 43

Sextupoles
Name Length [m] k2 [m−3] Gradient [T/m2]

S1 0.286 -4.54902 -91.04
S2 0.286 2.63842 52.80
S3 0.286 -4.54463 -90.95
S4 0.286 2.66295 53.29

Dipoles
Name Length [m] Bending angle [Deg] Field [T]
BH 5.378 1.60714 0.10
B1 1 2.50000 0.87

Table 3.2.3: Strength of sextupole and dipole magnets in PETRA III.

Figure 3.2.6: A long straight section of PETRA for the installation of damping wigglers.

Section I2 [T2/m] εx [nm rad]
FODO Arc 11.5 6.31
New Octant 13.8 3.17
Wigglers 100 0.1
Total 128 1
Undulators 26 0.04
Total 154 0.84

Table 3.2.4: Emittance contributions of different sections of PETRA III
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44 3. The Storage Ring

λ2B3
0 < 0.2 for 0.1 nm wiggler emittance. Figure 3.2.7 shows the maximum allowed period

length and the required wiggler length for a given peak magnetic field of a sinusoidal wiggler.
The space for wigglers is limited to ≈ 100 m, thus allowing a minimum field of 1.5 T and a
period length of 0.2 – 0.25 m.

Figure 3.2.7: Maximum period length (solid line) and required wiggler length (dashed line) for a
given peak field of a sinusoidal wiggler.

Apertures along the ring Tracking calculations show that for the chosen FODO cell sce-
nario (including the new DBA cell octant) a dynamic horizontal acceptance of 30 mm mrad
can be provided. Since this value is also large enough for the injection of the 350 nm rad
beam from DESY II with an almost 100 % efficiency it was taken as the basis for the hori-
zontal vacuum chamber aperture. Together with an expected maximum β-function of 50 m
it leads to a horizontal inner size of the chamber of 77 mm. From that a design aperture for
the new quadrupoles of 70 mm was derived.
Due to experiences of other 3rd generation light sources a vertical aperture of 2.2 mm mrad
is foreseen at the undulator locations. As a consequence the inner vacuum chamber height
of 7 mm leads to a maximum vertical β-function of about 5.5 m. This is the lower design
value for undulator chambers in the DBA cells. It is planned to split the 20 m undulator in
the straight section North-East into two parts separated by a quadrupole triplet. The maximal
vertical β-function along this undulator will be about 10 m. Therefore a vertical inner size
of 9.5 mm is necessary for the corresponding chambers.
Along the damping wigglers a more relaxed acceptance of 3 mm mrad is envisaged which
results in 17 mm vertical chamber height for a maximum β-function of about 25 m. For the
horizontal plane an inner vacuum chamber size of 60 mm (β-function 30 m) is required.
In order to make the commissioning easier 6 mm mrad was taken for the vertical physical
aperture along the rest of the ring. For a vertical β-function of 60 m we need a vertical height
of 38 mm. This also takes into account other optics scenarios in the future. Since the dipoles
in the old octants have a magnetic gap of 58 mm. This corresponds to 48 mm in the DBA
cells.
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3.2. Accelerator Physics Issues 45

Injection Section The injection into PETRA III takes place in the short straight section
South-East. The position of the septum magnet is unchanged to maintain the present injec-
tion line as much as possible. Three kickers are distributed to provide a closed bump with
the maximum amplitude at the septum (see Tab. 3.2.5). With a horizontal β-function of 25 m
at the position of the septum, a free half-aperture of 30 mm and the width of the septum-bar
being 5 mm, approximately 7σ of the beam can be injected into the 30 mm mrad aperture of
PETRA III. Fig. 3.2.8 shows the β-function and the amplitude of the kicker injection bump.
The required kick strength is of the order of 1.3 mrad, this corresponds to approximately
200σ of the stored beam. Requirements for the bump closure lead to an amplitude accuracy
of 5× 10−3 for a 1σ horizontal beam jitter during injection.

Element Position Required kick strength
(South-East right) for 25 mm bump amplitude

KICKER 1 12.7 m 1.25 mrad
KICKER 2 31.8 m 1.13 mrad
SEPTUM 37.4 m

KICKER 3 52.8 m 0.51 mrad

Table 3.2.5: Position and Parameters of PETRA III injection elements.

Although a high injection efficiency is foreseen, the permanent magnets of the wigglers and
undulators have to be protected against particles which are injected outside the aperture of
PETRA III. For this purpose, a simple collimation section with a pair of movable collima-
tors is foreseen in the South-West straight section of the ring. Particles are either directly
intercepted by the collimators or will lose enough energy to get lost in the octant after the
collimators, before they reach the first wiggler section.
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Figure 3.2.8: β− functions and injection bump in the injection section.
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46 3. The Storage Ring

Linear Optics Error Random errors for the main field components of the magnets arise
either from fabrication errors, affecting each single magnet, and from power-supply errors
or excitation curve calibration errors, affecting magnets of one family together. Gradient
errors of the quadrupoles as well as closed orbit offsets in the sextupoles will perturb the
linear optics of the machine and in turn the performance of orbit correction algorithms and
the non-linear dynamics. Tab. 3.2.6 summarizes the effects of various errors.

Error RMS Amplitude ∆βx/βx ∆βy/βy

Quadrupole fabrication error 5× 10−4 ∆k/k 0.01 0.01
Power supply jitter 5× 10−4 ∆k/k 0.01 0.01

Closed orbit jitter in sextupole 20µm 0.014 0.01
Closed orbit offset in sextupole 200µm 0.1 0.1

Calibration error 5× 10−4 ∆k/k 0.08 0.22

Table 3.2.6: Linear optics errors due to various machine error sources.

The time dependent jitter sources like the quadrupole power supply jitter and the closed
orbit variation in the sextupoles will account for a tolerable β-function variation of only
1 %. Larger optic disturbances come from the closed orbit offset in the sextupoles. This
contribution can be kept small by beam based alignment and the combined orbit/dispersion
correction. Calibration errors will also be corrected through beam based techniques, namely
orbit response matrix analysis. With global optics corrections (using only the 5 most effective
quadrupole families) the β-beat at HERA could be reduced to within 5 %. At PETRA II the
measured β-beat is of the order of 10 %, in accordance with our assumptions above.

3.2.2 Nonlinear dynamics
Chromaticity Correction The chromaticity correction in PETRA is done with sextupoles
which are located adjacent to the FODO cell quadrupoles. Compensation of the chromaticity
contribution of the 9 DBA cells within these cells would require large sextupole strengths.
The reason is a DBA bending magnet deflection of only 2.5◦ together with the dispersion
section length of 7.6 m which leads to small dispersion values for all possible sextupole
locations. Therefore the chromaticity of the complete ring is corrected only in the seven
FODO octants. This requires an over-compensation of roughly 2 per FODO cell, a value
which is also reached in colliders with strong focusing in the interaction regions. The dy-
namic aperture of the lattice without wigglers has been calculated with the tracking code
SIXTRACK (Schmidt, 1991), which allows for full 6-dimensional particle tracking without
radiation damping.
Fig. 3.2.9 gives an example of the results. On the left graph particles which are stable over
2048 turns (≈ 1/4 damping time) are plotted as thick dots versus their initial start ampli-
tudes. Lost particles are plotted as thin dots. In addition, each particle carries a color code
according to the difference in tunes between the second and first half of survived turns. This
difference gives an indication of chaotic behavior of the corresponding trajectory (Laskar,
1994). On the right graph the same particles are plotted in tune space, with the betatron tune
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3.2. Accelerator Physics Issues 47

being determined by an interpolated FFT algorithm, leading to accurate determination of
the tune. One can easily see the tune dependence on amplitude. Corresponding numbers are
summarized in Tab. 3.2.7. Fig. 3.2.9 shows sufficient dynamic aperture for the bare machine.

0 10 20 30 40 50
0

5

10

15

A
x
 [mm mrad]

A
y [

m
m

 m
ra

d]

    28−Jan−2004 19:18:05

0.7 0.75 0.8 0.85 0.9 0.95
0.65

0.7

0.75

0.8

0.85

0.9

ν
x

ν y

    28−Jan−2004 19:18:05

Figure 3.2.9: Dynamic Aperture of bare machine. Left: Initial amplitude of stable particles, Right:
Corresponding Tunes

In the following the influence of damping wigglers and undulators as well as multipole errors
will be investigated.

Wiggler and Undulator Nonlinearities Wigglers have been used in storage rings for
many years. For the same time their influence on the particle beam has been studied. The
main problem arises from the fact that the wiggler field is varying strongly in the direction
of the beam. Most of the effects will cancel over one wiggler period, while some nonlinear
particle motion arises from the effect that the particle trajectory oscillates in phase with the
main wiggler field. This leads to linear focusing and additional higher order terms. The
vertical focusing is created by the fringe fields and mainly a function of the wiggler field and
period length, while the horizontal focusing is influenced by the horizontal field roll-off and
thus the pole width.
Analytical descriptions of wiggler fields are usually given in form of the so-called Halbach
equations (Halbach, 1981). From there one can derive effective multipole terms to compare
basic properties of different wiggler designs. However, especially the horizontal field profile
is usually not very well described by the Halbach formulas.
In the design phase the wiggler fields are calculated by magnet field solvers. Tracking
through the derived field maps can be done in various ways:

• Direct solution of the equations of motion with a Runge-Kutta type integrator. This
method is rather slow and not symplectic, but can be used to verify any of the method
given below.
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48 3. The Storage Ring

• Fitting the field map to a set of Halbach equations which in turn allow symplectic
integration (Litvinenko et al., 2001) or integration by another method.

• Obtain a Taylor map from either form of integration, which in turn can be simplectified
with the appropriate generating function (Bahrdt & Wüstefeld, 1990).

The wiggler design has been optimized especially in terms of period length and pole width.
As a design criterion a relative field error of ∆By/By|10mm < 1 × 10−3 has been specified.
Each wiggler design has been checked with the above mentioned methods. Results of wig-
gler tracking with a realistic wiggler model are shown in Fig. 3.2.11 in comparison with the
machine without wigglers. The wiggler model is based on field calculations.
Additional nonlinearities arise from manufacturing errors and non-complete cancellation of
the end-poles of the device. The latter can be largely corrected by choosing an antisymmetric
wiggler design, although for a fixed gap device like the damping wigglers this precaution
may not be necessary. Contrary to the nonlinear effects arising from the wiggling trajectory,
these error fields are well described by usual multipole fields and can be measured along a
straight line in the wiggler.

δνx/δJx δνy/δJy δνx/δJy

FODO without wiggler −5.5× 10−4 −8.8× 10−4 −3.0× 10−3

FODO with wiggler −1.3× 10−4 3.7× 10−4 −3.4× 10−3

FODO with wiggler and undulator +6.5× 10−5 3.4× 10−3 −4.1× 10−3

Table 3.2.7: Detuning with amplitude

Wiggler Undulator
Peak field T 1.56 0.86
Period length m 0.25 0.028
Horizontal field parameter m−1 0.6 0.1

Table 3.2.8: Wiggler and undulator parameters used for tracking

The insertion devices in the new octant are simulated with the parameters given in Tab. 3.2.8.
Notable is the smaller field and roll-off parameter kx, which is achieved due to the smaller
possible gap. The main effect of the insertion devices is thus in the vertical plane. In the DBA
cells the vertical β-functions at insertion devices are only 4 m, suppressing the influence of
the insertion devices on the beam. Only the long undulator has a considerable influence if
the vertical β-function is above 10 m.
One of the major effects of the insertion device nonlinearities is the change in the detuning
with amplitude as shown in Fig. 3.2.10. This change may require a different optimization of
the working point.
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Figure 3.2.10: Stable particles in tune space for PETRA III including damping wigglers (left) and
damping wigglers and a full set of insertion devices (right).

Multipole Errors The influence of multipole errors on the dynamic aperture has been
calculated. For the existing magnets of the old octants measured field values have been used
(Wolff, 1978b; Wolff, 1978a; Rossbach, 1987), while for the magnets of the new octant
we have assumed field imperfections based on calculations (Petrov, 2003). The multipole
coefficients are summarized in Tab. 3.2.9. A summary of tracking calculations is shown in
Fig. 3.2.11. It turns out that the on-momentum dynamic aperture is not affected by multipole

order dipole old quadrupoles new quadrupoles sextupole
1× 10−3

1 1.0
2 0.030 1.0 1.0
3 0.295 0.565 0.0 1.0
4 0.138 0.174 0.0 1.09
5 0.366 0.217 0.0 2.76
6 0.239 0.435 0.08 0.53
7 0.145 0.107 0.0 0.34
8 0.683 0.415 0.013 0.28
9 0.315 0.217 0.0 3.10

10 0.300 0.674 4.9 0.34
standard deviation

of main pole 2.5× 10−4 5× 10−4 1× 10−4 2× 10−3

within series

Table 3.2.9: Relative multipole coefficients of PETRA III magnets at r = 50mm and standard
deviation of main pole amplitude within magnet series.
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50 3. The Storage Ring

errors, while the off-momentum aperture requires some re-tuning of the working point to
achieve the same performance as without multipole errors.

Injection Efficiency The injected emittance is of the order of 350 nm rad. To reach safely
an injection efficiency of close to 100 %, an acceptance of 30 mm mrad is needed. The
geometric aperture is limited by the insertion device gaps to 2.2 mm mrad in the vertical
plane and to 30 mm mrad in the horizontal plane.
The dynamic aperture for the injection is obtained from tracking calculations for particles
with various horizontal and vertical amplitudes. Results for various cases are shown in
Fig. 3.2.11. The particles have been tracked for roughly one damping time, correspond-
ing to 8192 turns for the lattice without wigglers and 2048 turns for the lattice with wiggler.
The dynamic aperture does thus not reduce the injection efficiency.
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Figure 3.2.11: Dynamic aperture for different initial amplitudes. Damping wigglers, undulators,
multipole errors, as well as optics and orbit errors have been included.

Beam Lifetime Beam lifetime is dominated by inelastic scattering of particles within the
bunches (Touschek-Effect). The lifetime is proportional to the square of the energy accep-
tance of the ring, which in turn is given by the installed RF power and the off-energy dynamic
aperture. For the Touschek lifetime the off-energy dynamic aperture is important. Tracking
calculations for various energy offsets and horizontal amplitudes have been performed, with
the vertical amplitude being scaled according to a 1 % emittance coupling. Figure 3.2.12
shows the results, together with lines displaying the betatron oscillation amplitude of a Tou-
schek scattered particle at various positions in the ring. The derived off-momentum aperture
varies along the ring between 0.013 and 0.015 %. Further optimization of the working point
yields off-momentum apertures above 0.15 %. A cavity voltage of 20 MV ensures that the
RF-bucket height is of the same order.
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Figure 3.2.12: Momentum aperture of the bare machine and including wigglers, undulators and
multipole errors. The thin lines show betatron amplitudes of particles which are Touschek scattered
at various locations in the ring.

Based on the above calculated dynamic apertures the beam lifetime can be calculated for the
two operation modes. The lifetime for multi-bunch operation is expected to be 35 hours at
an average pressure of 2× 10−9 mbar at 100 mA. The lifetime for single bunch operation is
2 hours at 2.5 mA per bunch.

3.2.3 Current limitations
Introduction A beam circulating in a storage ring interacts with its surroundings via elec-
tromagnetic fields induced by image currents in the walls of the vacuum chamber and other
objects such as beam position monitors, kickers, RF cavities, bellows etc.. These electro-
magnetic fields in turn act on the beam and can lead to instabilities. In many synchrotron
radiation sources these instabilities limit either the achievable current per bunch or the total
current or even both.
In the following we will estimate potential limitations of the single and total current for
PETRA III. Also the interaction of the beam with secondary particles like photo electrons in
case of positrons or ions in case of electrons may lead to current limitations. At the end of
this section a few remarks will be given concerning this problem.

Single bunch instabilities The maximum single bunch current required is 2.5 mA defined
by the 40 bunch mode. Since a detailed knowledge of the vacuum chamber is presently not
available we will base our estimate on the experience with the existing machine PETRA II.
Currently single bunch currents of 10 mA can be stored with no sign of transverse and no
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52 3. The Storage Ring

evidence of longitudinal instabilities. We can form an impedance model of the machine
using old (Weiland, 1981a; Weiland, 1981b; Klatt, Kohaupt & Weiland, 1985) and more
recent measurements. We will express the impedance in terms of so-called kick parameters.

k‖ =

∫ ∞

−∞
dsW0(s)λ(s)

k‖(1) =

∫ ∞

−∞
dsW0(s)

dλ(s)

ds

k⊥ =

∫ ∞

−∞
ds W⊥(s)λ(s)∫ ∞

−∞
ds λ(s) = 1

Here W (s) denotes the wake potentials and λ(s) the line particle density.

In Tab. 3.2.10 the kick parameters of the complete vacuum chamber and the 16 seven cell
cavities are given.

In Tab. 3.2.11 the basic machine parameters are listed which are necessary to estimate single
bunch limitations.

We will apply the following two formulas to calculate the coherent tune shift of the lowest

Parameter Vacuum chamber Cavities total

k‖ (V/pC) 47 81 128

k‖(1) (V/pCm) -6400 3500 -2900

k⊥ (V/pCm) 1000 500 1500

Table 3.2.10: Kick parameters for PETRA III.

Parameter
IB (mA) 2.5
< β > (m) 20
T0 (µs) 7.69
R (m) 366.7
E (GeV) 6
Qs 0.049
h 3840

Urf (MV) 20
α 1.22× 10−3

σs (cm) 1.1
energy spread σE 0.0011

Table 3.2.11: Machine parameters to estimate current limitations.
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3.2. Accelerator Physics Issues 53

order modes in the longitudinal and transverse plane.

δνs = νs
IBRT0

2hUrf

k0(1)

δνβ =
IB < β > T0

4πE/e
k⊥

As long as these tune shifts are considerably smaller than the synchrotron tune no fast head
tail instability and no turbulent bunch lengthening will occur. In units of the synchrotron
tune the calculated tune shifts are:

|δνs/νs| = 0.13

|δνβ/νs| = 0.15

These two relative shifts are small enough that no instabilities should occur which is con-
firmed by the fact that PETRA II does not suffer from single bunch instabilities up to single
bunch currents of 10 mA.
There will be clearly differences between the vacuum chamber of PETRA III and PETRA II.
In the old octants the existing vacuum chamber will be replaced by a new one. Although the
vacuum chamber has not been designed in detail yet the basic parameters have been fixed
(see Sec. 3.5). For example a cross section of the dipole chamber is shown in Fig. 3.2.13.

Figure 3.2.13: Cross section of the dipole vacuum chamber in the old octants.

The basic differences of the new chamber compared with the old one are the smaller dimen-
sions and the fact that the chamber has a continuous pumping slit of 6 mm height and 5 mm
depth. In order to check that this chamber does not contribute significantly to the impedance
of the machine we calculated the kick parameters and higher order modes.
Strictly speaking the higher modes do not limit the single bunch current but may have other
negative effects. The frequencies of the higher order modes are within a band extending from
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54 3. The Storage Ring

4 up to 10 GHz. These will not trouble for example the monitor electronics which will have
a low pass characteristic so that it is not sensitive to signals with a frequency above 2 GHz.
Furthermore the higher order modes will not lead to a significant heating of the NEG strip.
The results for the kick parameters of 196 dipole chambers are summarized in Tab. 3.2.12.

Parameter
k‖ (V/pC) −5.5× 10−3

k‖(1) (V/pCm) 6.3× 10−3

k⊥ (V/pCm) −4.7× 10−2

Table 3.2.12: Kick parameters of new dipole vacuum chambers.

Compared with the numbers given in Tab. 3.2.10 the new dipole chamber contributes only
very little to the impedance of the machine. The necessary vacuum chamber joints and bel-
lows will be carefully designed similar to those existing in the HERA electron ring. In terms
of impedance the vacuum chamber of HERA has an even lower impedance than the existing
PETRA II vacuum chamber (Klatt & Weiland, 1988). Therefore we assume that concerning
the old octants the impedance of the chamber for PETRA III will at least not be larger than
the impedance of the PETRA II chamber.
Unfortunately this will not be true for the new octant. The complicated vacuum chamber
will significantly contribute to the impedance. To estimate the impedance of the new oc-
tant we consider the impedances of the large synchrotron radiation sources APS and ESRF
(Harkay, 2002). Based on their experience the new octant will almost double the impedance
of the machine. This effect is more pronounced in the transverse plane. However since the
relative tune shifts given above are quite small there is some safety margin left that even if
the impedance of the machine doubles a single bunch current of 2.5 mA will still be stable.
Nevertheless a careful design of the vacuum chamber of the old and new octants will be
necessary taking into account the experience gained by the existing synchrotron radiation
sources.

Coupled bunch instabilities Presently the total current in PETRA II is limited to rather
small values of about 5 mA by coupled bunch instabilities. These instabilities are mainly
driven by the parasitic modes of the RF cavities. In order to achieve the required currents for
HERA and the parasitic synchrotron radiation operation two powerful transverse feedback
systems are necessary. Although the beam is also longitudinally unstable this imposes only
a limitation for total beam currents above 55 mA.
For PETRA III the situation will be similar since it is foreseen to keep the existing RF cavities
in the machine. In order to find out what kind of countermeasures are necessary to achieve
the design current for PETRA III we tried to determine the narrow band impedance of the
machine. To this end we measured the threshold currents of coupled instabilities for uniform
fillings and the natural damping rate of the beam for all directions. By applying the following
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3.2. Accelerator Physics Issues 55

two formulas

longitudinal :
1

τ
= ωs

IthresZ
eff
0

2Urf

transverse :
1

τ
= ω0

Ithresβcav.Z
eff
⊥

4πE/e

which express that the growth rates are just balanced by the natural damping at the threshold
of the instability we calculate the effective narrow band impedance of the machine.
The results are summarized in Tab. 3.2.13. In case of PETRA III the longitudinal radiation

longitudinal horizontal vertical
Ithres (mA) 7 6 6
1/τ (Hz) 35 50 60
Zeff 3.6 MΩ 45 MΩ/m 54 MΩ/m

Table 3.2.13: Multibunch effects in PETRA III.

damping (125 Hz) is significantly larger than the damping rate quoted in Tab. 3.2.13 but still
not sufficient to reach the design current.
The fact that the number of cavities will be reduced from 16 to 12 will not be taken into
account in the following but taken as safety margin.
Considering the values in Tab. 3.2.13 it is obvious that additional damping is required which
has to be supplied by powerful feedback systems to reach the design current. Including a
safety margin of approximately 50 % the required damping of the feedback systems is given
in Tab. 3.2.14. Details of the feedback system are described in Chapter 3.10.

Feedback Required damping (Hz)
longitudinal 800
horizontal 1400

vertical 1400

Table 3.2.14: Basic parameters for multibunch feedback.

Ions and e-cloud instability PETRA III can be run with either positrons or electrons. The
limitations by single and multi bunch instabilities are almost identical for both species.
In principle there are two arguments against positrons that is e-cloud instability and the more
difficult operation of the pre-accelerators in particular the linac. The e-cloud instability does
not seem to be a real issue according to estimates (Wanzenberg, 2003). The ease of operation
of the linac is however a good argument against positrons and in favor of electrons. On the
other hand the operation with electrons may suffer from ions and dust. In the past we looked
for ion and dust effects in PETRA II (Balewski et al., 1996). We have never found any
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56 3. The Storage Ring

evidence for ions and never expected any from linear theory. The same should be true for
PETRA III. Concerning dust we saw some events in the past.
As there are no other arguments against or in favor for positrons we will make a decision
based on the experience gained during the commissioning of PETRA III. We will take up
again the investigation of ion and dust effects as basis for a decision against or in favor for
electrons.

3.2.4 Closed orbit correction and stability

Closed Orbit Distortion Third-generation light sources need careful alignment, stabiliza-
tion and corrections. The closed orbit distortion results from field errors and field com-
ponents arising from magnetic element positioning errors. The most severe effects comes
from the misalignment of quadrupole magnets, where the resulting dipole field is propor-
tional to both gradient and alignment error. The closed orbit distortion has been estimated
with the alignment tolerances and field errors presented in Tab. 3.2.15. Since the integrated
quadrupoles strength in the new octant is two to three times higher than in the old octants the
alignment requirements are accordingly tighter. The closed orbit has been simulated for 200
different sets of alignment errors and field errors assuming a Gaussian distribution (truncated
at 2 σ) with RMS values given in Tab. 3.2.15.
The closed orbit is obtained using the MAD.X program (Schmidt, 2000) in the presence of
damping wigglers and synchrotron radiation. A typical distorted closed orbit at the BPM
location is shown in Fig. 3.2.14.
The orbit can have maximum amplitudes of up to 20 mm in both planes. The expected
RMS values for the closed orbit in the horizontal and vertical plane are 7 mm and 4 mm
respectively as shown in Fig. 3.2.15.

Closed Orbit and Dispersion Correction The closed orbit will be measured by 198 beam
position monitors (BPM). In the old octants the BPMs are located next to each horizontal
defocusing quadrupole. Extra windings on 130 dipoles and 59 independent magnets are
used as horizontal correctors while 187 independent magnets are used as vertical correctors.

Number of ∆x ∆y ∆s ∆ψ Field
magnets [mm] [mrad] errors

Dipole 214 0.25 0.25 0.50 0.2 ∆B/B = 0.2× 10−4

Quadrupole
old octants

281 0.25 0.25 0.5 0.2 ∆k/k = 2× 10−4

Quadrupole
new octant

98 0.1 0.1 0.5 0.2 ∆k/k = 2× 10−4

Sextupole 140 0.25 0.25 0.50 0.2
Monitors 198 0.2 0.2

Table 3.2.15: Magnet and monitor alignment errors and magnet field errors.
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3.2. Accelerator Physics Issues 57

Figure 3.2.14: Horizontal and vertical COD due to random magnet errors (before correction).

Details of BPMs, horizontal and vertical correctors in two adjacent DBA cells in the new
octant are shown in Fig. 3.2.16.
Straight forward orbit correction is not sufficient but dispersion correction has to be included.
The small vertical emittance imposes tight tolerances on the vertical dispersion. In addition
the horizontal dispersion function in the wiggler and undulator sections has to be controlled.
Limits for both the horizontal and vertical dispersion are given in Tab. 3.2.16.
An algorithm (Assmann et al., 2000) for the simultaneous optimization of the closed orbit

Figure 3.2.15: The horizontal and vertical rms COD produced by 200 sets of random errors before
correction.

Figure 3.2.16: BPMs and correctors distribution per a double DBA cell,
2
| symbolizing beam posi-

tion monitors,
∨
| horizontal and

|
∧ vertical correctors.
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58 3. The Storage Ring

Dx [mm] Dy [mm]
Wiggler section 18 5

Undulator section 33 7
FODO arcs 58
DBA arcs 22 31

Table 3.2.16: Maximum horizontal RMS dispersion distortion yielding 5 % horizontal emittance
growth and RMS vertical dispersion yielding εy = 0.01 nm rad.

Figure 3.2.17: Horizontal and vertical orbit after orbit correction.

Figure 3.2.18: Calculated rms closed orbit distortion and spurious dispersion produced by 200 sets
of random errors (after correction).

and the dispersion in the transverse planes is applied. This algorithm is given by the follow-
ing system of linear equations:(

α~u

(1− α) ~Du

)
+

(
αR

(1− α)S

)
~θ = 0 (3.2.3)

with ~u being the closed orbit and ~Du the dispersion measured at the BPMs, R the orbit re-
sponse matrix, S the dispersion response matrix and ~θ corrector kicks. α is a weight factor
used to shift from a pure orbit (α = 0) to a pure dispersion correction (α = 1). Singu-
lar Value Decomposition (SVD) (Press et al., 1987) has proven to be a numerically robust
method to solve such equations. In case that more correctors than monitors are available,
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3.2. Accelerator Physics Issues 59

SVD minimizes the rms orbit and rms corrector strengths, in the reverse case it leads to a
suppression of BPM errors and a smoothing of the orbit.
Closed orbit and dispersion correction has been simulated to verify that the desired vertical
and horizontal emittance can be achieved. A typical closed orbit after correction is presented
in Fig. 3.2.17. Distributions of the corresponding rms values of the orbit and dispersion
after correction are shown in Fig. 3.2.18. The simulations have shown that the RMS vertical
dispersion can be kept below 5.0 mm in the whole ring. The maximum corrector strength
needed is 0.5 mrad. The required resolution of the corrector power supplies has to be at least
16 bit.
Although the described correction scheme fulfills the dispersion requirements additional
skew quadrupoles are foreseen to independently minimize the betatron coupling and locally
correct the dispersion coupling generated in the sextupoles. This system is presently under
study.

Beam Stability Beam stability is one of the most important requirements in synchrotron
light sources. In the previous section it was shown that the design goal for the horizontal
emittance and the small value for the emittance coupling can be achieved under realistic
conditions. The result of the correction procedure is the so-called golden orbit. Unfortunately
this golden orbit is not stable. Changes of the orbit may be the results of complex phenomena
for example natural and cultural ground vibrations, tunnel drifts, resonant amplifications due
to supports, thermal deformations etc.. These changes can be divided into fast and slow
motion. Fast motion (f > a few tenth of a Hz) has to be corrected by a feedback system. Slow
motion (f < a few tenth of a Hz) must be corrected by repeated standard orbit correction.
Beam stability requirements are typically 10% of the beam size at the insertion devices. In
the case of PETRA III the beam sizes and the divergences in the middle of the insertion
sections are as follows:

Device βx [m] βy [m] σx [µm] σ′x [µrad] σy [µm] σ′y [µrad]

5m Undulator 1.2 3.95 34.6 28.9 6.3 1.6
5m Undulator 20.01 2.36 142 7.1 4.9 2.1

20m Undulator 16.02 9.89 127 7.9 9.9 1.0

Table 3.2.17: Beam size at insertion device locations.

According to the above mentioned demands an orbit stability of microns in the horizontal
and even of half a micron in the vertical plane have to be achieved. The present day’s state
of the art beam position stability achievements are summarized in Tab. 3.2.18.
According to the table it has been demonstrated at several laboratories that the required
stability can be achieved (ELETTRA < 0.2µm, SLS < 0.5µm (Schlott, 2002), ESRF ≈
0.6µm (Plouviez, Koch & Uberto, 1998)).
In order to estimate the parameters of the fast feedback for PETRA III, measurements have
been performed to identify sources of orbit disturbances like ground motion and vibrations.
In addition we measured the orbit distortions in PETRA II in a frequency range from 0.1 Hz
to 500 Hz. Since a considerable part of the PETRA III magnetic structure is identically to the
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60 3. The Storage Ring

Table 1: Position feedbacks in SR sources worldwide

SR facility FB type Monitors  max. BW Stability

  ALS* G rf-BPMs < 100 Hz < 1 
�

m

  APS  G and L rf & p-BPMs < 30 Hz

< 50 Hz *
< 2 

�
m

< 1 
�

m *

  NSLS G rf-BPMs < 200 Hz 0.5 
�

m

  SPEAR 3* G rf-BPMs < 200 Hz < 1 
�

m

  BESSY * L rf and p-BPMs < 100 Hz < 1 
�

m

  DELTA G rf-BPMs < 1 Hz < 5 
�

m

  ELETTRA * L rf-BPMs < 20 Hz < 0.2 
�

m

  ESRF G rf-BPMs 100 Hz 0.6 
�

m

  MAX-lab G rf-BPMs 1 Hz < 3 
�

m

  SLS * G rf & p-BPMs 100 Hz < 0.5 
�

m

  SRS L p-BPMs 0.03 Hz 1 
�

m

  SUPER-ACO G Rf-BPMs < 150 Hz < 5 
�

m

  DIAMOND * G rf-BPMs 100 Hz < 1 
�

m

  SOLEIL * G rf and p-BPMs 100 Hz 0.2 
�

m

  KEK-PF G rf-BPMs 3 Hz < 5 
�

m

  SPRING-8 G rf-BPMs < 0.01 Hz

200 Hz *
< 3 

�
m

< 1 
�

m *

* feedbacks in commissioning, respectively proposed systems
(table comprehends only data, which could be collected until EPAC

paper submission deadline and thus might not be complete�)

Table 3.2.18: Achieved orbit stability at selected synchrotron radiation sources. (from Schlott, 2002)

structure of PETRA II these measurements are useful and relevant in order to estimate orbit
distortions for PETRA III. Measurements of ground motion have been performed at several
locations on the DESY site in the past (Decking, Flottmann & Rossbach, 1990; Brinkmann &
Rossbach, 1994; Shiltsev, 1996). Recently some of the measurements have been repeated
(Ehrlichmann & Bialowons, 2003) and compared with the situation at other laboratories. The
result of the most recent measurements are shown in Fig. 3.2.19. The power spectrum shows
the typical form. From 0.1 Hz to a few Hertz the power density is a strongly decreasing
function. The ground motion is mainly given by ground waves. The increase around a
few Hertz is due to cultural noise. From this figure one can conclude that the situation
at DESY and the ESRF are comparable. Fig. 3.2.19 also shows the integrated spectrum
which indicates that the most significant contributions to ground displacement come from
frequencies below 10 Hz. The rms value of the ground motion is below 140 nm.
This noise spectrum is translated by the magnet supports and the beam optics into orbit
distortions. These orbit distortions have been measured at PETRA II and results are shown
in Fig. 3.2.20. Comparing the two power spectra (ground motion and orbit) indicates that the
orbit is basically determined by the amplification factors of the optics between 0.1 and 10 Hz
and that the noise power spectrum is amplified around 20 Hz. This is due to the resonant
behavior of the magnet supports in particular the quadrupole stands. The lowest resonance
frequency of the quadrupole supports is around 20 Hz.
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Figure 3.2.19: The power spectral density of the ground motion at different accelerator sites
(Ehrlichmann & Bialowons, 2003) (top) and the integrated power spectral density of the ground
motion in the PETRA tunnel.
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62 3. The Storage Ring

Figure 3.2.20: Power spectral density of horizontal and vertical orbit distortions and integrated
power spectral density.

Figure 3.2.21: The power spectral density of orbit motion due to measured ground motion.
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3.2. Accelerator Physics Issues 63

Also visible is the line frequency 50 Hz. In the vertical spectrum there are also some com-
ponents extending from 60 to 100 Hz. The average value of the orbit distortion given by the
integrated power spectrum over the whole frequency range is 8 µm in the horizontal and 2.5
µm in the vertical plane. Since the girders in the new octant have also mechanical resonance
frequencies above 20 Hz (see Sec. 3.7) and the magnet support structure of the old octants
will not be changed the above shown ground motion power spectrum will result in a similar
orbit motion for PETRA III.
Assuming that the noise is mainly transferred via the optical amplification factors into orbit
distortion the frequency spectrum of the vertical orbit can be estimated and is shown in
Fig. 3.2.21.
This estimate is based on the assumption that the orbit distortions are caused by noise. How-
ever, part of the excitation will originate from ground waves that can coherently interact with
the storage ring i.e. the alignment errors of quadrupoles are correlated. In order to investi-
gate this effect we apply the following model (Rossbach, 1988; Fischer, 1984). The vertical
displacement of the nth quadrupole generated by a plane wave is

∆zn(t) = ẑRe exp

(
i

[
ωt +

ωR

ν
cos(θn − θω) + φ0

])
(3.2.4)

C

λ
=

ωR

V
(3.2.5)

with C the circumference, λ the wavelength of the disturbance, ω the angular frequency,
θω and θn the direction of incidence and the position of the quadrupole. The closed orbit
distortion due to this displacement is

zc =

√
β0

2 sin πQz

√
βz,n

∆zn

fn

cos(φn − πQz). (3.2.6)

Based on equations 3.2.5, 3.2.6 orbit distortion are estimated for the proposed PETRA III
lattice. The beam parameters considered for these calculations are betatron tunes of 35.74
and 30.80 and the betatron functions at the center of the insertion devices (1.2 m and 3.95 m).
The betatron wave lengths are λβx = 64.5 m, λβy = 74.81 m. The velocity of the incoming
ground wave from a far source is taken at 100 m/s. Fig. 3.2.22 shows the amplitude of ground
waves as a function of frequency that would cause a change in beam position by 10 % of the
beam size.
The actual amplitudes of ground motion in the horizontal plane always stay below the limit.
In the vertical plane the limit given in the picture is close to the values shown in the power
density plot (Fig. 3.2.19). One has, however, to keep in mind that the ground motion driven
above a few Hertz is not determined by coherent ground waves but mainly by cultural noise
(Ehrlichmann & Bialowons, 2003).
Summarizing the above findings the orbit distortions for PETRA III will be basically de-
termined by cultural noise. The amplitude of the orbit perturbations will be close to the
ones measured for PETRA II. So we expect that the position errors at the insertion devices
is around 10 µm in the horizontal and around 3 µm in the vertical plane (see Fig. 3.2.20).
Therfore a fast orbit feedback is necessary.
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64 3. The Storage Ring

Figure 3.2.22: The amplitudes of a plane ground wave propagating at 100 m/s that will cause a
change in beam position of 10 % of the beam size.

According to the integrated power spectrum of the orbit perturbations (Fig. 3.2.20) this sys-
tem has to fight distortions with frequency components between a few tenth of a Hertz up to
approximately 100 Hz. The orbit distortion has to be reduced by a factor less than 10. Such
feedback requirements have been proven to be feasible.
At first sight it may be sufficient to stabilize the beam position only at the insertion devices.
Unfortunately this is not true. In addition it is necessary to control the orbit in the FODO arcs
and in particular in the sextupoles. The orbit position in the sextupoles mainly determines the
spurious vertical dispersion and so in turn the vertical emittance of the machine. Therefore
the following layout of the feedback has been proposed.
For fast orbit correction all position monitors are taken into account and all fast correctors
in the new octant. Furthermore, two fast correctors per plane are installed at both ends of
the damping wiggler section and one fast corrector is installed in each of the remaining
straights. The efficiency of this arrangement has been studied by simulations. A golden
orbit has been determined as described in Sec. 3.2.4. In addition the focusing strength of
the quadrupoles has been randomly distorted to get a β-beating of approximately 20 % in
both planes. Then a 1µm misalignment was applied to all the quadrupole magnets of the
PETRA III lattice. This orbit was then corrected with respect to the golden orbit. This
procedure has been repeated 1000 times and the position at the insertion devices and the
emittances in both planes have been recorded. The orbit at the insertion devices stays within
the required limits. In Fig. 3.2.23 recorded values of the emittances are presented. The figure
shows that the fluctuations in the horizontal emittance are negligible and the fluctuations in
the vertical emittance of approximately 8 % stay within the tolerable limit. One should keep
in mind that the simulation has been performed assuming rather pessimistic values for the
rms amplitude of the ground motion (1µm) and the β-beating (20 %). This shows that this
correction scheme is robust.
The technical realization of the system has not been worked out in detail yet, but some of
the key components have been looked at. It is obvious that a precise and low-noise orbit
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3.2. Accelerator Physics Issues 65

Figure 3.2.23: Horizontal and vertical equilibrium emittance during 1000 successive corrections.

measurement is necessary. Monitors and monitor electronic are presented in section 3.9.
Although not easy it is possible to meet the requirements for the orbit measurement accuracy.
In order to cover the required frequency range orbit information has to be taken at a rate of
4 kHz which has been demonstrated to be feasible. The amplitudes of the correction kicks
are small enough so that they can be supplied by air coil magnets for example similar to
those in operation at the ESRF. The data transfer can be accomplished in ways that are used
at ESRF and APS (Plouviez, Koch & Uberto, 1998; Carwardine et al., 1997). For the time
being we aim for a conventional system gathering all the information in a central unit to
determine the kicks with an SVD algorithm and to use a PID controller.
The orbit stabilization system is certainly demanding but it has been shown that such a system
is feasible.
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66 3. The Storage Ring

3.3 Magnets for the New Octant of PETRA III

In the new octant of the PETRA III machine 68 short and 16 long quadrupole magnets,
18 dipole magnets and correction magnets for beam steering are needed. In this section
the design of the quadrupole and dipole magnets will be discussed. The work was done
in collaboration with the Efremov Institute. The position of the magnets and their names
are shown in Fig. 3.3.1. The synchrotron radiation beamline is located close to the storage
ring beam in a separate vacuum chamber with an outer diameter of 20 mm. In the design
presented here the distance between the axis of the quadrupole magnets and the synchrotron
beam varies between the two dipoles PDA from

76 to 98 mm at the position of the first PQA (closed yoke)
137 to 159 mm at the second PQA position (closed yoke)
172 to 194 mm at the third PQA position (closed yoke)
233 to 255 mm at the PQC position (non-closed yoke).

A major design goal was to minimize the number of different magnet types as well as the
manufacturing costs.

Magnets for the New Octant of PETRA III

In the new octant of the PETRA III machine 68 short and 16 long quadrupole magnets, 18

dipole magnets and correction magnets for beam steering are needed. 

In this chapter the design of the quadrupole and dipole magnets will be discussed. The work was

done in collaboration with the Efremov Institute. 

The position of the magnets and their names are shown in Fig. I.1. The synchrotron radiation

beamline is located close to the storage ring electron beam in a separate vacuum chamber with

an outer diameter of 20 mm. In the design presented here the distance between the axis of the

quadrupole magnets and the synchrotron beam varies between the two dipoles  PDA from 

76 to 98 mm at the position of the first PQA (closed yoke)

137 to 159 mm at the second PQA position (closed yoke)

172 to 194 mm at the third PQA position (closed yoke)

233 to 255 mm at the PQC position (non closed yoke).

Fig. I.1:  PETRA III magnetic unit cell.

Figure 3.3.1: PETRA III magnetic unit cell.
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3.3. Magnets for the New Octant of PETRA III 67

3.3.1 Quadrupole magnets

According to the layout of the new octant quadrupole magnets with a closed and non-closed
iron yoke had to be designed. The main requirements for these quadrupole magnets are listed
in Tab. 3.3.1.

The field quality depends on the strength of the different harmonics. For a conventional
quadrupole magnet (closed yoke) the lower harmonics values with k = 3, 4, 5 and the so
called ’allowed’ harmonics values (k = 6, 10, 14, ...) are essential. The lower harmonic val-
ues are determined by the quality of the quadrupole assembly whereas the allowed harmonics
depend on the quadrupole design. For example a correctly shaped pole profile will generate
only a small value for the k = 6 term (dodecapole). If a harmonics value of less than 10−4 is
required the tolerances of the aperture geometry must be less than 3×10−2 mm. In case of a
non-closed yoke with non-magnetic inserts or spacers the ’allowed’ harmonics are increased
due to additional values (k = 4, 8, 12 and so on). The vertical and horizontal displacement of
the two halves of such a magnet must be less than 0.03 mm and the rotational misalignment
of the two halves must be less than 10−4, otherwise a correction coil is needed.

3.3.2 Specification of the quadrupole magnets

With the main requirements for the quadrupole magnets three types were designed:

Iron length of 500 mm (closed yoke) called PQA,
Iron length of 800 mm (closed yoke) called PQB,
Iron length of 500 mm (non-closed yoke) called PQC.

The quadrupole magnets consist of laminated iron yokes produced from steel sheet metal
EBG type ’Stabocor M-1200-100A’. The magnet should be easily separable in the horizontal
plane for a subsequent installation of the vacuum chamber. The coils sit symmetrically with

A major design goal was to minimize the number of different magnet types as well as the

manufacturing costs.

Quadrupole Magnets

According to the layout of the new octant quadrupole magnets with a close and non-closed iron

yoke had to be designed. The main requirements for these quadrupole magnets are listed in

Table I.1. 

Closed yoke (PQA) Non closed yoke (PQC)

Parameters Note Note

Iron length, [m] 0,8/0,

5

as short as possible
0,5

as short as possible

Quantity 16 68

Aperture radius, [mm] 35 35

Max. field gradient, [T/m] 21 21

Radius of good field region,

GFR, [mm]
25 25

Field quality in the GFR 5⋅10-4 5⋅10-4

Table I.1:   Main requirements for the quadrupole magnets PQA, PQC

In the good field region the field quality depends on superposition of the different harmonics.

For a conventional quadrupole magnet (closed yoke) the lower harmonics values with k=3,4,5

and the so called “allowed” harmonics values (k=6,10,14, and so on) are essential. The lower

harmonic values are determined by the quality of the quadrupole assembly whereas the allowed

harmonics depend on the quadrupole design. For example a correctly shaped pole profile will

generate only a small value for k=6 term (dodecapole). If a harmonics value of less than 10-4 is

required the tolerances of the aperture geometry must be less than 3×10-2 mm. 

In case of a non closed yoke with non magnetic inserts or spacers the “allowed” harmonics are

increased due to additional values (k=4,8,12 and so on). The vertical and horizontal

displacement of the two halves of such a magnet must be less than 0.03 mm and the rotational

misalignment of the two halves must be less than 10-4, otherwise a correction coil is needed.

Table 3.3.1: Main requirements for the quadrupole magnets PQA, PQC
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68 3. The Storage Ring

respect to the axis on the quadrant iron and all four coils are electrically connected in series.
The main parameters of these magnets are listed in Tab. 3.3.3 (closed yoke) and Tab. 3.3.4
(non-closed yoke) at the end of this section. The nominal current is 190 A. Four water
circuits are needed for the coil cooling made from a 9×9 mm2 copper conductor with a
hole of 4.5 mm diameter. The copper conductor is wrapped by three layers of fiber glass
band. The thickness of the turn insulation is 0.5 mm per side. The coil has six layers and a
total of 57 windings. The correction coil has a copper conductor of 1.25×3.55 mm2 cross
section and consists of two layers of 56 windings. The insulation of the coil is vacuum
impregnated. A water temperature rise of 15◦ C is expected. The gap between the coils
for the accommodation of the vacuum chamber is 28 mm. To minimize the tooling costs
(stamping tool) the PQB is stacked of the same lamination as the PQA. The length of PQB
is increased to 800 mm.

3.3.3 Results of the 2-D calculation for the quadrupole magnets

For the 2-d calculation the OPERA-2D code was used. The material for the yoke is ’Stabocor
M-1200-100A’ steel with a filling factor of 0.98. In Fig. 3.3.2 the cross section of a quarter
of the quadrupole magnet (PQA) with a closed yoke is shown. The horizontal gap of 28
mm height between the coils allows to use this magnet at several positions for the outgoing
synchrotron radiation beam. Because of the symmetry one eighth of the cross-section was
used for the 2d calculation (red line). The result is shown in Fig. 3.3.3 (a quarter of the yoke
is shown). A quarter of the cross-section of the quadrupole magnet with a non-closed yoke
(PQC) is shown in Fig. 3.3.4 and the result is shown in Fig. 3.3.5. With the input parameters
from Tables 3.3.3 and 3.3.4 at the end of this section, the general results of the calculated field
quality, the maximum inductions at the pole (Bmax

p ) and yoke (Bmax
Y ) are listed in Tab. 3.3.2

for the closed and non-closed yokes.

Results of 2-d calculation

For the 2-d calculation the OPERA-2D code was used. The material for the yoke is “Stabocor

M-1200-100A” steel with a filling factor of 0.98. In Fig I.2 the cross section of a quarter of the

quadrupole magnet (PQA) with a closed yoke is shown. The horizontal gap of 28 mm height

between the coils allows to use this magnet at several positions for the outgoing synchrotron

radiation beam. Because of the symmetry one eighth of the cross-section was used for the 2d

calculation (red line). The result is shown in Fig. I.3 (a quarter of the yoke is shown). 

A quarter of the cross-section of the quadrupole magnet with a non closed yoke (PQC) is shown

in Fig. I.4 and the result is shown in Fig. I.5. With the input parameters from Table I.3 and I.4

the general results of the calculated field quality, the maximum inductions at the pole (Bp
max) and

yoke (BY
max) are listed in Table I.5 for the closed and non closed yokes.   

Var.
Ampere

turns

Current Gradient Bp
max BY

max

kA A T/m T T

Closed

yoke
10.7 187.7 21.6 1.45 1.45

Non

closed

yoke

10.7 187.7 21.6 1.43 1.4

Var.

Rref = 25 mm

A4/a2 a6/a2 a8/a2    a10/a2 a14/a2 a18/a2 Σai /a2 

10-5

Closed yoke 0.5 -1.9 -3.2 -3.1 9

Non closed

yoke
-0.03 0.5 0.02 -1.9 -3.2 -3.1 9

Table I.5: Results of the calculation for the quadrupole magnetsTable 3.3.2: Results of the calculation for the quadrupole magnets
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3.3. Magnets for the New Octant of PETRA III 69

Fig. I.2:  One quarter cross-section of the quadrupole magnet with a closed yokeFigure 3.3.2: One quarter cross-section of the quadrupole magnet with a closed yoke.

Fig I.3: Results of the calculation for the closed yoke. The induction (BMOD) in Tesla is shown. In the

top figure the induction in air and in the bottom figure the induction in the iron is shown. The coil

geometry is shown in red.Figure 3.3.3: Results of the calculation for the closed yoke. The induction (BMOD) in Tesla is
shown. In the left figure the induction in air and in the right figure the induction in the iron is shown.
The coil geometry is shown in red.
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70 3. The Storage Ring

Fig I.4: Cross-section of the quadrupole magnet (one quarter) with a non closed yoke
Figure 3.3.4: One quarter cross-section of the quadrupole magnet with a non-closed yoke.

Fig I.5: Results of the calculation for the non-closed yoke. The induction (BMOD) in Tesla is shown. In

the top figure the induction in air and in the bottom figure the induction in the iron is shown. The coil

geometry is shown in red.

Dipole Magnet

The dipole magnet will be an H-type magnet of 1 m length with a maximum induction of 1 Tesla. The

vertical gap height is 48 mm. The good field region has to be 60 mm in horizontal and 36 mm in vertical

direction. The field quality must be better than 5x10-4. The main parameters are listed in Table I.5. To

facilitate the installation and deinstallation of the vacuum chamber in the beam position from the top a

H-type magnet design with separation in the horizontal plane was chosen (Fig. I.6)

Figure 3.3.5: Results of the calculation for the non-closed yoke. The induction (BMOD) in Tesla is
shown. In the left figure the induction in air and in the right figure the induction in the iron is shown.
The coil geometry is shown in red.
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3.3. Magnets for the New Octant of PETRA III 71

Fig. I.6: Cross-section of the PDA dipole magnet.

The iron yoke can be produced from a solid soft magnetic iron with a coercitive force between 75 A/m

and 100 A/m with a maximum permeability around 4500 or can be made of steel laminations. The gap

between the poles is 48 mm. To ensure the field quality the surfaces must be parallel to better than 0.02

mm. The weight of the yoke is 1080 kg. Each coil has three main pancakes and two correction ones.

Each main pancake has 12 windings whereas the correction pancake has 38 windings. The main coil is

made of a copper conductor with dimensions 9 x 9 mm2 and a hole of 5 mm Ø. The turn insulation

for the main coil is made of a fiber glass band with a thickness of 0.5 mm.

The copper conductor for the correction pancake has a cross section of 2.5 x 5 mm2 and the turn

insulation is made of fiber glass band with a thickness of 0.3 mm. The coil is vacuum

impregnated. Each coil of the dipole has three water cooling circuits. 

Figure 3.3.6: Cross-section of the PDA dipole magnet

3.3.4 Dipole magnets

The dipole magnet will be a H-type magnet of 1 m length with a maximum induction of 1
Tesla. The vertical gap height is 48 mm. The good field region has to be 60 mm in horizontal
and 36 mm in vertical direction. The field quality must be better than 5×10−4. The main
parameters are listed in Tab. 3.3.5 at the end of this section. To facilitate the installation and
deinstallation of the vacuum chamber into the H-type magnet in the accelerator from the top,
a design with separation in the horizontal plane was chosen (Fig. 3.3.6). The iron yoke can
be produced either from a solid soft magnetic iron with a coercive force between 75 A/m and
100 A/m with a maximum permeability around 4500 or steel laminations. The gap between
the poles is 48 mm. To ensure the field quality the surfaces must be parallel to better than
0.02 mm. The weight of the yoke is 1080 kg. Each coil has three main pancakes and two
correction ones. Each main pancake has 12 windings whereas the correction pancake has
38 windings. The main coil is made of a copper conductor with dimensions 9×9 mm2 and
a hole of 5 mm diameter. The turn insulation for the main coil is made of a fiber glass band
with a thickness of 0.5 mm. The copper conductor for the correction pancake has a cross
section of 2.5×5 mm2 and the turn insulation is made of fiber glass band with a thickness
of 0.3 mm. The coil is vacuum impregnated. Each coil of the dipole has three water cooling
circuits.

3.3.5 Results of the 2-D calculation for the PDA dipole

For the 2d calculation the OPERA-2D code was used. The material used is soft magnetic
iron with a coercive force of 75 A/m and a maximum permeability of 4500. The results are
shown in Figs. 3.3.7, 3.3.8. The maximum field nonlinearity in the good field region (30
mm) is less then ∆B/B = ±3× 10−4.
For the 3d calculation the MAFIA code was used. Special shims and chamfers provide the
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72 3. The Storage Ring

Results of the two dimensional  (2d) calculation for the PDA dipole

For the 2d calculation the OPERA-2D code was used. The material used is soft magnetic iron with a

coercitive force of 75 A/m and a maximum permeability of 4500. The results are shown in Fig. I.7, I.8.

The maximum field nonlinearity in the required good field region (x ≤ 30 mm) is less then ∆B/B =

±3 x 10-4.

Fig. I.7: Results of the B-field calculation. The induction (BMOD) in Tesla is shown. In the top

figure the induction in air and in the bottom figure (next page) the induction in iron is shown.

The coil geometry is shown in red.

Fig. I.8:     Field error ∆B/B of the PDA dipole 

Figure 3.3.7: Results of the B-field calculation for the PDA dipole. The induction (BMOD) in Tesla
is shown. In the top figure the induction in air and in the bottom figure the induction in iron is shown.
The coil geometry is shown in red.

Results of the three dimensional (3d) calculation

For the 3d calculation the MAFIA code was used. Special shims and chamfers provide the

required field quality (see Fig. I.9). The result of the optimization of the iron yoke are shown in

the Fig. I.10. The field errors in the good field region are within the limits of –1 x 10-4 to + 4 x

10-4. Shown in Fig. I.10 is the variation of the field integral (I- Io )/ Io 

where:  
I=�z= 0

z= 0 . 7

B
y

x , y , z dz

I
0
=�z= 0

z= 0 . 7

B
y

0,0, z dz

for one quarter of the good field region in the gap of the dipole.  

Figure 3.3.8: Field error ∆B/B of the PDA dipole
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3.3. Magnets for the New Octant of PETRA III 73

required field quality (see Fig. 3.3.9). The result of the optimization of the iron yoke is shown
in Fig. 3.3.10. The field errors in the good field region are within the limits of −1× 10−4 to
+4× 10−4. Shown in Fig. 3.3.10 is the variation of the field integral (I − I0)/I0 where

I =

0.7∫
z=0

By(x, y, z) dz (3.3.1)

I0 =

0.7∫
z=0

By(0, 0, z) dz (3.3.2)

Fig. I.9: Dipole magnet chamfers and  shims used for the 3d calculation

Figure 3.3.9: Dipole magnet chamfers and shims used for the 3D calculation

3.3.6 Corrector magnets
Besides the quadrupole and dipole magnets approximately 40 fast steerer magnets for the fast
feedback system and 70 corrector magnets for beam steering are needed in the new octant.
The fast steerer magnets will be used for a horizontal and vertical global orbit feedback
system. The ESRF fast steerer design will be used and adapted to the specific PETRA III
needs. For the 70 corrector magnets a new design is foreseen. These magnets must deflect
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74 3. The Storage Ring

Fig. I.10:      I = 610 A,   Bo = 1 T ,   dipole with  shims and chamfer, shown is the expression (I- Io )/ Io  

in the x and y direction for a quarter of the dipole gap. 
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Figure 3.3.10: Variation of the field integral given by Eqs. 3.3.1, 3.3.2 with I = 610 A, B0 = 1 T for
a dipole with shims and chamfer. Shown is the expression (I − I0)/I0 in the x and y direction for a
quarter of the dipole gap.

the beam by 0.5 mrad. The geometrical length has to be shorter than 200 mm in the z-
direction. The vertical steerer magnet has to have a 260 mm gap to provide a symmetrical
field at the position of the beam. First 2d calculations showed that even for the 260 mm gap
the necessary magnetic field of 0.05 T could be achieved using magnets with air cooled coils.
For the horizontal beam steering magnets a gap of a least 50 mm is required due to the outer
dimensions of the corresponding vacuum chamber.

3.3.7 Magnets for the 7/8 of PETRA III
For the remaining 7/8th of the PETRA III machine the existing magnets will be used with
slight modifications in their positioning. Some new corrector magnets for vertical deflection
will be installed. The aluminum coils of the magnets showing radiation damage due to the
former PETRA high energy physics program have to be replaced. About 630 sextupole coils,
640 quadrupole coils QA, 220 quadrupole coils QA1 and 400 dipole coils must be ordered
and exchanged.
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3.3. Magnets for the New Octant of PETRA III 75

Table I.3: Main parameters of the quadrupole magnet with a closed yoke (PQA). The PQB

magnet parameters differ in the higher power consumption (4.9 kW) and a slightly lower water

flow rate so that the temperature rise is around 24 degree Celsius.

Table 3.3.3: Main parameters of the quadrupole magnet with a closed yoke (PQA). The PQB magnet
parameters differ in the higher power consumption (4.9 kW) and a slightly lower water flow rate so
that the temperature rise is around 24◦ C
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76 3. The Storage Ring

Table I.4:  Main parameters of the quadrupole magnet with a non closed yoke (PQC).Table 3.3.4: Main parameters of the quadrupole magnet with a non-closed yoke (PQC).
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3.3. Magnets for the New Octant of PETRA III 77

Table I.5:  Main parameters of the PDA dipole magnet.Table 3.3.5: Main parameters of the PDA dipole magnet
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78 3. The Storage Ring

3.4 Damping Wigglers

3.4.1 Introduction
The upgrade of the PETRA storage ring will provide a horizontal emittance of ∼1 nmrad
if damping wigglers with a total length of about 80 m are installed in the long straight sec-
tions North and West. These dispersion-free sections have a FODO-type lattice with twelve
∼5.3 m drifts between the focusing and defocusing quadrupoles. Each drift can accommo-
date a permanent magnet damping wiggler, synchrotron radiation (SR) absorber, horizontal
and vertical steering magnet and other necessary equipment (BPMs, pumps, bellows etc.).
At 6 GeV energy and 200 mA maximum current, the total radiation power from the wiggler
magnets (about 0.8 MW for two wiggler sections) has to be intercepted by special SR ab-
sorbers. About half the radiation power is absorbed by regular copper absorbers placed in
the FODO drifts, but the remaining ∼200 kW will be intercepted by a long lumped copper
absorber accommodated inside and behind the first downstream bending magnet.
This section describes the design of the main elements of the PETRA III damping wiggler
system. A concept for a permanent magnet wiggler has been chosen from the viewpoints of
minimum contribution to the total beam emittance and effectiveness of the wiggler produc-
tion, tuning and maintenance.
The wiggler section vacuum chamber is considered including SR absorber system, bellow
units, flanges, steering magnets, etc. To finalize the absorber design, the spatial and angular
distribution of the wiggler SR power is calculated under realistic circumstances. The most
critical element of the absorbing system is the lumped absorber. For this absorber, tempera-
ture and stress analysis is performed using the ANSYS program. To protect the magnet coil
insulation from radiation damage the radiation dose is also estimated.
The power load of the absorbers is rather high and an effective safety system protecting
equipment from overheating is obligatory. For reliability this system has to include several
monitoring sub-systems: temperature sensors, electron beam position monitors and radiation
position monitors. Preliminary considerations on the SR monitor design are given.

3.4.2 Wiggler design
3.4.2.1 Main considerations

The PETRA III damping wigglers have been designed according to the following basic cri-
teria:

• The wigglers have to make a minimum contribution to the total beam emittance.

• The permanent magnets’ weight has to be minimized since their price is a significant
part of the total cost of the wiggler system.

• The wiggler design has to be reliable and simple in manufacture and adjustment.

• The magnet structure must have low sensitivity to temperature gradients to prevent
possible distortion of the closed orbit.
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3.4. Damping Wigglers 79

For a periodic planar wiggler, an additional contribution to the total emittance of the ring can
be expressed by the so-called I5 radiation integral (Wiedemann, 1993):

I5 ≈
8

15
Nwβ̂x

θ3
w

ρ2
w

(3.4.1)

where Nw, θw and ρw are the wiggler period number, maximum deviation angle and cur-
vature radius respectively, while β̂x is the horizontal betatron function averaged over the
wiggler length. To reduce the I5 radiation integral for fixed β̂x and ρw, one has to keep the
deviation angle as small as possible. A conventional periodic wiggler design with a sin-like
magnetic field and half-field poles at both ends complies most with this primarily important
condition.
Special attention was paid to the optimization of the wiggler design with respect to cost
reduction, which mainly depends on the volume of the magnetic material used for the wig-
gler production. Another important point is ease of assembly and adjustment of more than
750 wiggler poles: To save the time span required for this procedure as well as to provide
reliability of the system, the wiggler tuning process has to be as simple as possible.

3.4.2.2 Detailed layout

At the selected field amplitude ofBw = 1.52 T and vertical gap h = 24 mm the wiggler period
length was optimized as λw = 20 cm. For a shorter period with the same field amplitude one
has to increase the volume of the NeFeB permanent magnets significantly. The thickness dm

of the permanent magnets placed between the poles is determined by the following equation

Bw · h = Bm · dm (3.4.2)

It can be shown that the optimum operation point of a permanent magnet is Bm = 0.6 T. That
yields a magnet thickness of dm =60 mm. Fig. 3.4.1 shows a schematic design of the wiggler
pole magnet structure and the magnetic induction distribution inside.
It is proposed to design wedge-shaped ferromagnetic poles (Fig. 3.4.1). Such a design al-

lows splitting one 60 mm thick magnet into two magnets of half thickness and placing the
wedge-like ARMCO plate between them. Magnetic symmetry provides that the magnetic
potential of this wedge-like plate is zero, therefore the electromagnetic coupling between the
poles practically vanishes. This makes it possible to adjust the field amplitude for each pole
separately without changing it in the adjacent poles. By that means, the wiggler field tuning
procedure becomes simple and is reduced to tuning each individual pole.
The side view of the wiggler and its transverse cross-section are shown in Fig. 3.4.2 and
Fig. 3.4.3. Special magnets are placed at the wiggler sides (Fig. 3.4.3) to reduce the leakage
flux from the central iron poles. The reduction of the leakage flux minimizes the size of the
central iron pole and main magnets. The iron enclosure around the wiggler provides zero
magnetic potential of the iron wedge inserted between the magnets.
In order to settle the pole field amplitude within a few percent, special adjustment iron screw-
correctors (Fig. 3.4.3) are planned for every pole block. By them moving in and out, the
leakage flux changes and the magnetic potential of the pole reduces or increases.
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Figure 3.4.1: Magnetic induction distribution (kG) inside the wiggler. ’∗’, ’×’, and ’.’ denote the
decimal delimiter of values for the iron poles (blue), permanent magnets (green), and the air gap,
respectively.

Figure 3.4.2: Side view of the damping wiggler.
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3.4. Damping Wigglers 81

Figure 3.4.3: The transverse wiggler cross-section
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Fig.2.5 Transverse distribution of the wiggler magnetic field. 

To provide the transverse field quality in a good field region 

cm, the transverse dimension of the magnets and iron poles was chosen to 
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in Fig.2.4 while the longitudinal wiggler field profile is plotted in Fig.2.5. The 

calculated field amplitude is T.
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Fig.2.5 Longitudinal distribution of the wiggler magnetic field. 

Figure 3.4.4: Transverse distribution of the magnetic field.

Based on tracking calculations, a transverse field quality ∆B/B ≤ 10−3 in a good-field re-
gion ∆x = ±1 cm has been specified in order to inject safely into PETRA III without losses
(see Sec. 3.2.2). Therefore, the transverse dimension of magnets and iron poles was cho-
sen to 8 cm. The field distribution at the pole center along the horizontal axis is shown in
Fig. 3.4.4 while the longitudinal wiggler field profile is plotted in Fig. 3.4.5. The calculated
field amplitude is Bw = 1.52 T.
The parameters of the PETRA III damping wiggler are listed in Tab. 3.4.1. The radiation in-
tegral I2, which is a measure for the reduction of the horizontal emittance due to the wigglers
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82 3. The Storage Ring
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Fig.2.5 Transverse distribution of the wiggler magnetic field. 
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calculated field amplitude is T.
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Fig.2.5 Longitudinal distribution of the wiggler magnetic field. 

Figure 3.4.5: Longitudinal distribution of the magnetic field.

Peak field Bw 1.52 T
Magnetic gap 24 mm
Period length 0.2 m
Number of periods 20
Number of poles 37 + 2 half poles
Magnet volume per period 2200 cm3

Field quality at x0 = 10 mm < 10−3

Damping integral per segment 3.859 T2m
Overall length of wiggler segment 3.97 m
Number of wiggler segments 20

Table 3.4.1: Damping wiggler parameters

is defined as :
I2 =

∫
Wig

ds

ρ2(s)
=

1

(Bρ)2

∫
Wig

B2
w(s)ds (3.4.3)

The damping integral
∫
B2

w(s)ds = 3.859 T2m was obtained from the longitudinal wiggler
field distribution.
The top and bottom halves of the wiggler are made from a single piece of iron with a milling
accuracy of±0.1 mm. After the wedge-like poles have been installed, the pole surface facing
the gap and the joint plane of top and bottom halves are ground. Our previous experience
with this technology shows that the gap accuracy can reach ±30µm which is sufficient for
our purpose. This manufacturing technique will allow significant simplification and accel-
eration of the wiggler assembly as well as a reduction of the number of parts in the wiggler
design.
The wiggler adjustment includes two stages:

• The magnetic field is measured by a Hall probe array to be inserted in the aperture,
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3.4. Damping Wigglers 83

and the field amplitude is adjusted by means of the screw-correctors within 1 G over
the whole wiggler length.

• A moving wire measures the wiggler field integrals. Measurement accuracy for the
first and second field integrals using such a technique is ± 5 G cm and 2000 G cm2,
respectively. The integrals will be set to zero with the same accuracy.

The use of two wedge-like iron inserts between the magnets and manufacture of each wig-
gler half from a solid iron lump minimize temperature gradients in the wiggler. In order
to exclude temperature effects on the magnetic field due to beam heating it is possible to
apply a water cooling to the vacuum chamber of the wiggler. Although the absolute value
of the wiggler magnet temperature can vary and lead to a small change of the field ampli-
tude (∆B/B ≈ 10−3/K for the NeFeB magnets), the first and second field integrals, which
depend on the temperature gradient, remain constant.

3.4.3 Wiggler radiation power

3.4.3.1 Introduction

The main tasks of the wiggler radiation power calculation are

1. Developing the procedure for calculation of SR power density distribution at different
azimuths of the wiggler section.

2. Finding the optimal aperture of the regular absorber to provide uniform absorption
along the straight section length.

3. Estimating tolerances for the absorber alignment in the transverse plane as well as for
the closed orbit deviation in the wiggler section.

An estimate of the power density is derived for an electron energy of 6 GeV and a maximum
beam current of 200 mA. The general characteristics of the damping wiggler radiation are
given in Tab. 3.4.2.

SR critical energy 35.84 keV
K - Parameter 28.39
Wiggler length 4 m
Wiggler SR power 42.12 kW
Relativistic factor 1.17×104

Vertical SR spread 85.2µrad
Horizontal SR spread 4.84 mrad

Table 3.4.2: General SR characteristics of the damping wiggler
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84 3. The Storage Ring

3.4.3.2 Absorber power load

Fig. 3.4.6 schematically shows the arrangement of the wiggler section. Eight short regular
copper absorbers are placed in the drifts 3 to 10 (the first drift corresponds to the first damping
wiggler). They will absorb tails of the synchrotron radiation coming from the wigglers.
Starting at drift 11 the power accumulated from the wigglers becomes too large and can not
be intercepted by the regular copper absorbers. Thus longer absorbers with a different design
are placed in drifts 11 and 12.
The SR power density distribution has been calculated in the following way. A reference
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Fig.3.1 G  plot.                                      Fig.3.2 )(K ),(Kf  plot. 

Functions  and )(KG ),(Kf  are plotted in Fig.3.1 and Fig.3.2, 

respectively. For our K = 28.39 the value of G  is practically equal to 1. )(K

3.3 Absorbers power load 

Fig.3.3 schematically shows an arrangement of the wiggler section equipment

including the 10 wigglers, magnets and absorbers. Eight short regular copper 

absorbers placed in the drifts numbered from 3 to 10 (the first drift corresponds to the 

first damping wiggler) will absorb tails of the SR distribution coming from the several 

first wigglers.

Fig.3.3 Wiggler straight section schematically.

Then the power accumulated from the wigglers became too large and we can 

not intercept it by the regular copper absorbers. A solution is to accommodate in the 

Figure 3.4.6: Scheme of the wiggler straight section

plane perpendicular to the beam axis is defined at the end of each absorber. The longitudinal
coordinate of the reference plane is given relative to the center of the first wiggler. The 2D SR
power distribution is calculated in the reference plane for each upstream wiggler separately.
An example of the calculation is shown in Fig. 3.4.7. The isoline contours show the power
density levels, accumulated from all wigglers, 80.3 m downstream of the first wiggler.
The integrated power on one absorber (absorber 4) is plotted in Fig. 3.4.8 as a function of

the horizontal absorber aperture. In our model every absorber is represented by a rectangular
aperture (slit) placed in the reference plane. The lower aperture limits are given by the
physical aperture requirements of the whole ring. The width is≥±30 mm and the minimum
full gap is 17 mm at the largest and 12mm at the smallest β-function in the wiggler section.
The horizontal absorber aperture was optimized according to the following considerations:

• The absorbers located in the FODO drifts have to intercept as much SR power as
possible to reduce the power load of the last lumped absorber.

• The linear power density on the absorbers should not exceed 200 W/cm (according to
BINP experience).

• Every regular absorber will absorb approximately the same power to keep the same
design and dimensions.
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Figure 3.4.7: Power density (W) at 80.3 m from the center of the first wiggler (1/4 of the distribu-
tion).
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Figure 3.4.8: Accumulated power at the azimuth of the forth regular absorber.

The vertical absorber aperture has to provide reliable shading of the wiggler vacuum cham-
ber. Therefore the aperture will be reduced to 13 mm for all absorbers which are placed close
to the horizontal focusing quadrupoles. This yields a maximum allowed incident angle of
∆′

R = 163µrad, as shown in Fig. 3.4.9.
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86 3. The Storage Ring

The total opening angle of the 1σ RMS radiation fan is equal to

σ′R =
√
σ′2SR + σ′2ye, (3.4.4)

where σ′SR = 1/γ = 85µrad is the vertical angular spread of the radiation at 6 GeV, σ′ye =√
εy/β̂y is the natural divergence of the electron beam, being ≈ 8 µrad for a mean vertical

betatron function in the wiggler of β̂y ≈ 15 m and an emittance of εy = 0.5 nm rad (fully
coupled beam). With these values the maximum RMS closed orbit is estimated to be:

σy,cod =

√
(∆′

R − σ′R)2

〈γ〉
〈β〉 = 0.84 mm. (3.4.5)

The apertures of all regular absorbers are summarized in Tab. 3.4.3. The power that can be
absorbed by each of the absorbers was chosen to be ≈ 15 kW for the regular short absorbers
(S1-S8) and ≈ 70 kW for the long ones (S9 and S10).
The part of the SR power from the 10 damping wigglers which is not intercepted by the
regular absorbers amounts to 182.2 kW with a maximal power density of 352.7 W/mm2. It
will be absorbed in the lumped absorber at the end of the straight section.

3.4.3.3 COD and absorbers misalignment tolerance

If the closed orbit has deviations or tilts in the wiggler or the position of the absorbers differs
from the projected one, the thermal load on the absorbers can increase. To estimate this
effect we have assumed an RMS closed orbit of 1.0 mm in the horizontal plane and 0.5 mm
in the vertical plane. This leads to a RMS slope of the closed orbit of 60 µrad horizontally
and 33 µrad vertically at the wiggler SR source points. SR power calculations with these
closed orbit values yield the maximum increase of SR power on a single absorber as given
in Tab. 3.4.4.

Fig.3.6 Vertical collimating of the wiggler vacuum chamber (schematically).

The total deviation of the 1-sigma (rms) radiation beam is equal to 

222 yy yeSR ,

where 85/1SR rad is the vertical angular spread of the radiation at 6 GeV, 

yy /

01.

ye

0y

 is the natural divergence of the electron beam (for vertical emittance

nm-rad and mean wiggler betatron function 15y m this value is 

negligibly small) and y  is the rms value of the vertical orbit slope in the wiggler. 

Supposing the rms COD 5.0y mm, one can obtain 33/ yyy rad,

which yields the total vertical inclination rad.91y

The collimating scheme proposed in Fig.3.6 provides reliable (with a safety

margin factor ~2) shading of the wiggler vacuum chamber and does not reduce the 

total vertical acceptance defined by the height 2  mm and the maximum value

of the vertical betatron function in the wiggler 

17ya

20maxy  m 

6

max

2

106.3
y

y

y

a
A  m-rad.

Table 3.3 lists the resulting absorber apertures. 

Figure 3.4.9: Scheme of the vertically collimating vacuum chamber of the damping wiggler.
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3.4. Damping Wigglers 87

Absorber Position Hor. Aperture Ver. Aperture
[m] [mm] [mm]

S1 15.29 ± 30.0 ± 6.50
S2 21.43 ± 30.0 ± 8.50
S3 27.56 ± 32.2 ± 6.50
S4 33.69 ± 35.0 ± 8.50
S5 39.82 ± 38.1 ± 6.50
S6 45.95 ± 41.7 ± 8.50
S7 52.08 ± 45.3 ± 6.50
S8 58.21 ± 48.8 ± 8.50
S9 64.34 ± 37.8 ± 6.50
S10 70.47 ± 30.0 ± 8.50

Table 3.4.3: Horizontal and vertical aperture of the regular absorbers.

Absorber P [kW] ∆P [kW]
〈∆x〉 = 〈∆y〉 = 〈∆x′〉 = 〈∆y′〉 =
1.0mm 0.5mm 60µrad 33µrad

S1 3.97 0.42 0.00 0.04 0.01
S2 12.76 0.84 0.00 0.02 0.00
S3 15.17 1.14 0.00 0.02 0.17
S4 15.16 1.32 0.00 0.04 -0.02
S5 15.27 1.28 0.16 0.09 1.12
S6 15.40 1.40 0.01 -0.11 -0.09
S7 15.93 1.48 0.40 0.03 3.14
S8 16.30 1.57 0.01 0.04 -0.24
S9 69.73 1.94 0.58 -0.01 2.95
S10 59.40 2.66 0.01 -0.02 -2.03

Table 3.4.4: Maximum increase of SR power on a single absorber due to closed orbit errors.

These estimates have yielded the following results :

• The SR power load can increase or decrease for particular absorbers.

• For the vertical plane, the slope in the source points provides higher increase of radia-
tion power than the orbit displacement, while for the horizontal plane it is vice versa.

• For the given values of the closed orbit distortion the power load on certain absorbers
can increase by up to 30 %. The absorbers have to be designed with an according
safety margin.
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88 3. The Storage Ring

3.4.4 Radiation dose
In the absorber, a high-power SR beam enters the absorbing wall surface under a small angle
(∼10−2 rad). SR photons scattered in the thin surface layer over angles ∼1 rad pass through
the vacuum chamber wall with a noticeable probability and create an intensive radiation
field.
Again the most critical device is the lumped absorber inside the bending magnet. Here
the ∼200 kW SR power is distributed over 10 m length, yielding on average ∼260 W/cm
line density. For our estimates we assume 20 years of reliable operation of the PETRA III

4. RADIATION SAFETY 

In the absorber, a high-power SR beam enters the absorbing wall under a small

angle (~10
-2

 rad) to the surface.  SR photons scattered in the thin surface layer over 

angles ~1 rad with a noticeable probability pass through the vacuum chamber wall 

and create around it an intensive radiation field. 

From this point of view, the most dangerous is the lumped absorber inside the 

bending magnet. Over 10 meters here the received power of SR from the wigglers is 

about ~200 kW (~260 W/cm of average running power). The same order of 

magnitude radiation power however over a larger length dissipates right in the 

straightforward section. 

Fig.4.1 Bending magnet coils geometry.

For our estimation we assume 20 years of allowable period for reliable 

operation of the PETRA III magnetic system. The allowable dose for the magnet coil 

insulation (epoxy compound) is taken to be 10
7
 Gy. Then the dose rate at the nearest 

part of the winding (see Fig.4.1) should not exceed Gy/s.2106.1D

Geometry for the analytic estimation of the dose rate for the magnet coil is 

shown in Fig.4.2. 

Figure 3.4.10: Geometry of the bending magnet coils.

magnetic system. The allowable dose for the magnet coil insulation (epoxy compound) is
taken to be 107 Gy. Then the dose rate at the nearest part of the winding (see Fig. 3.4.10)
should not exceed 1.6×10−2 Gy/s.
The geometry for the analytic estimate of the dose rate for the magnet coil is shown in
Fig. 3.4.11. Assuming single scattering events of non-polarized SR photons, a numerical
estimate yields for the point A a dose rate of

IT = 9.2× 10−2Gy/s. (3.4.6)

Since the multiple scattering dose build-up factor for our geometry is not available, we have
checked numerically the corresponding formulas and found that in our case such factors
should not be large so we can use the build-up factor Beff = 3.8 of the well-known point-
like isotropic source in infinite media. To take into account the polarization of the primary
SR photons we use an additional factor P ≈ 1.6, so that the total dose at the point A is

I = IT ×Beff × P = 0.56Gy/s. (3.4.7)
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3.4. Damping Wigglers 89

Fig.4.2 Radiation dose rate estimation geometry.

The radiation dose rate at the distance  from the SR trace at the inner surface 

of absorber can be found according to the following expression 

Figure 3.4.11: Geometry for an estimate of the radiation dose rate.

A preliminary Monte-Carlo simulation, carried out with the EMSH computer code, has
shown that the total energy of photons passed through the copper wall is around 0.01%
of the incident SR power. However to convert this data to dose rate is rather difficult without
detailed knowledge of the photon spatial-angular distribution. Thus the dose rate estimated
by the computer simulation is 2 times less than that obtained by the analytic calculation.
Both calculated values are significantly above the tolerable dose rate. An additional attenua-
tion with the factor K = 35 is necessary to provide a reliable operation of the magnets coils.
A ∼3 mm thick lead layer will provide this attenuation factor.

3.4.5 Absorbers and vacuum chamber design

The wiggler section vacuum chamber consists of 14 drift vacuum chambers. The typical drift
chamber, which is shown in Fig. 3.4.12a, includes the quadrupole magnet vacuum chamber,
BPM unit, bellows unit, wiggler vacuum tube and the regular absorber. All the vacuum ves-
sels are made of stainless steel except for the copper beam stop part.

The drift vacuum sections are joined by CF-flanges with RF shields inside. The bellows unit,
which is necessary to mount all components of the vacuum system and to compensate ther-
mal expansion, incorporates a BPM and CF-flanges with movable RF shield contacts inside
(Fig. 3.4.12c).
Twelve water-cooled copper absorbers intercept the SR power (412.2 kW in total) produced
by the 10 damping wigglers installed in the PETRA III long straight section. Ten absorbers
are placed in front of the quadrupole magnets and one in front of the bending magnet to pro-
tect its vacuum chamber from the radiation fan. One long lumped absorber is accommodated
inside and after the dipole magnet.
The thermal design of the absorbers is based on a SR power load of 250 W per 1-cm-length
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90 3. The Storage Ring

Fig.5.1 Drift vacuum chamber arrangement.

The drift vacuum sections are joined by the CF-flanges with the RF shields 

inside (Fig.5.2). 

Fig.5.2 CF-flange unit. 

The bellows unit, which is necessary to mount all components of the vacuum

system and to compensate possible variation (including the thermal ones) of their 

length, incorporates a BPM and CF-flanges with the movable RF shield contacts 

inside (Fig.5.3). 

Fig.5.3 Bellows unit with BPM and CF-flanges.

Twelve water-cooled copper absorbers intercept SR power (totally 412.2 kW)

produced by the 10 damping wigglers installed in the PETRA III long straight section. 

Ten absorbers are placed directly before the quadrupole magnets, one � before the 

bending magnet to protect its vacuum chamber from radiation fan and one long 

lumped absorber is accommodated inside and after the dipole magnet.

The thermal design of the absorbers supposes an SR power load of 250 W per 

1-cm-length of the absorber for a 4 bar cooling water pressure drop and a water 

temperature rise 30 C. Ten first absorbers trim the tails of SR power distribution to 

prevent heating of the quadrupoles and wigglers vacuum vessels. Eight short regular 

absorbers have a design that provides absorbing of 16 kW power each (Fig.5.4). 

Fig.5.4 Short absorbers arrangement (length in mm).

Fig.5.1 Drift vacuum chamber arrangement.

The drift vacuum sections are joined by the CF-flanges with the RF shields 

inside (Fig.5.2). 

Fig.5.2 CF-flange unit. 

The bellows unit, which is necessary to mount all components of the vacuum

system and to compensate possible variation (including the thermal ones) of their 

length, incorporates a BPM and CF-flanges with the movable RF shield contacts 

inside (Fig.5.3). 

(a)

(b) (c)

Figure 3.4.12: a) Drift vacuum chamber arrangement, b) CF-flange unit, c) Bellows unit with BPM
and CF-flanges

of the absorber, a cooling water pressure drop of 4 bar and a water temperature rise of 30 K.
The ten first absorbers trim the tails of the SR power distribution to prevent heating of the

Fig.5.3 Bellows unit with BPM and CF-flanges.

Twelve water-cooled copper absorbers intercept SR power (totally 412.2 kW)

produced by the 10 damping wigglers installed in the PETRA III long straight section. 

Ten absorbers are placed directly before the quadrupole magnets, one � before the 

bending magnet to protect its vacuum chamber from radiation fan and one long 

lumped absorber is accommodated inside and after the dipole magnet.

The thermal design of the absorbers supposes an SR power load of 250 W per 

1-cm-length of the absorber for a 4 bar cooling water pressure drop and a water 

temperature rise 30 C. Ten first absorbers trim the tails of SR power distribution to 

prevent heating of the quadrupoles and wigglers vacuum vessels. Eight short regular 

absorbers have a design that provides absorbing of 16 kW power each (Fig.5.4). 

Fig.5.4 Short absorbers arrangement (length in mm).Figure 3.4.13: Short absorbers arrangement (length in mm)

vacuum vessels in quadrupoles and wigglers. The eight short regular absorbers allow the
absorption of 16 kW power each (Fig. 3.4.13). The maximum possible power load for the
last two long regular absorbers is 80 kW (Fig. 3.4.14). The eleventh absorber is placed just
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3.4. Damping Wigglers 91
The maximum possible power load for the last two long regular absorbers is 

80 kW (Fig.5.5). 

Fig.5.5 Long absorbers arrangement (length in mm).

The eleventh absorber is placed just before the bending magnet as a safety 

protection for the bending magnet vacuum chamber.

The last lumped beam stop is the largest one, which absorbs the rest of the 

radiation power (around 200 kW). It is shown schematically in Fig.5.6. 

Fig.5.6 A schematic view of the lumped beam absorber. 

From the design viewpoint, this absorber is placed inside the dipole vacuum

chamber and in the 5.5-m-long section of the vacuum tube downstream the bending 

magnet (Fig.5.7). 

Fig.5.7 Lumped absorber vacuum chamber.

Figure 3.4.14: Long absorbers arrangement (length in mm)

The maximum possible power load for the last two long regular absorbers is 

80 kW (Fig.5.5). 

Fig.5.5 Long absorbers arrangement (length in mm).

The eleventh absorber is placed just before the bending magnet as a safety 

protection for the bending magnet vacuum chamber.

The last lumped beam stop is the largest one, which absorbs the rest of the 

radiation power (around 200 kW). It is shown schematically in Fig.5.6. 

Fig.5.6 A schematic view of the lumped beam absorber. 

From the design viewpoint, this absorber is placed inside the dipole vacuum

chamber and in the 5.5-m-long section of the vacuum tube downstream the bending 

magnet (Fig.5.7). 

Fig.5.7 Lumped absorber vacuum chamber.

Figure 3.4.15: A schematic view of the lumped beam absorber.

upstream the bending magnet as a safety protection for the bending magnet vacuum cham-
ber. The last lumped beam stop is the largest one and absorbs the rest of the radiation power
(around 200 kW). It is shown schematically in Fig. 3.4.15.

This absorber is located partially inside the dipole vacuum chamber and in the 5.5 m long
section of the vacuum tube downstream of the bending magnet (Fig. 3.4.16a). To facilitate
the production of the long vacuum chamber (10 m) of the lumped absorber, it is planned to
split it into several modules each around 1.5 m-long. The cooling water circuits will be ar-
ranged according to the following requirements: the water pressure drop ∆P ≤ 4 bar and a
temperature rise of 30 K. A cross-section of the lumped absorber vacuum chamber is shown
in Fig. 3.4.16b (middle module) and Fig. 3.4.16c (last module).
The thermal load analysis was performed using the code ANSYS Workbench. The highest
linear power density was computed with 200 W/cm for the lumped absorber. The result of
the simulation is presented in Fig. 3.4.17. The absorber vacuum chamber has to withstand
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Fig.5.8 Lumped absorber vacuum chamber cross-section (middle module).

To facilitate the production of the long vacuum chamber (10 m) of the lumped

absorber, it is planned to split it into several modules each around 1.5 m-long. The 

cooling water circuits will be arranged according to the following requirements: the 

water pressure drop 4P  bar and a temperature rise of 30 C. A cross-section of the 

lumped absorber vacuum chamber is shown in Fig.5.8 (middle module) and Fig.5.9 

(last module).

Fig.5.9 Lumped absorber vacuum chamber cross-section (last module).

Fig.5.8 Lumped absorber vacuum chamber cross-section (middle module).

To facilitate the production of the long vacuum chamber (10 m) of the lumped

absorber, it is planned to split it into several modules each around 1.5 m-long. The 

cooling water circuits will be arranged according to the following requirements: the 

water pressure drop 4P  bar and a temperature rise of 30 C. A cross-section of the 

lumped absorber vacuum chamber is shown in Fig.5.8 (middle module) and Fig.5.9 

(last module).

Fig.5.9 Lumped absorber vacuum chamber cross-section (last module).

(a
) (b

)
(c

)

Figure 3.4.16: a) Lumped absorber vacuum chamber, b) Vacuum chamber cross-section (middle
module), c) Vacuum chamber cross-section (last module).

the atmospheric pressure. The stress of the lumped absorber vacuum chamber was calcu-
lated for a copper chamber width of 300 mm and thickness of the chamber wall as shown
in Fig. 3.4.16 and Fig. 3.4.17. The simulation results shown in Fig. 3.4.18 reveals that the
maximum deformation is less than 0.015 mm and is below the inelastic deformation thresh-
old of the annealed copper. The maximum stress value in the vacuum chamber material
(Fig. 3.4.19) is well under the copper tensile yield of 60 MPa.
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3.4. Damping Wigglers 93

Figure 3.4.17: Thermal analysis of the lumped absorber vacuum chamber.

Figure 3.4.18: Stress deformation of the 300-mm-wide module.

It is foreseen to join the units of the lumped absorber vacuum chambers modules by electron-
beam welding and high-temperature brazing in a vacuum oven. It is planned to connect the
modules with each other with the help of a technology developed at BINP. High-temperature
silver solder is used to braze two copper-stainless steel flanges to both the ends of the mod-
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94 3. The Storage Ring

Figure 3.4.19: Stress values for the 300-mm-wide module.

ules. The vacuum chamber is assembled by welding of the stainless steel flanges. The
electrical conductivity inside the chamber is provided by gold-coated copper brasses joined
by diffusion bonding.

3.4.6 SR monitoring system
The power load to the absorbers is very high, and thus a reliable operation requires different
measurements to be incorporated into the interlock safety system, including:

• Absorber temperature measurement with thermo-switches.

• Electron beam position measurement with regular BPMs installed in the wiggler straight
section.

• SR beam position detection with special SR monitors. A proposal for these monitors
will be described below.

A schematic view of the SR monitor that measures radiation displacement in the vertical
plane is shown in Fig. 3.4.20. The monitor is combined with every absorber installed in the
focusing quadrupole drift (1). Inside the vertical narrowing of the absorber a special gap is
machined and an anode-electrode is placed inside it (3). The gap is closed with a copper foil
(2) that screens the electrodes from the primary electron beam and provides electromagnetic
smoothness of the vacuum chamber. The electrodes are fixed in the vacuum chamber with a
ceramic insulator (4). The gap is connected with the main volume of the vacuum chamber

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



3.4. Damping Wigglers 95

Power load to the absorbers is rather high, and to provide their reliable 

operation different measurements have to be incorporated to the interlock safety

system, including 

Absorbers temperature measurement with thermoswitches.

Position of the electron beam measurement with regular BPMs installed in the 

wiggler straight section. 

Detection of position of the SR beam with special SR monitors described below. 

A schematic view of the SR monitor that measures radiation displacement in 

the vertical plane is shown in Fig.6.1. The monitor is combined with every absorber 

installed in the F-quadrupole drift (1). Inside the vertical narrowing of the absorber a 

special gap is machined and an anode-electrode is placed inside it (3). The gap is 

closed with the copper foil (2) that screens the electrodes from the primary electron 

beam and provides electromagnetic smoothness of the vacuum chamber. The 

electrodes are fixed in the vacuum chamber with the ceramic insulator (4). The gap is 

connected with the main volume of the vacuum chamber by hole(s), which are 

arranged so as to prevent HOM generated by the electron beam.

Fig.6.1 SR monitor schematically.

Figure 3.4.20: Scheme of the SR monitor.

by hole(s), which are arranged as to prevent HOM’s generated by the electron beam. The
foil thickness will be chosen to provide:

• Good RF screening of the electrodes.

• Effective penetration of the SR quanta.

• Effective heat conductivity and low temperature of the foil.

• High photo-current signal.

The operating principle of the system is as follows. Radiation photons absorbed in the foil
produce photoelectrons, which are registered by the electrical circuit schematically shown in
Fig. 3.4.20 for the lower electrode. A similar circuit is assumed for the upper electrode. A
measure for the SR fan deviation is:

k =
Uu − Ul

Uu + Ul

(3.4.8)

where Uu and Ul are the upper and lower electrode voltage signal. From our experience, the
voltage signal will be sufficient to reliably monitor the SR beam deviation.

3.4.7 Steering magnets
To save space in the damping wiggler drifts a steering magnet that produces both vertical
and horizontal magnetic field components is proposed. A schematic cross-section of the
magnet is shown in Fig. 3.4.21 together with the magnetic field flux lines. Two different
coils are excited to generate either the horizontal field (coil 2) or the vertical one (coil 1).
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96 3. The Storage Ring

19cm

2.
4c

m

7.
4c

m

I=1kA  B=0.05Tcoils-1 coils-2

19cm

7.
4c

m
2.

4c
m

I=1.4kA  B=0.05Tcoils-1 coils-2

Figure 3.4.21: Top: Vertical field flux lines. Bottom: Horizontal field flux lines.

Horizontal Vertical
Max. field 0.05 T 0.05 T
Effective length 0.2 m 0.2 m
Ampere-turns 1.0 kA-t 1.4 kA-t
Max. current 15 A 15 A
Vertical gap 24 mm 24 mm
Cooling Air Air

Table 3.4.5: Correctors main parameters.

The main parameters of the magnet are given in Tab. 3.4.5. Such magnets being produced
from laminated iron can correct the closed orbit as well as provide beam position stabilization
for a frequency range up to several tens of Hertz.
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3.5. The Vacuum System of PETRA III 97

3.5 The Vacuum System of PETRA III
Presently the 25 year old PETRA accelerator is equipped with aluminum chambers and inte-
grated ion getter pumps that use the magnetic field of the dipole magnets. The machine was
initially laid out for an electron current of a few mA and an energy of 23 GeV. Today it is
used to deliver electrons of 12 GeV and protons of 40 GeV to HERA. The proton RF system
as well as injection and ejection elements will be superfluous after the rebuild and will be
removed. We distinguish here two sections of the accelerator - the old 7 octants that keep
the magnet arrangement but will be equipped with a new vacuum system, and the new octant
with short new dipoles and the undulators. It is planned to build major parts of the system,
such as the dipole chambers, from aluminum.
There is a third new section with about 100 m active length of damping wiggler magnets.
The layout of this section is presently investigated by colleagues from Novosibirsk and is
therefore not discussed here (see Sec. 3.4).

3.5.1 Beam parameters and philosophy

3.5.1.1 Vacuum requirements

The goal is to achieve a vacuum lifetime not shorter than the one imposed by the Touschek
effect, which is about 50 hours. Of course the overall lifetime issue becomes less critical if
the machine is operated in top-up mode but this option should not be used to relax the vacuum
requirements. For estimating the maximally acceptable residual gas pressure in PETRA III
we consider the two lifetime limiting effects - elastic coulomb scattering and losses from
inelastic bremsstrahlung interactions. We assume a gas composition of 25 % CO and 75 %
H2 which is common for electron storage rings. For inelastic scattering the beam lifetime is
given by

τinel [h] =
−0.695

ln(δE)
∑

i
Pi [pbar]
X0,i [m]

(3.5.1)

Here δE = 1.5 % is the energy acceptance, X0,i the radiation length of gas i under standard
conditions (CO: 321 m, H2: 7500 m), and Pi the corresponding partial pressure. With a total
pressure of 2 · 10−9 mbar one obtains a lifetime of 94 hours which is larger than the expected
Touschek lifetime.
The lifetime-formula for the coulomb scattering reads:

τel [h] = 2839
E2 [GeV2] A2

y [mm2]

β2
y [m2]

∑
i Pi [pbar]

∑
j kijZ2

j

(3.5.2)

Pi is the partial pressure of the i-th molecular species and kij the number of atoms with
nuclear charge Zj contained in the i-th molecule. Ay is the limiting aperture and βy the
vertical β-function. With the above mentioned gas composition and pressure, Ay = 3.5 mm,
βy = 6 m we obtain a theoretical lifetime of 660 h from elastic scattering. The effective Z of
the assumed gas composition amounts to 3.6.
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98 3. The Storage Ring

In conclusion we find that an average pressure of 2 · 10−9 mbar at full beam current with a
realistic gas composition will be sufficient for the operation of PETRA III.

3.5.1.2 Synchrotron radiation parameters

The most important properties of the accelerator for the vacuum system are the synchrotron
radiation (SR) parameters. The SR causes photo desorption of gases from the chamber walls,
which determines the achievable vacuum pressure. In addition the radiation leads to heating
of vacuum components which can cause undesirable movements of critical components, as
for example the beam position monitors or quadrupole magnets. If the radiation is suffi-
ciently hard it can penetrate the vacuum chamber and may cause damage to the magnet coils
or other equipment in the accelerator tunnel. In Tab. 3.5.1 we give some important param-
eters for PETRA III and compare them with other existing accelerators that use aluminum
chambers.
In the old octants of PETRA III the power deposition per length is quite small and thermal
effects seem to be no major problem. Also the critical energy of the radiation is small, and
even with aluminum as chamber material no additional shielding on the beam-pipe is nec-
essary. This topic is discussed in more detail later. It is interesting to compare the achieved
performance of the above mentioned existing machines that use aluminum chambers. APS
and PEP-LER employ ante-chambers, whereas LEP used the classical concept to absorb the
SR continuously on the outside wall of the chamber without an extra side channel.
The dynamic pressure in a SR dominated vacuum system is roughly given by the following
equation:

P =
R0T

NA

ṅm

S ′
=
R0T

NA

η(nγ) ṅγ

S ′
(3.5.3)

Here P is the pressure, R0 the gas constant, NA Avogadro’s number, T the temperature,
ṅm the rate of molecules released from the wall, S ′ the pumping speed per length, ṅγ the

Accelerator E Ib ρ P ′ Ecrit ṅγ chamber layout
[GeV] [A] [m] [kW/m] [keV] [m−1 s−1]

APS 7.0 0.10 39 2.2 20 2.3 · 1018 Alu./Ante
PEP-LER 3.1 2.10 30 3.0 2.2 2.8 · 1019 Alu./Ante
LEP 46.0 0.006 3100 0.039 70.0 1.2 · 1016 Alu.
PETRA I 18.0 0.006 195 0.23 66.0 7.2 · 1016 Alu.
PETRA III (7 octs.) 6.0 0.10 195 0.048 2.5 4.0 · 1017 Alu.
PETRA III (1 oct.) 6.0 0.10 22.9 3.5 21.0 3.4 · 1018 Steel/Copper

Table 3.5.1: Accelerator parameters of PETRA III in comparison with other accelerators that use
aluminum vacuum chambers. The table lists the following parameters: beam energy, beam current,
bending radius, radiation power per length in arc, critical energy of the radiation and photon rate per
length in arc.
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3.5. The Vacuum System of PETRA III 99

Reference/Date
∫
Ib dt nγ

dP
dI

dP
dI

∫
Ib dt

[Ah] [m−1] [pbar/A] [nbar h]

APS1, 2001 3000 2.5 · 1026 4 12
PEP-LER2, 2001 5000 2.4 · 1026 1.3 7
LEP (46 GeV)3, 1994 33 3.0 · 1022 40 1.3
PETRA I (18 GeV)4, 1980 10 4.3 · 1023 250 2.5

Table 3.5.2: Some published performance values achieved in LEP, PEP-LER and APS. Note the
wide range of operating currents for the different accelerators in Tab. 3.5.1 (1. Hartog et al., 2001; 2.
Wienands, 2001; 3. Billy et al., 2000; 4. Kouptsidis et al., 1980).

photon rate per length. The desorption coefficient η decreases with the number of photons
that conditioned the walls of the vacuum chamber. This behavior shall be illustrated here
with measurements of the aluminum desorption rate by Mathewson et al. (1990) and a
comparison with the observed dynamic pressure in LEP. For larger doses the decrease is
roughly proportional to the inverse of the photon dose and is empirically parameterized as
follows:

η(nγ) =


η0 for nγ < nγ0

η0nγ0

nγ
for nγ > nγ0

(3.5.4)

The parameters nγ0 and η0 can be estimated from those measurements and are used in
Sec. 3.5.5.1 to predict the conditioning times for PETRA III. The right plot in Fig. 3.5.1,
taken from the same reference, demonstrates that the pressure in the LEP arcs could be pre-
dicted quite well using the experimentally obtained desorption rates, and furthermore that
the conditioning continues over many orders of magnitude. It is interesting to note that the
desorption rate measurement was performed at DCI/Orsay with 3 keV photons, but the LEP
radiation is much harder, Ec = 70 keV. Despite the fact that the prediction ignores the energy
and uses only the number of photons, the agreement with the observed conditioning in LEP
is good. The measurement at DCI covers photon doses per unit length up to 3 · 1021 m−1

which are reached in the PETRA arcs after only 2 hours operation at full current. For a
conditioning time of 1000 hours we should achieve η-values in the sub-10−5 range.
If we insert Eq. 3.5.4 in Eq. 3.5.3 we find for larger doses that

nγ ∆P/ṅγ =

∫
Idt ∆P/∆I = const., (3.5.5)

and the constant depends only on chamber geometry, material and pumping speed of the
accelerator. The product of integrated current and dynamic pressure is a rough measure of
the quality of a vacuum system.
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100 3. The Storage Ring

Figure 3.5.1: Left - experimental determination of η during irradiation with 3 keV photons, Right -
predicted and observed dynamic pressure in LEP.

3.5.1.3 Choice of material and chamber geometry

One major difference in PETRA III as compared to the present machine is the reduced mag-
netic field in the dipole magnets at the planned operation energy of 6 GeV, which is not
sufficient for the operation of the integrated ion sputter pumps. On the other hand the ad-
vantages of a distributed pumping system are obvious. The proposal for the new system is
therefore to use NEG strips for distributed pumping instead of the integrated ion pumps.
Another important question is the choice of material. In principle there is a wealth of pos-
sibilities out of which three have been discussed in more detail - aluminum profiles with
integrated NEG channel, copper profiles with brazed pump channel, and a welded steel con-
struction. The choice of material has to be seen also in connection with the desired geometry
of the arc chambers, i.e. ante-chamber like or “classical layout”. We give a comparison of
a few arguments concerning the choice of material in the following table and discuss the
geometry below.

aspect aluminum copper steel
outgassing high average low
heat conductivity average best poor
mechanical stability average average best
production cost cheap average expensive
employment of DESY workshops in production average high average

Concerning the poor outgassing of aluminum one has to note that this statement is definitely
true for the early stage of the conditioning process. From measurements (e.g. Mathewson

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



3.5. The Vacuum System of PETRA III 101

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12
dP

/d
s 

[k
W

/m
]

power density

 0

 0.05

 0.1

 0.15

 0.2

 0.25

0 2 4 6 8 10 12 14

x[
m

]

s [m]

Figure 3.5.2: Power distribution in a FODO cell at the entrance of the standard arc for the maximum
anticipated current of 200 mA. In the lower plot the beam is indicated with the three thin lines for
orbit and 20 σ envelope. The thick line represents the outside chamber wall.

et al., 1990) it is known that aluminum has an initial outgassing which is an order of mag-
nitude higher than steel, however it conditions faster and reaches the level of the alternative
materials at higher doses.
Storage rings with high synchrotron radiation densities mostly rely on copper as chamber
material in order to distribute the heat. For the case of PETRA III with a line density of less
than 100 W per m, even steel with an outside copper liner and cooling circuit for reasons of
thermal stability would be sufficient. Since we are confident that the technical requirements
can be achieved also with aluminum, arguments of cost and production issues become more
important. We propose to produce the arc chambers from a drawn aluminum profile with
integrated water cooling and pumping channel.
Modern Synchrotron radiation sources often use ante-chambers in the arc. There are basi-
cally three advantages of ante-chambers:
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102 3. The Storage Ring

• providing the possibility for an SR outlet

• thermal decoupling of SR absorber and vacuum chamber

• improvement of particle beam vacuum due to separated pumping of irradiated surfaces.

The first argument is irrelevant for PETRA because in the considered 7/8 section it is not
planned to install experimental stations. The second argument is probably also not important
since the radiation power is rather low (see Fig. 3.5.2). With a typical water flow of 3 l/min
and 250 W radiation power on a 5 m long dipole chamber we obtain a temperature rise of
∆T ≈ 1.5 ◦C. This leads to relatively small deformations of the chamber. The impact on
the BPM is discussed in the next section. The strongest argument for the ante-chamber
concept seems to be the separation of SR and particle beam vacuum. Unfortunately there is
no free space inbetween the dipole magnets for a separated absorber unit. Fig. 3.5.3 shows
the schematic side view of the magnet arrangement inbetween the dipoles. However, there
is a possibility for a separated pumping volume as a side channel on the chamber with an
extra NEG strip. This version was investigated (Fig. 3.5.4). It turns out to be impossible to
extend the radiation channel through quadrupole and sextupole. The side channel has to be
discontinued at the end of each dipole using an integrated absorber because of the limited
width. Over the length of the downstream round stainless steel chamber the radiation hits
the wall, and this section would dominate the pressure along the beam orbit.
An argument against the ante-chamber concept in the 7/8 section is the behavior of the con-
ditioning process. Those surfaces in the chamber that are not hit by direct radiation will still
be illuminated by stray light at low rates. However, since these surfaces receive low rates
they will be less conditioned as well. In principle these effects could cancel, i.e. integrated
dose times instantaneous rate is constant and the specific outgassing is the same everywhere
in the chamber. According to the simple parameterization in Eq. 3.5.4 one gains only as long
as the dose on the shielded surfaces stays below nγ0, which is about 5 · 1019 m−1 (Fig. 3.5.1).
For example after 10 Ah the arc chamber has received 1.4 · 1023 photons per meter, which
means the ante-chamber has to shield the inner surfaces by a factor of ≈ 3000 to provide an
improvement. Of course, for very low rates there is always an advantage.
The form of the pumping channel of the proposed chamber is still under discussion. The
channel runs continuously along each 5 m long dipole chamber, which has significant advan-
tages in terms of production cost. One concern is the deposition of higher order mode power
in the channel and on the NEG strip. This issue is discussed in Sec. 3.2.3. The presently
assumed height of the channel may be reduced from 6 mm to a minimum of 4 mm, without
limiting the pumping speed too much. Numerical simulations on the issue of higher order
mode excitation are still going on.
Another issue for the operation with electrons is the release of dust from the NEG strip
which could be accelerated and captured by an electron beam. To reduce this risk it is
planned to tilt the connecting channel between pump and beam pipe in order to intercept
ballistic trajectories of dust particles from the strip to the beam (see 3.5.4). The decision on
the height, depth and form of the connecting channel will depend on the outcome of detailed
HOM simulations.
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3.5. The Vacuum System of PETRA III 103

Figure 3.5.3: Side view of the proposed magnet arrangement inbetween dipoles. The element in the
center is a vertical correction coil. At this position the beam pipe is supported and contains the beam
position monitor.

Also the option to realize pumping with a NEG coating on the walls of the chamber has
been discussed. We see two major uncertainties in this concept. There is some experience at
DESY with the coating of UHV components using a sputter process. Steel coated ceramics
chambers and copper coated steel components were produced for the TESLA Test Facility
and had to undergo very stringent tests on the release of dust particles. From these experi-
ences we know that it is very difficult to achieve good adhesion of sputtered layers. Only
after electro-polishing before and a high temperature baking cycle after the sputter process it
was possible to achieve the TESLA standards. In this context we see potential problems for
the PETRA III operation with electrons, if we use the sputtered chambers. In addition there
is not much room for thermal isolation of the chambers inside the magnets and the system
for thermal activation of the NEG layer will be expensive and difficult to install.

Another potentially important point for the design of vacuum chambers is the shielding of
SR. The absorption length of X-rays in material is a strong function of the radiation energy.
For high energies the chamber walls become transparent and equipment in the accelerator
tunnel like magnet coils or electronics will suffer from radiation damage. It turns out that in
the 7/8 section there is no problem as the critical energy (cf Tab. 3.5.1) is low. The attenuation
lengths of aluminum and iron are displayed in Fig. 3.5.5. Although the short dipoles in
the new octant generate much harder radiation with a critical energy of 21 keV, the steel
chambers still provide more than 10 attenuation lengths. Consequently we do not need lead
shielding on the surface of the vacuum chambers.
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104 3. The Storage Ring

Figure 3.5.4: Left - present proposal (not finalized) of the PETRA III dipole chamber in the old
octants. Right - investigated variant with separated pumping channel for SR absorption.

3.5.2 Mechanical considerations

The points of major importance are thermal deformation of the vacuum chambers due to
heating by SR and also NEG pump activation, and on the other hand a support concept for
the vacuum chambers that guarantees maximum stability for BPM and quadrupole positions.
Up to now a few analytical estimates have been carried out. A more detailed finite element
simulation of these problems is planned.
A hollow steel support tube with length l, inner and outer diameters di, do will be bent
through the action of a force F at the upper end by an amount:

∆x =
64l3

3πE(d4
o − d4

i )
F (3.5.6)

E ≈ 2 · 107 N/cm2 is the elastic modulus of steel. Obviously the length of the support
tubes should be as short as possible. A length of 0.5 m will be sufficient if concrete sockets
of roughly the same height will be installed underneath. For a tube with 10 cm outer and
8 cm inner diameter the deformation amounts to ∆x = 70 nm/N. The highest force that can
occur is the force of the air pressure on a blind flange at the end of the chamber during an
installation period. It amounts to about 1000 N, so we expect 70µm deformation in this case.
The bending of the aluminum chamber due to asymmetric heating by SR can be estimated
as follows. The bending is caused by a length difference of the inner and outer side of the
chamber. Temperature difference ∆T , length change ∆l, bending radius ρ and sector angle
θ are related via

∆l = ∆T α ρθ = θ(ρ+ h/2)− θ(ρ− h/2) (3.5.7)

Here α = 2 · 10−5 ◦C−1 is the expansion coefficient for aluminum and h the width of the
chamber. We obtain a bending radius of ρ = h/(∆T α), and for fixed ends a displacement
of the chamber center by ∆x ≈ ρθ2/8 = α l2 ∆T/(8h). For a chamber width of 100 mm, a
length l = 5 m and a temperature difference of 1.5 ◦C (full current vs. no current) we obtain
a displacement of 1 mm.
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Figure 3.5.5: Attenuation lengths of aluminum and iron as a function of photon energy. The critical
energies in the old and new octants are indicated.

The forces due to thermal deformation are difficult to estimate analytically because friction
and spring constants of bellows play a role. However, for a force of 100 N the displacement
will be less than 10µm and it can be reduced further by choosing stronger dimensions of
the support tube. A specific topic is the reproducibility of the chamber position after NEG
regeneration at 200 ◦C strip temperature. This will be investigated by heating experiments
with aluminum chamber samples.

In the present machine the interconnections of the vacuum chambers are done by welding.
This has caused problems over the years of operation. For the new machine we are planning
to use a flange system. The flanges can be realized using stainless steel with the difficulties
lying in the interconnection between steel and aluminum, which can be solved, however,
by friction bonding or explosion bonding. Another possibility is the employment of sur-
face hardened aluminum flanges. This principle was tested successfully at local positions in
PETRA II.

Regardless of the material choice we are planning to use flat seals, for example a system
developed by the company VAT using silver coated copper seals. This system has been
successfully used at specific locations of HERA. The advantages over the conflat system is
the provision of RF shielding for the flange gap and, according to our experience, better
thermal/mechanical robustness.
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106 3. The Storage Ring

NEW INSERTION DEVICE VACUUM CHAMBERS AT THE ADVANCED 

PHOTON SOURCE *
Emil Trakhtenberg, Greg Wiemerslage, Patric DenHartog and Branislav Brajuskovic, 

Advanced Photon Source, Argonne National laboratory, Argonne, Il 60439 

Abstract

Six new types of insertion device vacuum chambers 

have been designed at the Advanced Photon Source 

(APS). One chamber has been designed for the APS 

canted undulator beamlines, two for the Canadian Light 

Source (CLS), and three for BESSY II. For the double 

canted undulators and CLS, a new extrusion shape with 

an oval aperture (not elliptical as usual) was developed 

and extruded. That required a thorough stress analysis and 

some compromise, which included a small increase of the 

vacuum chamber wall thickness. The details of the stress 

analyses and design of the chambers, along with lessons 

learned, are presented. 

INTRODUCTION

   The APS at Argonne National Laboratory developed a 

number of special vacuum chambers for the insertion 

devices (ID) [1]. Similar vacuum chambers designed and 

fabricated at Argonne National Laboratory are in use also 

at the Berlin Synchrotron Radiation Source (BESSY-II), 

Swiss Light Source (SLS), and European Synchrotron 

Radiation Facility (ESRF). This report is about a new type 

of ID VC designed and manufactured recently for the 

APS, Canadian Light Source (CLS) and BESSY-II. 

NEW EXTRUSION SHAPE 

  All previous ID VC had an elliptical aperture. The 

deflection under atmospheric pressure for such a shape, 

even with 1 mm wall thickness, is below 100 m per wall. 

Nevertheless, from the accelerator physics point of view, 

such a shape is not ideal. Each injected particle traces a 

rectangular area in x-y space because x and y motions are 

independent. The elliptical chamber reduces the aperture 

required for injection because some particles are lost at 

the corners of the ellipse. A rectangular aperture with 

small radiuses at the corners makes a better fit to the 

particle trajectories.  

   Of course, the deflection of the wall for a VC with a 

rectangular aperture is more than for an elliptical one. To 

keep the deflection reasonably small, we have found a 

compromise after a number of iterations: the horizontal 

aperture of the chamber was slightly decreased from 20 

mm to 18 mm and the wall thickness was increased from 

the standard 1 mm to 1.25 mm while maintaining the 

same outside dimension of the ID VC as before: 10 mm.  

The new shape of the vacuum chamber is shown in Fig. 1. 

* Work supported by the U.S. Department of Energy 

under contract    # W-31-109-Eng-38 

Fig. 1: 7.5 mm vacuum chamber cross section. 

Fig 1: 7.5 mm vacuum chamber cross section. 

  Final results of the deflection calculation and stress 

analyses are shown in Fig. 2. The deflection at the 

location of the beam center is about 120 microns per side, 

and stresses are far away from the yield data.  

Figure 2: Stresses and deflection for 7.5 mm ID VC. 
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Figure 3.5.6: Left: aluminum wiggler/undulator chamber designed by APS (Trakhtenberg et al.,
2003). Right: schematic layout of a possible alternative using steel.

3.5.3 New octant
The new octant will be equipped with undulators for the production of SR. The vacuum pres-
sure on the beam path within those devices is especially critical in view of Bremsstrahlung-
background for the experiments. The available space for the undulator chambers is limited
since the achievable field strength depends critically on the magnetic gap height.
The dipole magnets in the new octant are much shorter than the ones in the normal arc.
Consequently radiation power and critical energy are higher, see Tab. 3.5.1. As mentioned
above the shielding of the SR by the chambers becomes much weaker and the consequences
for equipment in the tunnel need to be carefully evaluated.
In view of the thin wall our present working model is to use the design from the APS,
possibly buying complete profiles from them. The APS profile is drawn from aluminum, has
only 1 mm wall thickness and employs NEG pumping in a side channel.
In parallel we investigate a welded steel solution that would possibly allow for smaller wall
thickness locally. Also the steel version would be NEG pumped. The choice of steel has the
advantage of a lower outgassing at this critical location. The steel version has problems in
case of accidental illumination with SR from an upstream dipole. It has to be evaluated if the
chamber can be hit by beam mis-steering in the vertical plane, and if so whether one wants
to rely on passive (cooled chambers) or active (orbit control) protection systems. Aluminum
with its relatively high thermal conductivity provides better passive safety.
Stability is a very important aspect of the new experimental region. The long lever arms
of the wiggler radiation fans to the targets imply extremely tight requirements on the beam
stability. Quadrupole positions as well as beam position monitor (BPM) positions need to be
stable over time. Differential thermal expansion of vacuum chambers can cause movements
of BPM’s and even quadrupoles. Consequently the new design foresees a strict thermal and
mechanical decoupling of heated surfaces and critical components. In the section between
two wigglers it is planned to install one crotch absorber that allows for the separation of
wiggler photon beam and particle beam, and a second absorber that shields the chamber of
the next wiggler. Other surfaces will not be hit by direct radiation. As in the standard arcs
the vacuum chambers will not be mounted in the magnets, but on separate rigid supports.
The BPM’s will be decoupled from neighboring chambers by bellows.
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3.5. The Vacuum System of PETRA III 107

Figure 3.5.7: Top view of magnet arrangement inbetween two undulators in the new octant. The
radiation fans of the two dipoles are indicated.

3.5.4 Further modifications of the vacuum system

The PETRA ring contains 8 straight sections. Four of them (N,O,S,W) exhibit a length of
roughly 90 m. It is foreseen to install the damping wigglers in two of these sections. The RF
system is presently installed in section South. The other four straights (NO,SO,SW,NW)
have a length of about 50 m each. It is foreseen to remove all superfluous components
from these sections like the proton RF system and positron ejection to HERA. The vacuum
chambers in all sections will be replaced by standardized stainless steel components. These
components include 98 mm diameter ss-tube (presently often 120 mm) and to this diameter
adapted bellows with RF shielding and BPM units. Furthermore it is planned to replace the
25 year old ion getter pumps (400 l/s) by a larger number of new small pumps (60 l/s).

Also the 85 m long transport channel from DESY II to PETRA will be renewed. Again it
will be advantageous to reduce the diameter of the beam tubes to 98 mm OD.

3.5.5 Conditioning and expected performance

In view of predictable machine operation it is important to estimate the required conditioning
time until the design values of the average pressure can be reached. However, the accelerator
can be operated even with an average pressure higher by an order of magnitude, especially
in top-up mode. The most important aspect is the pressure in the undulator chambers be-
cause scattering of the particle beam with residual gas molecules could cause unacceptable
bremsstrahlung background conditions for the experiments. The undulator chambers can be
equipped with higher pumping speeds, e.g. two NEG strips if we use the APS chamber. If
we decide to use the steel concept it is planned to coat the undulator chambers with NEG
material which would lead to very small outgassing and presumably much better conditions
than in the standard arc.

For the arc the expected average operating pressure can be estimated either from the labo-
ratory measurements and Eq. 3.5.3, or in a pragmatic way by comparison with the existing
accelerators in Tab. 3.5.1. In the next sections this will be done for the old octants.
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Figure 3.5.8: Pressure profile computed for a constant outgassing rate, η = 5 · 10−6 and realistic
pumping speed distribution.

3.5.5.1 Dynamic pressure prediction from η measurements

An η of 6 · 10−6 leads to a total outgassing rate of 1.5 · 10−7 mbar l/s m. Using this value
as constant over length and an average pumping speed of 60 l/s m one obtains an acceptable
pressure of 1.5 · 10−9 mbar at 100 mA current in the old octants. The conductance of the
vacuum chambers was taken into account by running a simulation code with geometry and
pumping speed distribution as input. This is shown in Fig. 3.5.8 for a FODO cell of PETRA.
The required conditioning time to reach the η = 6 · 10−6 can be estimated using the simple
parameterization (Eq. 3.5.4) with nγ0 ≈ 5 · 1019 m−1, η0 = 9 · 10−2 from Fig. 3.5.1. If
we further take into account the conversion from Ampere-hours to the number of photons,
nγ/

∫
Ib dt = 1.4 · 1022 m−1 Ah−1, the required integrated dose is estimated to be

∫
Ib dt ≈

54 Ah.

3.5.5.2 Dynamic pressure from comparison with existing accelerators

Another way of estimating the performance of the PETRA vacuum system is to assume that
it behaves as the existing accelerators in Tab. 3.5.2. Dynamic pressure rise times integrated
current is a figure of merit. This parameter is actually influenced by the chamber geometry,
pump distribution and pumping speed per meter. Reducing the complicated behavior to
a single number is a strong simplification. Nevertheless it can be used to make a rough
prediction of the required conditioning time.
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3.5. The Vacuum System of PETRA III 109

If we assume a value of dP/dI ·
∫
I dt = 2.5 nbar h as observed in PETRA I, PETRA III will

achieve a dynamic pressure of 2 pbar at 100 mA current after 125 Ah. Note, however, that
PETRA I had significantly less pumping speed delivered by the integrated ion sputter pumps
as compared to the NEG pumps in the new machine.

If we assume 75 mA average current (linear rise from 50 mA to 100 mA) one can conclude
that the required conditioning time lies in the range of 700 to 1700 operating hours to reach
the design pressure with full operating current of 100 mA. Acceptable machine operation
will be already possible after a tenth of this time with a beam lifetime beyond 5 h.
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110 3. The Storage Ring

3.6 The RF System

3.6.1 Introduction

3.6.1.1 The existing PETRA II RF system

PETRA II is currently used as proton and lepton pre-accelerator for HERA. In addition it is
used as a synchrotron radiation source for HASYLAB. Two 500-MHz RF systems each with
1200 kW nominal output power are installed (see Fig. 3.6.1). One RF system consists of two
Philips klystrons supplying eight normal conducting 7-cell cavities. The installed klystron
types YK-1301 and YK-1304 are 800 kW tubes. These tubes are also used at HERA and
DORIS. The RF output power is limited to 600 kW per tube at PETRA due to the lower
nominal voltage of the existing transmitter power supplies (58 kV instead of 75 kV). Each
RF system runs at 500 kW in pre-accelerator mode at 12 GeV and 50 mA current. The cavity
voltage is 9 MV per RF system. About 50 % of the RF power is needed to compensate the
synchrotron radiation losses. The other half generates the cavity voltage. It is possible to
supply all 16 cavities by only one transmitter. For this case two 3-dB couplers and a 100 m
long waveguide line connecting both transmitters are installed. To switch to the so-called
’one-transmitter-mode’ it is only required to insert two waveguide shorting plates at prepared
places at the 3-dB coupler of the passive transmitter station. The ’one transmitter mode’ is
the preferred operation mode because of the lower energy consumption.
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PETRA-III
- Technical Design Report -

a. The RF System 

i.Introduction

1. The existing PETRA-II RF System

PETRA-II is currently used as proton and lepton pre-accelerator for HERA. In addition it is

used as a synchrotron radiation source for HASYLAB. Two 500-MHz rf systems with 

1200 kW nominal output power each are installed. One rf system consists of two Philips

klystrons for supplying eight normal conducting 7-cell cavities. The installed klystron types

YK-1301 and YK-1304 are 800-kW tubes. This tube types are also in service at HERA and

DORIS. The rf output power is limited to 600 kW per tube at PETRA due to the lower

nominal voltage of the existing transmitter power supplies (58 kV instead of 75 kV). Both rf

systems are running at 500 kW each in pre-accelerator mode at 12 GeV and 50 mA beam

current. The cavity voltage is 9 MV per rf system. About 50% of the rf power is needed to

compensate the synchrotron radiation losses. The other half generates the cavity voltage. It is

possible to supply all 16 cavities by only one transmitter. For this case two 3-dB couplers and

a 100 m waveguide line connecting both transmitters are installed. For switching to the so

called “one-transmitter-mode” it is only required to insert two waveguide shorting plates at

prepared places at the 3-dB coupler of the passive transmitter station. The “one transmitter-

mode” is the preferred operation mode because of the lower energy consumption.

Fig. 1: The RF Systems of PETRA-II

2. Proposal for a New Transmitter System for PETRA-

III

The proposed beam parameters of PETRA-III are 100 mA at 6 GeV with the option for a later

upgrade to 200 mA beam current. 

Figure 3.6.1: The RF Systems of PETRA II.

3.6.1.2 Proposal for a new transmitter system for PETRA III

The proposed beam parameters of PETRA III are 100 mA at 6 GeV with the option for a later
upgrade to 200 mA beam current.
A total RF power of 1.3 MW is required to compensate the radiation losses in the damp-
ing wigglers, undulators, dipole magnets, the cavity copper losses and the (higher order

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



3.6. The RF System 111

mode) HOM losses. Furthermore a circumferential voltage of 20 MV is needed for suffi-
cient Touschek lifetime. The output power of the existing RF systems would be sufficient
for PETRA III. Although some parts of the system have been modernized some basic com-
ponents are more than 25 years old. Especially the high-voltage klystron supplies, crow-
bars, klystron-modulators, interlocks, low level RF, and control systems have to be renewed.
Therefore it is intended to build completely new transmitters for PETRA III. The use of
IOTs and other klystrons types was considered because of delivery problems of compatible
klystron types in the past. The existing cavity system should remain. Due to the available
manpower, budget and the tight schedule a new cavity system cannot be realized before 2007.

3.6.1.3 Transmitter concepts

For comparing different transmitter concepts the prices of the essential technical compo-
nents were determined. No account was taken of possible civil engineering needs. Other
conditions taken into account include:

1. Provision of sufficient RF power for a possible later upgrade to 200 mA beam current.

2. Operation of the transmitter tube at a maximum of 80 % of the nominal output power
to increase reliability.

3. Powering an equal number of cavities by each RF system.

To study the expected reliability of the different transmitter concepts the RF systems were
subdivided into 18 comparable units (transmitter-tube, high voltage power supply, circulator,
cavity, RF-loads, fast interlock system, controls, water cooling etc.). For each of these 18
subunits the trip and repair rates were determined. Trips and repairs of the 11 RF systems of
HERA, DORIS and DESY were used as a data base. In total 470 events occuring within 4900
transmitter operation-days have been analyzed. The results are summarized in Tab. 3.6.1

Concept No. 1 2 3 4 5 6
Number of RF systems 2 2 4 4 4 16
Number and type of 1×1.2 MW 2×600 kW2 1×600 kW2 2×300 kW 2×300 kW 2×75 kW
transmitter tubes per RF Klystrons Klystrons Klystrons Klystrons IOTs IOTs
system without M.A.1 with M.A. with M.A. without M.A.
Investment3 100 % 100 % 145 % 155 % 195 % 185 %
Operation costs3,4 125 % 130 % 130 % 140 % 100 % 115 %
Investment & costs for 100 % 105 % 115 % 125 % 115 % 120 %
10 years operation3

MTB Trip 6d 5d 4d 3d 2d 1d
MTB Failure 60d 30d 25d 30d 20d 8d

Table 3.6.1: Cost and reliability for different RF-system concepts
1M.A. = modulation anode
2800 kW klystrons are not operated at nominal cathode voltage, therefore the power is limited to 600 kW RF power.
3Relative to the cheapest concept
4Energy and tube costs for 300 Runs p.a.; 4000 operation hours p.a.; 40.000 h avg. tube life time
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112 3. The Storage Ring

3.6.1.4 Comparison of costs

Because concepts 1 and 2 have the smallest number of components they are cheaper than the
other concepts shown in Tab. 3.6.1. Additionally the two existing 4-MW circulators could
be reused.
The concepts using IOTs are the most expensive although IOTs are about 30 % cheaper than
comparable klystrons. Since they are only available for less than 90 kW RF power at present
they can not compete in costs with klystrons in the MW power range, nevertheless 300-kW
IOTs are considered in concept 5. The cost per kW RF power of such tubes would be quite
attractive, unfortunately they are not state of the art at present. The additional costs for de-
velopment, prototype tubes and for generating some kW of drive power makes this concept
more expensive than the 300 kW klystron concept which was only considered for compari-
son.
One significant advantage of IOTs is the 10 % higher efficiency compared to klystrons. Fur-
thermore the efficiency is quite constant over a wide output power range. Due to the oper-
ation costs the 300-kW IOT concept would be the most favorable in this respect. However
this is offset by the higher initial investment. Regarding investment and operational costs
over a period of 10 years concepts 1 and 2 remain the most economic.

3.6.1.5 Comparison of reliability

Reliability of a facility decreases with the number of installed power components. In first
approximation one can assume that four 300 kW tubes cause four times more trips than one
1.2-MW tube. This applies also to high power supplies and all essential subsystems. There-
fore concept 6 has the lowest expected reliability. On the other hand machine operation
would only be affected if more than 3 of the 16 RF systems were off line at the same time.
However, beam loss is probably unavoidable when just one RF system trips.
Due to the smaller number of installed power components the highest reliability can be ex-
pected for concepts 1 and 2. However, in the case of a serious failure of one of the RF
systems operation would only be possible at lower total beam current.

3.6.1.6 Conclusion

Concepts 1 and 2 are the cheapest and the most reliable. Concept 2 has the additional ad-
vantage that it is very similar to the existing PETRA II installation and therefore requires the
least effort to renew the system.
In the following only concept 2 is considered in more detail.

3.6.2 RF system design for PETRA III

3.6.2.1 Design criteria

The preferred RF system for PETRA III can be very similar to that of PETRA II, as shown
in Fig. 3.6.2. To increase the current threshold for beam instabilities it is planned to reduce
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3.6. The RF System 113

the total shunt impedance by reducing the number of cavities. The minimum number of cav-
ities required is a compromise between the maximum transferable power per coupler and the
maximum storable beam current with only one of the transmitters in operation.
The maximum reliable power capability of an input-coupler is about 150 kW. In principle
the power couplers presently used at PETRA are able to transfer much more power (Gerke
et al., 1977), however this limit has been chosen based upon considerable experience in this
power range.
The maximum storable beam current is limited by the available RF power. The nominal
power of each transmitter could be 1600 kW assuming that the transmitter power supply is
laid out to provide the nominal cathode voltage for the type of klystron used. If only one
transmitter is available the remaining RF power for operation is 1440 kW (in consideration
of 5 % safety margin and 5 % transmission loss). This RF power would be sufficient to run at
design current if all 16 cavities were left in the machine. Reducing the number of cavities to
14 would limit the current to 97 mA. The maximum power capability of the input couplers
allows the number of cavities to be reduced from 16 to 12. In this scenario the current will
be limited to 83 mA in the ’one transmitter mode’.
Coupler power, transmitter power during normal operation and maximum current in ’one
transmitter mode’ are shown in Tab. 3.6.2 for different cavity numbers.
The basic layout of the existing RF systems can be retained, as mentioned in Sec. 3.6.1.2.
However, high-voltage klystron supplies, crowbars, klystron-modulators, interlocks, low
level RF, and control systems have to be improved and renewed.
For further information about high-voltage klystron supplies and crowbar systems (see Sec.
3.12.2).

Version engl. 1.4 11.12.03

The existing rf systems can remain in their basic structure, as mentioned in 3.5.1.2. However,

high-voltage klystron supplies, crowbars, klystron-modulators, interlocks, low level rf, and

control systems have to be improved and renewed. 

For further information about high-voltage klystron supplies and crowbar systems see chapter

3.14.3  Transmitter Power Supplies.

Figure 3.6.2: Modified RF System for PETRA III.
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2. High Voltage Supply of the Klystrons

The 500-MHz klystrons of the 13 transmitters at DESY are equipped with modulation anodes.

Therefore it is reasonable to use this klystron type for PETRA-III as well. However this

requires additional modulation anode supplies. Having the possibility to operate different

klystron types of different suppliers an independent modulation anode power supply for each

klystron is necessary. For driving the modulation anodes fibre link controlled 65-kV power

supplies are foreseen. DESY has long time positive experience with this kind of driving

klystron modulation anodes.

Fig. 3: High Voltage Supply of the Klystrons

3. RF Controlling

Cavity Voltage Control Loop

The cavity voltage loop controls phase and amplitude of summed cavity voltages of one

cavity system. The loop acts on the klystron drive. Instead of common used phase and

amplitude control loops the higher performance of IQ control loops will be used [2]. It is

foreseen to keep the klystron efficiency at maximum by controlling cathode voltage and

current as a function of klystron output power and klystron drive. A klystron controller

algorithm is under development. 

Figure 3.6.3: High Voltage Supply of the Klystrons

3.6.2.2 Klystron high voltage supply

The 500 MHz klystrons of the 13 transmitters at DESY are equipped with modulation an-
odes. To preserve uniformity with the remaining systems it is prudent to also use this klystron
type for PETRA III. However this requires additional modulation anode supplies. To have
the possibility to operate klystron types from different suppliers, an independent modula-
tion anode power supply for each klystron is necessary. Fiber link controlled 65 kV power
supplies are foreseen to drive the modulation anodes, as shown in Fig. 3.6.3. DESY has
extensive positive experience with such units.

3.6.2.3 RF controls

A sketch of the RF controlling system is shown in Fig. 3.6.4

Number of 7-cell Coupling factor Power Transmission Required Transmitter Max. Beam Current
cavities installed for Matching per Coupler (kW) Power @ 20 MV, 100 mA with one Transmitter

@ 100 mA (kW) @ 1440 kW (mA)
2 × 8 2.4 81 2 × 690 107
2 × 7 2.2 99 2 × 731 97
2 × 6 2.0 124 2 × 786 83
2 × 5 1.9 163 2 × 863 63
2 × 4 1.7 230 2 × 978 31

Table 3.6.2: Required RF power and maximum beam current versus number of cavities installed
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3.6. The RF System 115

Cavity Voltage Control Loop
The cavity voltage loop is used to control phase and amplitude of summed cavity voltages
of each cavity system. The loop acts on the klystron drive. Instead of the commonly used
phase and amplitude control loops the higher performance of IQ control loops will be used
(Corredoura, 1999). It is foreseen to keep the klystron efficiency at maximum by controlling
the cathode voltage and current as a function of klystron output power and drive. A controller
algorithm is under development.

Cavity Tuning
Mechanical tuners (plungers) driven by stepper motors are installed in two of the 7 cavity
cells. The phase of the pick-up signal from the cavity’s center cell is compared with that of
the incident input coupler power. The measured difference drives both plungers in parallel
to keep the phase difference zero. The cavity then appears as a real load for the incident RF
under all operation conditions. Signals of additional pick-up loops in both plunger-cells are
used to keep the field distribution symmetric over the 7 cavity cells (Gerke et al., 1977).

Phasing
The phase of each RF system relative to the beam is computer controlled by a phasing-
automatic. This calculates the synchronous phase and the phase offset of each RF system and
keeps the RF phase difference between the RF systems to zero. The error of this automatic is
less than 5◦. Experience at HERA shows that this technique is more convenient and precise
than the method using the synchrotron frequency (Ebert, 2000).

Transmitter Units Nominal Data Data for nominal beam Data for 1-Transmitter
operation @ 20 MV, 100 mA operation @ 1440 kW

Number of Transmitters - 2 2 1
Number of Klystrons - 4 4 2
Klystron Voltage kV 75 60 73
Klystron Current A < 18 < 13 < 17
RF frequency MHz 499.67 499.67 499.67
Klystron RF - Output Power kW 800 398 720
Klystron Efficiency % > 60 > 50 > 55

Cavities Units Nominal Data Data for nominal beam Data for 1-Transmitter
operation @ 20 MV, 100 mA operation @ 1440 kW

Number of Cavities - 12 12 12
Cavity - type - 7-cell, copper 7-cell, copper 7-cell, copper
Shunt impedance per cavity MΩ 23 23 23
Voltage per cavity MV > 2.5 1.67 1.67
Overvoltage factor - - 2.6 2.6
Beam current mA - 100 83
Synchronous phase deg. - 22.3 22.3
Cavity detuning deg. - 40.4 35.2
Cavity detuning kHz - 21.3 17.7
Copper loss per cavity kW > 150 60.3 60.3
Coupling factor - - 2.0 2.0
Power per coupler kW 200 124 113
Power to beam per cavity kW - 63.2 52.5

Table 3.6.3: Summary of data of the planned PETRA III RF system
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Fig. 4: Controlling the RF Systems

Cavity-Tuning

Stepper motor driven plunges are installed in two of the 7 cavity cells for tuning. The pick-up

signal phase of the cavity’s centre cell is compared with the phase of the incident input

coupler power. The measured phase difference drives both plungers in parallel in order to

keep the phase difference at 0. Thereby the cavity appears as a real load for the incident rf

under all operation conditions. Signals of additional pick-up loops in both plunger-cells are

used to keep the field distribution symmetric over the 7 cavity cells [1].

Phasing

The rf phases of each rf system related to the beam are controlled by a phasing-automatic. The

phasing-automatic calculates the synchronous phase and the phase offset of each rf system

and keeps the rf phase difference between the rf systems at 0. The inaccuracy of the phasing-

automatic is less than 5°. The experience at HERA shows that phasing rf systems in this way

is more convenient and precise than the common method using the synchrotron frequency [3].

Figure 3.6.4: Schematic diagram of the RF system control

3.6.3 Reliability of RF systems

The success of synchrotron radiation sources depends on high availability. Therefore partic-
ular attention must be paid to ensure the reliability of all essential accelerator components.
As has been already mentioned in Sec. 3.6.1.3 system trips and repairs of existing RF-
systems at DESY have been investigated. It turns out that the mean time between two trips
(MTBTrip) is about 10.5 days which applies to all the e+/e- accelerators at DESY.
An evaluation of the trips of the RF systems at APS (Horan, 2002), ESRF (Mercier, 2002)
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3.6. The RF System 117

and LEP (Frischholz, 2000) shows similar results. The mean time between two trips of
these systems is between 8 and 12 days (on average about 10 days). The reliabilities of the
different RF systems are shown in Tab. 3.6.4.

Machine HERA DORIS-3 DESY-2 APS ESRF LEP
Year of Analysis 1999-2000 2001 2002 2001 2001 1999
Number of RF Systems 8 2 1 2 2 20
Type of 2 Klystrons, 1 Kly., 2 Kly., 1 Kly., 1 Kly., 2 Kly.,
RF system 10 ... 16 Cavities 4 Cav. 8 Cav. 8 Cav. 2 ... 4 Cav. 14 ... 16 Cav.
MTBTrip 1.2d 6.5d 11d 6d 4d 0.45d
MTBTrip per RF system 10d 13d 11d 12d 8d 9d

Table 3.6.4: Reliabilities of RF systems of different facilities

A detailed investigation of the 470 registered trips of the 11 RF systems at HERA, DORIS
and DESY showed that only every 6th to 10th trip was necessary for system protection. The
majority of the remaining trips was either non-critical or due to false alarms.
The strategy foreseen for PETRA III is to monitor all important signals using two or three
independent sensors and/or checking the sensor-signals for plausibility. In this way we hope
to decrease the number of non-essential trips. To illustrate this we consider the following
example.

Klystron Focus Interlock with sensors for monitoring the

• Current through the solenoid,

• Voltage across the solenoid,

• Magnetic field inside the solenoid

The klystron voltage would only be switched off if at least two of the signals exceed the
specified limits. Error trips due to time varying signals may be reduced by including a rate
of change threshold.
Klystron Body-Temperature Interlock:

• Slow temperature rise above the limit ⇒ decrease klystron-current until temperature
is stable.

• Fast temperature rise above the limit ⇒ switch off klystron high-voltage

• Instantaneous rise above the limit ⇒ ignore (must be sensor or electronic error)

By applying these techniques we hope to halve the number of false trips.

3.6.4 Upgrade to 200 mA beam current
It is foreseen to increase the maximum beam current of PETRA III to 200 mA in an up-
grade. The installed 7-cell cavities are not suitable for this current because of their HOM-
impedances and must therefore be replaced. Superconducting or normal conducting single-
cell cavities with HOM-optimized design and additional HOM-damping are possible solu-
tions. These are considered in the following.
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118 3. The Storage Ring

3.6.4.1 Single cell normal-conducting cavities

The maximum allowable power loss on a water cooled copper surface is about 100 W/cm2.
At higher power levels a vapor layer decreases the cooling efficiency. Therefore the maxi-
mum power loss in a normal conducting single-cell cavity at 500 MHz is limited to 300 ...
400 kW. Assuming a shunt impedance of 3 MΩ the maximum possible cavity voltage can
be 1.3 ... 1.5 MV. Practical values tend to be much lower because of the restricted cooling
possibilities due to geometrical constraints near the plunger, beam pipe and coupler flanges.
Cavity voltages of 800 kV for a 500-MHz cavity (SPring-8) or 850 kV for a 470-MHz cavity
(PEP-2) are state of the art. To generate the required 20 MV at least 25 cavities of such a
type would be necessary. The required RF power for 200 mA beam current would then be:

PCavLoss + PHOM + Pbeam = 25 · 800 kV2

2 · 3 MΩ
+ 100kW + 1318kW = 4.09MW (3.6.1)

To calculate the nominal RF power required an additional 5 % transmission loss and 20 %
safety margin must be included. The installed RF power has to be at least 5.1 MW.
Retaining the 800 kW klystrons implies a 3rd 1.6-MW transmitter. The available RF power
would then be 4.8 MW. Since this somewhat less than required the number of RF cavities
must be accordingly increased. Furthermore in order that all RF systems are similar to one
another the total number of cavities has to be divisible by 3. In addition operation at 20 MV
with > 100 mA beam current must be possible when only 2 of 3 transmitters are available.
The installation of 15 cavities per RF system would meet these requirements. In normal op-
eration (3 RF systems with 45 cavities, 20 MV circumference voltage, 200 mA beam current)
the power per cavity-coupler would be quite moderate, namely:

PCavLoss + PHOM + Pbeam =
444 kV2

2 · 3 MΩ
+

100 kW
45

+
1318 kW

45
= 64 kW (3.6.2)

The RF systems would operate at 63 % of their rated maximum power at nominal beam
conditions.

3.6.4.2 Single-cell superconducting cavities

Superconducting (s.c.) cavities exhibit several advantages compared to normal conducting
(n.c.) cavities. Because of their negligible surface resistivity the dissipated power in the
structures is low and higher accelerating voltages can be realized. This offers the possi-
bility to optimism the cavity shape in order to minimize their Higher Order Mode (HOM)
impedance. Additionally HOM damping in s.c. cavities is easier compared to n.c. cavi-
ties. Both the smaller number of required cavities and their better damped HOMs lead to
increased thresholds for beam instabilities. For the DIAMOND project the use of s.c. cav-
ities has been considered (Dykes et al., 2000). For PETRA III the RF systems have to be
designed for a beam power of about 1.4 MW at 200mA. Including 5 % transmission losses
and 20 % safety margin yields 1.75 MW required RF power. Thus the installed nominal
klystron power of 3.2 MW is more than sufficient. Assuming a voltage of 2 MV per cavity
(6.7 MV/m) the installation of 10 superconducting cavities would be sufficient. The resulting
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3.6. The RF System 119

Units n.c. cavities s.c. cavities
Number of transmitters - 3 2
nominal RF power per transmitter MW 1.6 1.6
RF power per transmitter @ 200 mA MW 1.02 0.75
total RF power @ 200 mA MW 3.07 1.49
number of cavities per RF system - 15 5
total number of cavities - 45 10
voltage per cavity MV 0.444 2.0
gradient MV/m 1.5 6.7
power per coupler @ 200 mA KW 64 142
power to beam per cavity @ 200 mA kW 32 142

Table 3.6.5: Superconducting (s.c.) versus normal conducting (n.c.) cavities

coupler power of 142 kW per cavity would be moderate. Use of s.c. cavities for the upgrade
of PETRA III would be quite attractive, especially considering the energy consumption. The
AC input power for two s.c. RF systems is about 3 MW lower compared to that for three
n.c. RF systems. The investment costs are estimated to be at least 10 Me for either option.
Superconducting cavities require more complex interlock systems compared to n.c. cavities.
Therefore one can assume that they trip more frequently. The experience at HERA show a
trip rate of about 70 days for a s.c. cavity (compared to 300 days for a n.c. cavity). At LEP
the trip rate was about 23 days for a single s.c. cavity. At CESR and KEK-B the experience
is similar. The higher trip rate of s.c. cavities is partially compensated by the smaller number
required. From the above it is reasonable to expect 1 to 3 trips per week for the PETRA III
superconducting RF system. Experience from accelerators which use or intend to use single
cell superconducting cavities may help to make a choice between the two alternatives.

3.6.5 Conclusion
Reusing essential parts of the present PETRA II RF system is planned based on cost, sched-
ule and manpower considerations. Renewing the klystron high-voltage supplies, crowbar
systems, klystron modulators, interlock electronics and control system is foreseen to ensure
reliable operation and efficient diagnostics. To be able to store 100 mA with an 8 ns bunch-
spacing, the shunt-impedance of the 500 MHz cavities will be decreased by removing 4 of
the 16 installed 7-cell-cavities. Additionally installing a broadband longitudinal multibunch
feedback system is foreseen (see Sec. 3.10).

For a future upgrade of PETRA III to 200 mA it is planned to replace the existing 7-cell-
cavities by HOM-optimized single-cell cavities. The decision whether superconducting or
normal conducting cavities will be more suitable for PETRA III has yet to be made.
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120 3. The Storage Ring

3.7 Mechanical Structure of the New PETRA III Octant

The new PETRA III octant is housed in a long hall where the storage ring tunnel is made up
of a system of concrete blocks. A crane gains access to the individual devices in this tunnel
from the top by removing the concrete roof beams. For the new octant a design of machine
elements combined in larger modules (’girder assembly’ or ’girder’ for short) is planned.
The benefit of the girder construction is that all the elements associated with a module can
be assembled, surveyed and tested before they are installed in the storage ring tunnel. The
general idea is to align the individual components on the girders with accurate jigs and fix-

Figure 3.7.1: Layout of the dipole girder (top) and quadrupole girder (bottom).
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3.7. Mechanical Structure of the New PETRA III Octant 121

Figure 3.7.2: Result of the bending load calculation of the quadrupole girder

tures outside the machine, and then survey the girder assembly into position in the tunnel
rather than the individual elements.

3.7.1 General girder design

The mechanical frame for the new octant of the PETRA machine is build up of eight repeti-
tive units (cell) of four girders each as shown in Fig. 3.7.3. Two of the four girders are called
quadrupole girders (QG) carrying three quadrupoles as the main components. The other two
are called dipole girders (DG). They support the dipoles plus two quadrupoles, see Fig. 3.7.1.
In addition to magnets, other devices like monitors, vacuum pumps, valves and correction
magnets will be installed on the girder. The accuracy of the quadrupole magnet axis with
respect to the beam on the girder must be within 100µm (± 50µm on average). The four
girders in one cell have to be aligned vertically and horizontally to the beam axis with an
accuracy of 0.2 mm (0.1 mm on average) to each other. In the z direction the positioning
accuracy must be within 0.5 mm. The girders can be moved vertically by ± 5 mm remotely
controlled with an accuracy of 50µm during beam operation for beam based alignment.
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122 3. The Storage Ring

Figure 3.7.3: Layout of one girder cell

3.7.2 Girder
In order to minimize the deflection of the girders the support points for the two types (QG
and DG) were chosen individually according to the respective load distribution. The girder
is a hollow steel box section with a three point suspension.
It has a cross-section of about 300 mm × 300 mm and a length of 4200 mm. The whole
girder is supported by spindle elements resting on concrete sockets which damp vibrations.

Fig. II.4: Illustration of the different flexural and the torsional vibration.

The calculated flexural resonance frequency of the girder structure is 57 Hz in vertical and 60 Hz in

horizontal direction (Fig. II.4). The torsional resonance has a calculated value of 21 Hz. The magnet

must be rigidly mounted to the girder. The individual magnet is supported by commercial supports

with a high adjustment accuracy of 40 µm (10 degree rotation) and a setting range of ±4.5 mm. After

aligning the magnets by means of a laser tracker system they are fixed firmly in their exact position on

the girder. A test setup showed that after rough handling of the girder with a crane and transport on a

flat bed trailer the magnets stayed in their correct position with respect to the beam axis.

Figure 3.7.4: Illustration of the different flexural and the torsional vibrations
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3.7. Mechanical Structure of the New PETRA III Octant 123

With wall thicknesses between 15 mm (sides) and 25 mm (top, bottom) and the load distribu-
tion indicated in Fig. 3.7.1 the quadrupole girder will be deflected by not more than 11µm,
see Fig.3.7.2. In case of the dipole girder the deflection does not exceed 9µm. The calcu-
lated flexural resonance frequency of the girder structure is 57 Hz in vertical and 60 Hz in
horizontal direction. The corresponding vibrational modes are sketched in Fig. 3.7.4. The
torsional resonance has a calculated value of 21 Hz. Further calculations will be done to
check whether torsional vibrations would lead to unacceptable beam oscillations. In this
case the girder alignment by three spindle elements will be followed by a fixation of the four
corners of the girder. This would increase the torsional resonance frequency by about 50%
to more than 30 Hz. The individual magnets are supported by commercial supports with an
adjustment accuracy of 40µm (10 degree rotation) and a setting range of ± 4.5 mm. After
aligning the magnets by means of a laser tracker system they are fixed firmly to their position
on the girder. A test setup showed that after transporting of the girder with a crane and on a
flat bed trailer the magnets stayed in their correct position with respect to the girder.
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124 3. The Storage Ring

3.8 Injection System

3.8.1 Introduction

In order to convert PETRA into a dedicated synchrotron light source, kicker magnets as
well as the driving pulsers were studied with respect to their reliability and availability. The
PETRA III injection requires high pulse repetition stability for operating the machine in top-
up mode.

PETRA I PETRA III

Energy 7GeV 6GeV

Number of bunches 4 1920

Beam current 100 mA 200 mA

Deflection 2.88 mrad 2.88 mrad

Kicker length 590 mm 590 mm

Three identical kicker magnets and one septum magnet are included in the PETRA III storage
ring magnet system to produce closed bumps during injection of the beam from the DESY II
transfer line.
The kickers are designed to run with identical currents and waveforms with an amplitude
and pulse length stability of 0.1%.

3.8.2 Concept of the kicker magnet

The kicker magnets can be realized in two different ways. First, one can adopt the present
PETRA injection kicker design (Figs. 3.8.1, 3.8.2). A window-frame like ferrite surrounds
a sputtered ceramic vacuum chamber. The kicker is outside the beam vacuum system. The
metal coated ceramic chamber of the kicker will be renewed. The impedance of the ceramic
chambers has to be determined for the new PETRA machine parameters to check that the
heat load generated by the beam current is tolerable. The insulation of the conductors must
be replaced since it is 20 years old.

An alternative design is a C-yoke ferrite kicker (Fig. 3.8.3) with two conductors around a
sputtered ceramic chamber. The advantage of this design is to have sufficient space around
the ceramic chamber for air cooling if necessary.
If it turns out that air cooling is necessary then we will realize a C-yoke kicker otherwise we
will retain the present kicker design.
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3.8. Injection System 125

Figure 3.8.1: PETRA injection kicker with ce-
ramic chamber.

Figure 3.8.2: The present PETRA kicker ce-
ramic chamber.

Energy 6 GeV

Bxl 57.7 mTm

Pulse current 3.4 kA

Pulse voltage 6 kV

Pulse waveform 11µs half sine

Inductance ≈5.5µH

Free aperture 65 mm

Conductor radius 4 mm

Conductor length 439 mm

Kicker length 590 mm

Impedance 1.75 Ω

Deflection 2.88 mrad

Table 3.8.1: Data of present kicker magnets.

Pulse voltage 10 kV

Pulse current 5.6 kA

Pulse waveform 11µs half sine

Frequency 6.250 Hz

Inductance 0.62µH

Table 3.8.2: Pulser data.

3.8.3 Pulser

At present a thyratron pulser is used for the injection kickers. It generates a half sinusoidal
pulse with a pulse length of 15.3µs. The jitter is about 30–50 ns optimized by thyratron
regulation. A new trigger control is needed to reduce this jitter. Aging of the thyratron
causes changes in the working point. The thyratron circuit needs a very efficient control.
The operation expenses for the thyratron are about 4 times higher than for a semiconductor
switch.
For the new pulser (Fig. 3.8.4) of the PETRA III injection we intend to use thyristor tech-
nology, i.e. Behlke switches. These switches can be triggered by a 5 V TTL signal. Their
jitter is of the order of 1 ns. The switches need a 5 V stabilized supply. The pulser will

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



126 3. The Storage Ring

be built as a resonant circuit with a positive output pulse. The design should achieve low
inductance. Protection against over voltage will be implemented by using an RF-protective
element together with a recovery diode. The pulser capacity is about 2µF.
Similar pulsers with identical switches are in operation at DESY (HERA-e injection and
DESY II injection). No failures occured during the last 2 years. The required kicker pulse
length can be obtained with a calibration inductance. Amplitude and time stability have to
be studied in detail and the target stability of 0.1% is feasible.

Figure 3.8.3: Cross section of the second kicker.
Figure 3.8.4: The kicker magnet power supply
principle.

3.8.4 Septum
The existing injection septum is housed in a vacuum vessel with the PETRA vacuum cham-
ber being directly attached. This system, of 6.25 m overall length will be redesigned in order
to split it into two smaller devices which are easier to handle.
Thus it will consist of the PETRA beamline vacuum chamber with ports for vacuum pumps
(approx. length 4.5 m) and the septum tank with an integrated foil monitor (approx. length
1.8 m). The new design uses a stainless steel pipe as a tank whereas the old one had a more
complicated rectangular cross section. The large rectangular flange presently used becomes
obsolete. Standard round Conflat (®) flanges can be used. In addition a higher stability with
respect to twisting is achieved.
The support structure will be built from two steel pipes and a plate which acts as the basis for
the steering gears needed for the final adjustment in all three dimensions. This well proven
concept is used at DESY for all dipole and quadrupole magnets.
Whether the septum magnet is designed as an active (current loop inside the gap) or as an
eddy current shielded septum still has to be investigated. The eddy current version would
result in a much simpler mechanical design but the length of the half-sine current pulse would
have to be reduced from 480µs to approx. 150µs, i.e a higher charging voltage would be
required for the same current amplitude. In principle the conductor could be water cooled.
However alternative methods of cooling are under investigation.
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3.9. Diagnostics 127

3.9 Diagnostics

3.9.1 Electron beam position monitors
The electron beam position monitors (BPM) now installed in PETRA II do not meet the reso-
lution and reproducibility requirements of PETRA III. As a simple upgrade does not seem to
be feasible, PETRA III will be equipped with an entirely new BPM-system, including new
BPM pickup stations, most of the BPM read-out electronics and all the related infrastructure.

quantity octant locations beam pipe aperture required resolution (v./h.)

16 new undulators (short) ≈ 40 x 7 mm elliptical 0.2 µm / 0.8 µm

2 new undulators (long) ≈ 40 x 10 mm elliptical 0.2 µm / 0.8 µm

54 new quads (arcs) 80 x 40 mm std. pipe 1 µm / 2 µm

35 old quads (straights) 80 x 40 mm std. pipe 2 µm / 4 µm

98 old quads (arcs) 80 x 40 mm std. pipe 5 µm / 10 µm

Table 3.9.1: PETRA III BPM’s design specifications.

BPM Requirements In PETRA III a total of approximately 200 BPM’s (plus reserves)
are foreseen (see Tab. 3.9.1). Most BPM’s will be housed in the PETRA III standard beam
pipe. All BPM’s are used for beam orbit observation, but only those with higher resolution
(< 5 µm) will be used for the orbit stabilization feedback system. The resolution require-
ments shown in Tab. 3.9.1 include reproducibility of the BPM readings under varying beam
conditions, including a change of total beam current, bunch charge, bunch pattern or temper-
ature.

The BPM-system has to support two major tasks:

Machine commissioning A sufficient number of monitors will be equipped with single
turn, single pass capabilities to acquire beam positions measured turn-by-turn, e. g.
at injection. In this turn-by-turn operation mode the resolution requirements are re-
laxed (50...100 µm).

Orbit feedback and observation In synchrotron light operation the orbit of the stored beam
has to be held constant (see Sec. 3.2.4.) To achieve the required µm-resolution the
system-bandwidth of the BPM-stations has to be reduced, so averaged position mea-
surements of many turns are acquired. Temperature stabilization of the electronics
racks will help to improve the reproducibility of the BPM-system.
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128 3. The Storage Ring

3.9.1.1 BPM principle

Figure 3.9.1: Schematic of a beam position monitor.

A beam position monitor consists of 4 symmetrically arranged pickup-electrodes, incorpo-
rated into the vacuum chamber and a read-out electronics unit to process the pickup signals
to derive horizontal and vertical beam position information (Fig. 3.9.1). A single electrode
of the BPM pickup delivers a signal voltage

Velectrode = s(x, y)Z(ω)Ibeam(ω) (3.9.1)

which is proportional to the current Ibeam(ω) of the passing beam and to the beam-to-electrode
distance (x,y) (e.g. transverse beam displacement), which is described by a sensitivity func-
tion s(x, y). Because of the rather short electron bunches the frequency spectrum of Ibeam(ω)
is of no concern; for the BPM system the bunches behave like Dirac pulse excitation signals.
The transfer impedance Z(ω) of the electrode depends on the geometric shape and type (e.g.
button, stripline) of the pickup station.
The BPM read-out electronics extracts the beam position (displacement) information from
the analog signals of the pickup electrodes. In order to simplify the normalization procedure
and to reduce the nonlinearities of s(x, y), symmetrically arranged electrodes are read out.
To shield from direct synchrotron light the the electrodes are mounted at an angle, e. g. 450.
In Fig. 3.9.1 a set of signal-splitters and signal-combiners illustrates one way of forming
the (current-dependent) horizontal and vertical beam position signals. In practice a different
solution may be realized. The read-out electronics processes the 4 electrode signals for the
normalized (beam intensity independent) beam position:

horizontal beam position = Ch

(Vup-out + Vdown-out)− (Vup-in + Vdown-in)

VΣ

vertical beam position = Cv

(Vup-out + Vup-in)− (Vdown-out + Vdown-in)

VΣ

(3.9.2)
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3.9. Diagnostics 129

VΣ is the sum of all 4 electrode signals and Ch, Cv are the horizontal and vertical calibration
constants of the electronics.

3.9.1.2 BPM pickup stations

All 3rd generation synchrotron light sources – today in operation, as well as those under
construction – use electrostatic button pickup stations in their BPM-system. Although other
pickup types, like stripline- or resonant cavity BPM’s have a potential for higher sensitivity
and resolution, their practical implementation in a large scale BPM-system with more than
100 units is too complicated and cost-intensive. For these reasons, and because of a long-
term practical experience with button pickup’s at DESY, also PETRA III will be equipped
with button pickup stations for beam orbit observation and feedback systems.

Figure 3.9.2: Cross-section of the PETRA III standard BPM button pickup (draft, measures are in
mm).

Fig. 3.9.2 shows a draft of 4 button electrodes integrated into the PETRA III standard vac-
uum chamber by welding. RF button feedthroughs are commercially available with SMA or
N-type connectors from several companies in standard or custom versions. In PETRA III
the BPM pickup stations will be located very close to the quadrupoles. Encoders are fore-
seen, to track all movements between pickup and nearby quadrupole due to thermal expan-
sion processes, as done successfully at the SLS, Villingen, Switzerland (Dehler et al., 1999).
Only the 18 pickup stations with ultimate resolution requirements, located at the undulators,
will be realized as separate, rigid BPM blocks between bellows, fixed with Invar-supports
on resonance-free girders.

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



130 3. The Storage Ring

The transfer impedance of a button electrode can be well estimated for vacuum chambers
with a circular cross-section (Marcellini et al., 1996):

Z(ω) ≡ V button(ω)

Ibeam(ω)
= ϕZ0

(
ω1

ω2

)
jω/ω1

1 + jω/ω1

(3.9.3)

with
ω1 =

1

Z0Cbutton
ω2 =

c0
2rbutton

ϕ = F
Sbutton

Stotal
=
rbutton

4rpipe

Button Electrode Transfer Impedance

0.01

0.1

1

10 100 1000 10000

frequency [MHz]

Z
 [

�]

Figure 3.9.3: Transfer impedance of the button pickup of Fig. 3.9.2.

Fig. 3.9.3 shows the magnitude response |Z(ω)| of (3.9.3), using the following properties of
the PETRA III standard BPM pickup (Fig. 3.9.2), assuming a “circular” cross-section:

“circular” vacuum chamber rpipe = 30 mm
button electrode radius rbutton = 6 mm

button-to-ground capacitance Cbutton = 5 pF
load impedance Z0 = 50 Ω

The transfer impedance shows a high-pass transfer characteristic, having a cutoff frequency
of ω1 = 4 × 109 s−1 (f = 636.62 MHz) and a maximum transfer impedance of Z(ω �
ω1) = 0.4 Ω. Assuming a operating frequency of f = 500 MHz of the read-out electronics
and a moderate beam current of 50 mA a level of -28.2 dBm (≡ 8.73 mV) can be expected,
assuming a centered beam in the pickup. A more precise numerical analysis of the transfer
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3.9. Diagnostics 131

characteristics has to be done for the final geometries of all different button pickup stations
of PETRA III.
As a total of 800 button electrodes will be installed in PETRA III, they will give a notice-
able contribution to the machine impedance. For a single button electrode the longitudinal
coupling impedance scales with the transfer impedance Z(ω) and can be roughly estimated:

Z‖(ω) ≈ ϕ
ω1

ω2

Z(ω) (3.9.4)

It is known that (Eq. 3.9.4) underestimates the coupling impedance, as electromagnetic ef-
fects in the annular gap wgap between button and beam pipe wall, e.g. resonant modes, are
not taken into account. However, the first resonant mode is of TE11 type and has a frequency
of

fTE11
gap =

c0
π(2rbutton + wgap)

which, with dimensions of Fig. 3.9.2 (rbutton = 6 mm, wgap = 1.65 mm), results in a frequency
fTE11

gap = 12.5 GHz, well above the 5 GHz of the bunch spectrum with a 30 mm FWHM
bunch length. At lower frequencies the contribution of the annular gap can be estimated
analytically:

Z‖gap(ω) = j
337Ωω(rbutton + wgap)

3

8c0r2
pipe{ln[32(rbutton + wgap)/wgap]− 2}

(3.9.5)

which gives a total normalized coupling impedance of 800 × (Z‖gap/nrev) = j 1.5×10−2 Ω.
The actual vacuum chamber is not circular and an accurate estimate of the coupling impedance
requires a numerical analysis using electromagnetic solvers.

CST EM Studio 10/30/2003  - 22:58

File: D:\Documents and Settings\wendt\My Documents\CST\EMS\PetraBPM\TDR_PUStdChamber2d.ems

Figure 3.9.4: Normalized horizontal position characteristic of the button pickup of Fig. 3.9.2.
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132 3. The Storage Ring

The position sensitivity of the pickup station can be computed by solving the Laplace equa-
tion for the two-dimensional cross-sectional geometry. In the example of a horizontal analy-
sis (Fig. 3.9.4) the slope of

φhor =
(φup-out + φdown-out)− (φup-in + φdown-in)

Σφbuttons
=

∆hor

Σ

in the y = 0 plane (see also Fig. 3.9.5) gives the position sensitivity as monitor constant.

Khor =

(
∂ φhor

∂ x

∣∣∣∣
x=0

)−1

For our example a monitor constant Khor = 56.5 mm is computed. This signifies a signal
change of 1.77 × 10−5 for a 1 µm horizontal beam displacement, which corresponds to a
change of only 155 nV or 0.00015 dB (!) at Ibeam = 50 mA, that has to be detected.

Horizontal Position Characterisic

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

-20 -15 -10 -5 0 5 10 15 20

horizontal displacement [mm]

D

/S

 s
ig

n
al

Figure 3.9.5: Normalized horizontal position characteristic of the button pickup at y = 0 mm.

3.9.1.3 BPM read-out electronics

In order to achieve the required resolution, the noise of the read-out electronics has to be
substantially lower than the difference voltage to be detected, here < 155 nV or < -123 dBm
for a 1 µm position resolution. The theoretical noise voltage in an electronics system is given
by:

vnoise =
√

4kTBR (3.9.6)

which sets the threshold in aR = 50 Ω RF-system at room temperature to vnoise = 0.9 nV
√
B.

(Eq. 3.9.6) shows, the smaller the system bandwidth B is made, the lower will be the noise
voltage. For the PETRA III BPM example vnoise < 155 nV requires B < 29 kHz, to the-
oretically achieve the 1 µm resolution. As in practice there are several other factors which
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3.9. Diagnostics 133

further increase this noise voltage, the system bandwidth has to be considerable smaller. The
requirements of the orbit feedback system sets a lower limit of the BPM system bandwidth.
A brief estimate shows, that a system bandwidth in the range 1 kHz < B < 10 kHz can meet
the required resolutions, shown in Tab. 3.9.1.
In contrast, a minimum bandwidth of B > frev is required to realize a turn-by-turn measure-
ment capability. In PETRA III: frev = 130 kHz.
From the experience of other 3rd generation synchrotron light sources, two solutions for the
PETRA III BPM read-out electronics are considered. Both systems are well established
and available as commercial manufactured electronic units. The industry also offers custom
modifications, as well as related auxiliary systems (digitizers, racks, power-supplies, etc.)
and maintenance contracts.

Figure 3.9.6: Analogue, single channel superhetorodyne BPM receiver.

Analogue read-out electronics This BPM RF-receiver is based on the classic superhetoro-
dyne principle, which insures an optimum noise figure. In front of the receiver a GaAs mul-
tiplexer switches successively between the 4 button signals. This single channel concept
is patented by Bitter et. al., NSLS, Brookhaven, U.S.A. and eliminates gain drift effects,
when compared with separate channel techniques. The commercial available BPM unit of
BERGOZ is based on the J. Hinkson design for the ALS, Berkeley, U.S.A. It incorporates an
automatic gain control (AGC) feedback and a PLL driven AM synchron demodulator, as well
as some other extra features, not shown in Fig. 3.9.6. The local oscillator is programmable
for maximum input frequencies of up to 800 MHz. The bandwidth is fixed at about 1 kHz,
the analog output signal ranges ± 10 V and has to be further digitized. BERGOZ specifies
the low frequency noise (0...1 Hz) of the output signal to < 5 mVrms @ -35 dBm input level.
Assuming a gain of 1 V/mm (BERGOZ recommendation) a resolution of 5 µm seems to
be feasible. Higher input signal levels will further reduce the noise level and improve the
resolution to 2 µm for a PETRA III standard BPM pickup.

Digital read-out electronics The digital BPM receiver is based on principles and tech-
nologies of digital telecommunication systems. An impressive proof of principle of an entire
system was done at the SLS, Villingen, Switzerland. Fig. 3.9.7 shows some details of the

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



134 3. The Storage Ring

Analogue
Signal

Processing

Digital
Signal

Processing
Applications

Housekeeping

Sampling

Timing

A
B
C
D

Ext Reference
Sync

Trigger
Post Mortem

Co
m

m
un

ic
at

io
n 

an
d 

D
at

a 
Fo

rm
at

tin
g

Ethernet

SFP Slots

RS485
Wideband

Button
Data

Narrowband
Button

Data

A

B

C

D

A

B

C

D

Gain and Gain Equalization Control

Timing

R
F 

C
ro

ss
ba

r S
w

itc
h

RF  A

RF B

RF C

RF D

ADC A

ADC B

ADC C

ADC D

D
ig

ita
l C

ro
ss

ba
r S

w
itc

h

DDC A

DDC B

DDC C

DDC D

LPF1A

LPF1B

LPF1C

LPF1D

LPF2A

LPF2B

LPF2C

LPF2D

M1

M2

M3

M4

NCO

CIC
I

FIR1
I

C2P

CIC
Q

FIR1
Q

From
analogue to

digital
converters

Output to
post
processing

Clock

sin

cos

FIR2
A

DDC
A

BUF
2A

BUF
1A

FIR2
A

DDC
A

BUF
2A

BUF
1A

FIR2
A

DDC
A

BUF
2A

BUF
1A

FIR2
A

DDC
A

BUF
2A

BUF
1A

From analogue to
digital converters

To wideband post
processing
(turn-by-turn, first turn,
transfer path pulsed)

To narrowband post
processing
(standard operation)

A
B

C
D

A
B

C
D

A
B

C
D

A
B

C
D

To fast feedback
processing

Figure 3.9.7: Details of the digital read-out electronics (courtesy of R. Ursic, i-Tech)
.

now commercial available digital BPM read-out electronics manufactured at i-Tech. Here
the if- and demodulator sections of the superhetorodyne receiver are realized digitally, in a
FPGA circuit. To eliminate the gain drifts of the analog part of the 4 channels, a set of 2
crossover switches successively exchanges the read-out channels. This complex system sup-
ports turn-by-turn acquisition with a bandwidth of 1 MHz and high resolution beam position
measurements with 1 kHz bandwidth simultaneously. The FPGA can be re-programmed,
which makes the read-out system even more flexible and offers sufficient resources to store
SVD algorithm and data of the orbit feedback. i-Tech specifies the resolution limit to 1 µm
assuming the PETRA III standard button pickup.
Both read-out electronics, analog or digital, have strong and weak points. The analog system
is rather simple, cost-effective and well understood, as most 3rd generation light sources are
equipped with this electronics. In order to measure the beam position on a turn-by-turn basis
for machine commissioning and maintenance a sufficient number of BPM’s (16...32) have to
be equipped with additional wideband read-out electronics.
Experience at the SLS has shown, that a digital read-out system works well in routine opera-
tion. To reach the required performance and to offer high flexibility, a quite complex system
of hard- and software has been developed. The differences between digital and analog signal
processing cannot be worked out here, but obviously digital systems have advantages in the
numerics, which allow a better performance/resolution optimization.
Both read-out electronics are potential candidates for the PETRA III BPM instrumentation,
a detailed comparison in a test series on the PETRA II beam has to be done.

3.9.1.4 Environment and infrastructure

Achieving the required BPM resolution and stability must take into account the BPM related
environment and infrastructure. Important points to be considered are
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3.9. Diagnostics 135

• cables and connectors

• pickup support structures

• low noise power supplies

• temperature control of tunnel and electronic racks

High performance semi-rigid cables will be used for all the BPM-signal cabling. SMA-type
microwave connectors of highest quality will be used for all BPM-signal connections in the
front-end signal path.
The broadband (DC...300 MHz) noise of the power supplies of the read-out electronics must
be < 5 mVpp, the industry standard of high-end VME- and VXI-crates.
The racks of the BPM-electronics have to be temperature stabilized to < ±10. The tem-
perature variation in the temperature stabilized tunnel leads to a vertical BPM movement of
< 0.1µm due to the thermal expansion of the Invar pickup supports.

3.9.1.5 Conclusion

Resolution and reproducibility requirements for the beam position monitor system of PE-
TRA III are tight (Tab. 3.9.1). However, a BPM system of button-type electrostatic pickup
stations and commercially available read-out electronics of latest state-of-the-art technology
satisfy these requirements.

3.9.2 Position monitors for the transverse multibunch feedback system

Figure 3.9.8: Stripline electrode.

Two position monitors, a horizontal and a vertical, are required for the transverse multi-
bunch feedback system. A bandwidth of> 250 MHz is required in order acquire single bunch
measurements within 2...8 ns (minimum bunch-to-bunch distance in PETRA III). Among the
different types of broadband pickups, position monitors based on stripline electrodes seem
to be best suited.
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136 3. The Storage Ring

Fig. 3.9.8 shows a stripline electrode of length l and widthw, passed by a charge q of velocity
v ≈ c0. At both ends the stripline is terminated in it’s characteristic impedance Z0. The
impulse response of a stripline electrode is:

z(t) =
Z0

2

[
δ(t) − δ(t− 2l

c0
)

]
(3.9.7)

The Fourier transform of (3.9.7) gives the transfer impedance:

Z(ω) = j Z0 e
−j ωl

c0 sin

(
ω l

c0

)
(3.9.8)

The magnitude of (3.9.8) has a maximum at frequencies where the length is an odd multiple
of the quarter-wavelength:

fcenter =
c0
4 l

(2n− 1) (3.9.9)

Usually the stripline pickup operates at the first “lobe” (n=1). Its 3dB-bandwidth exceeds an
octave:

flo =
1

2
fcenter fhi = 3 flo

The electrode arrangement and transverse characteristic is the same as for button type pickup
stations. Advantages of the stripline BPM are to operate at maximum transfer impedance
(fcenter) and a defined, resistive source impedance Z0. The second argument is important
when operating in broadband systems, as it helps to minimize reflection effects.
In order to operate at fcenter = 500 MHz, a physical length l = 150 mm of the PETRA III
stripline electrodes is foreseen. For the minimum possible bunch-to-bunch spacing of 2 ns
this frequency is equal to the lowest bunch harmonic, but also gives highest flexibility for
any other bunch spacing. Stripline BPM’s of various dimensions have been designed, build
and successfully operated in several accelerators on the DESY site. Fig. 3.9.9 shows an
example of a “warm” HERA stripline pickup with longitudinal slotted, semi-coaxial stripline
electrodes.
The stripline BPM has two major advantages over an equivalent electrostatic “button” BPM:

• The characteristic impedance of the stripline-electrode can be designed for Z0 = 50 Ω,
which results in a resistive 50 Ω source impedance. The button-electrode has a pure
capacitive source reactance.

• By adapting the length l of the stripline-electrode the frequency of maximum beam-to-
electrode coupling fcenter can be optimized to the feedback system requirements. The
magnitude response of the button pickup has a high-pass characteristic, which requires
a rather high operating frequency.

Minimizing signal reflections in broadband multi-bunch feedback systems is essential. The
resistive source impedance of the stripline-electrode – it is the signal source – reduces these
effects and simplifies the design of the detector electronics.
Furthermore the stripline-electrode gives higher signal power at moderate frequencies, com-
pared to the button-electrode. The signal-to-noise ratio at f = 500 MHz of a stripline-
electrode is typically 3..4 times higher compared to an equivalent button-electrode.
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3.9. Diagnostics 137

3.9.3 Intensity monitors (DCCT, FCT)
Two types of current monitors are foreseen for PETRA III:

1. Fast current transformer (FCT): This type will measure the individual bunch current of
each bunch stored in PETRA III. A wide band version of a FCT (bandwidth 1.75 GHz)
is commercially available from e.g. BERGOZ which fulfills all requirements in res-
olution, stability and dynamic rage for PETRA III. A resolution of the bunch cur-
rent of < 1µA with an analog bandwidth of 500 MHz is foreseen. Experience from
HERA shows already a resolution σ <1 ‰ (absolute: 0.3µA) at 485µA/Bunch (see
Fig. 3.9.10) with an analog bandwidth of 30 MHz.

2. DC current transformers (DCCT): The very high resolution measurement of the DC
current will be performed by a parametric current transformer (PCT) from BERGOZ.
Experiences from HERA with this type of monitor show a resolution of σ <<1 ‰
(absolute: 3µA) at 61.7 mA (see Fig. 3.9.11), which is sufficient even for the top-up
operation of PETRA III.

3.9.4 Emittance monitoring by synchrotron radiation
Imaging of the electron beam using visible synchrotron radiation has been applied for emit-
tance monitoring (Hofmann & Meot, 1982) in many accelerators. Due to the diffraction
limited resolution, this method yields only an unclear information for beam sizes less than
100µm. In order to overcome the limit given by Fraunhofer diffraction one has to apply
interference methods utilizing the spatial coherence of synchrotron radiation in first order to
obtain the beam size (Mitsuhashi, 1998). However, according to this reference the limit for
beam size measurements is about 5µm for visible light. For PETRA III this is in the order

Figure 3.9.9: View inside a stripline BPM.
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138 3. The Storage Ring

Figure 3.9.10: Plot of the current of the 4th bunch in HERA. The resolution is limited by statistical
fluctuations to about σ = 0.3 µA of the bunch current of 484.87 µA. Each data point is averaged over
70 turns in HERA.

Figure 3.9.11: Plot of the measured DC beam current of HERA over 2 minutes. The resolution
is limited by statistical fluctuations to about σ = 0.046 ‰ (first 80 seconds) of the beam current of
61.736 mA. The integration time of each data point is 160 ms. The small slope is due to the decaying
beam current in HERA.

of the vertical beam size and therefore not applicable.
A straightforward way to improve the monitor resolution significantly is to use shorter wave-
lengths, i.e. VUV light or X-rays. Analogous to the visible spectral region there are two
experimental approaches which differ by principle. The first one is electron beam imaging
in the short wavelength region in order to reduce the diffraction limit contribution to the mea-
sured beam size. The second one is an indirect method which is based on the determination
of the X-ray transverse coherence from which the beam size can be deduced.
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3.9. Diagnostics 139

For PETRA III the most promising scheme is electron beam imaging in the X-ray region
with synchrotron radiation from an undulator or bending magnet. This method gives fast and
direct information about the beam sizes with high accuracy. For this purpose the quality of
the X-ray optics as well as their heat load stability has to be high to preserve the diffraction
limited resolution which can be of the order of 1µm depending on the wavelength and the
type of optics employed (Holldack, J.Feikes & Peatman, 2001). Several kinds of optics have
been used already at various synchrotron radiation facilities or are considered to be used for
this purpose. Examples are grazing incidence optics in a Kirkpatrick-Baez mirror scheme at
the ALS diagnostic beamline (Renner, Padmore & Keller, 1996), crystal based X-ray Bragg-
Fresnel lenses at the ESRF (Tarazona et al., 1994; Hartman et al., 1995), X-ray zone plates at
APS (Yun et al., 1999) and SPring-8 (Masaki et al., 2001), multilayer Bragg-Fresnel lenses at
BESSY (Holldack et al., 1995), or crystal monochromators at PETRA II and ESRF (Hahn &
Schulte-Schrepping, 2003; Tarazona & Elleaume, 1995). For the final decision about the
type of the optics, their properties will be studied in more detail.
However, for X-ray optics based on a pinhole camera the diffraction limited resolution is in
the order of 10µm which is not applicable for PETRA III (Masaki et al., 2001).
The intensity of synchrotron radiation is no limiting factor for all types of optics mentioned
above. For the standard PETRA III dipole with bending radius of 191.7 m and a beam cur-
rent of 100 mA the number of X-ray quanta per second with energy ~ω ≥ 1 keV subtending
a solid angle of 6.25·10−6 sr is 4·1016 /s. This solid angle corresponds to a projected area of
25 x 25 mm2 at a distance of 10 m from the source point. The number of photons could be
increased to 1017 quanta/s using a dipole with bending radius 22.9 m.
There exist different schemes for the determination of the transverse coherence. A method
related to the interferometry of visible synchrotron light is intensity interferometry which ex-
ploits the second-order degree of coherence in the emission of quanta from the same bunch,
see e.g. (Yabashi, Tamasaku & Ishikawa, 2001). However, the measuring time in the X-ray
region is in the order of several hours and therefore not practicable for beam diagnostics.
Apart from a further approach to derive beam sizes from nuclear forward scattering (Baron
et al., 1996) there is an interesting technique under investigation at the ESRF, which is closely
related to in-line holography (Kohn, Snigireva & Snigirev, 2000; Chubar et al., 2001). The
method is based on analyzing the visibility of Fresnel interference fringes produced by a
well calibrated object like a fiber or a slit which is illuminated by undulator radiation. From
the experimental point of view this technique has the advantage that no optical elements are
required which can deteriorate the image quality respective transverse coherence and, thus,
introduce additional errors in the emittance determination. Although this method of direct
measurement of the transverse coherence length from interference fringes requires more ex-
perimental studies it is proposed together with electron beam imaging with an appropriate
X-ray optic as future method for emittance monitoring at PETRA III.

3.9.5 Emittance monitoring by conventional wire scanners

Modified LEP type wire scanners (Werner & Wittenburg, 2001; Camas et al., 1993) are
used in most accelerators at DESY for beam width measurements to determine the beam
emittance. The scanner used a very thin (7µm) Carbon wire which crosses with 1 m/s the
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140 3. The Storage Ring

circulating beam. Its spatial resolution is about 1µm. King (1988) has shown, that the reso-
lution does not suffer much (<3%) as long as the beam diameter is larger or equal the beam
size. The vertical beam size of PETRA III at a high βz will be around 6µm (εx = 1 nmrad,
1% coupling), therefore a 5µm fiber will be used for PETRA III.
The main problem of wire scanners is the heating of the wire due to the wire-beam interac-
tion. Assuming a beam size of 100µm × 5µm, the use of a 1 m/s scanner will be limited
to a beam current of only 1 mA (horizontal) and 16 mA (vertical) (for calculation see (Wit-
tenburg, 2000)). The wire heating is directly proportional to the scanning speed. Up to now,
scanners with a speed of up to 20 m/s exist and are used at CERN (Burger et al., 2003). With
such a speed the limits on the total beam current can be increased by a factor of 20, but the
required precise position encoders may not follow this high speed. However, at least three
(horizontal, vertical, and 45◦) of the existing 4 wire scanners at PETRA-e and PETRA-p will
be installed for low beam intensity. This will provide a precise emittance diagnostics. It is
planned to increase their speed by using stronger power supplies and another driving unit to
about 1.6 m/s for their use in the DESY electron accelerators.

3.9.6 Emittance monitoring by laser wire scanners
A laser wire scanner provides a non-destructive measurement of small beam sizes and, in
contrast to solid wire scanners, also at high beam currents. A prototype laser wire scanner
is already installed in PETRA II (see Fig. 3.9.12). Care has been taken to achieve a rugged
and vibration free mechanical design. The scanner has shown first successful results in 2003.
The laser spot of the present prototype reaches already about 5µm (Kamps et al., 2002). The
signal and background conditions were proven to be sufficient for PETRA II and PETRA III
(Blair et al., 2001b; Blair et al., 2001a). With recent advances in laser and optical technology
laser beam spot sizes of < 1µm were achieved and very accurate measurements were done
on small beams (Ross, 2003). Further improvements of the PETRA laser wire systems will
be studied and tested in the next few years. One station utilizing scans in the horizontal and
vertical plane is foreseen for PETRA III.

3.9.7 Parasitic bunch measurements
The distance between bunches in PETRA will be defined by the user requirements and might
be as short as 4 ns. The adjacent buckets of the 500 MHz RF System should contain as
few as possible stored particles. This is of particularly important for time-triggered photon
measuring experiments. The parasitic bunch measurement should be able to measure the
charge down to a fraction of 10−6 of the main bunch within 20 seconds. For this purpose
parasitic bunch measurement devices are already installed in DORIS and in PETRA II based
on a fast avalanche-photo diode (APD) detecting scattered X-rays from a 1 mm thick graphite
foil (Fig. 3.9.13). The APD signal is analyzed using a time-to-digital-converter (TDC) and
a multichannel-analyzer (MCA). The timing-resolution of the system is about 0.8 ns and
is limited by the APD amplifier. More details can be found in (Franz et al., 2003). This
system fulfills already all requirements for PETRA III and can be installed without significant
changes.
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3.9. Diagnostics 141

beam pipe

entrance window
for laser beam

optical bench with
optic elements and
diagnostics

Figure 3.9.12: Part of the laser optics on the optical bench in the PETRA tunnel. The interaction
chamber is mechanically decoupled from the beam pipe by bellows (top) and mounted on the same
optical table.

3.9.8 Screens

The injected beam position in the PETRA III ring will be measured using the BPMs with
single bunch, first turn capabilities. Therefore a threading of the first beam will not need any

Figure 3.9.13: Main bunch and parasitic bunches from 4 ns ‘before’ to some 10 ns ‘after’ the main
bunch in PETRA II (from Franz et al., 2003).
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142 3. The Storage Ring

optical screen monitors. However, a few phosphor screen monitors will be used for injection
optimization. They will be located around the injection elements (e.g. kickers, septum) and
along the injection transfer line. Because the screens will be used only for rough steering
of the beam, no sophisticated readout system is required. A simple CCD camera together
with a triggerable frame grabber system will be suitable. These screens already exist in the
PETRA II injection scheme and will be adapted for PETRA III.

Figure 3.9.14: The scraper of PETRA II with four jaws.

3.9.9 Scrapers
Scrapers are used for beam halo and aperture measurements. The PETRA II scraper sys-
tem (see Fig. 3.9.14) has four jaws, two for horizontal and vertical directions, respectively.
This device and its adjacent control-electronics will be used in PETRA III without major
modifications.

3.9.10 Beam stoppers
The personnel interlock system has to ensure personnel safety with the required redundancy
during all operating phases. One part of the redundant safety system is to avoid any circu-
lating particles in PETRA III using beam stopper in case of a terminated beam permit. The
stoppers are redundant to the beam dump. The stopper consists of a 6 mm thick stainless
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3.9. Diagnostics 143

steel plate, which is pneumatically driven into the beam pipe in case of any security condi-
tion. Any circulating particles will scatter on the plate and will be lost within a few turns.
For safety reasons, the stopper falls into the beam pipe in the event of any power or pneu-
matic failure. Two redundant stoppers are foreseen in PETRA III. The two existing stoppers
of PETRA II (Figs. 3.9.15 ) will be used in PETRA III.

3.9.11 Photon beam position monitors

Precise and reliable beam position monitors are mandatory for a safe and stable photon beam
line operation. Two different types of monitoring devices are foreseen:
1. Screen: Simple moveable fluorescence screens read out by CCD cameras to set up the
photon beam visually at low power operation.
2. Blades: X-ray photon beam position monitors (PBPMs) using photoemission current for
fine steering, fast and continuous monitoring of the beam. Both types of monitors are already
used in DORIS and PETRA II (Hahn et al., 1998; Hesse & Seebach, 1997).
PBPMs are the most common device in photon beam lines. Fig. 3.9.17 shows the PETRA II

Figure 3.9.15: Beam stopper in PETRA II. 1:
Pneumatic driver, 2: Stainless steel plate, 3: Vac-
uum flange.

Figure 3.9.16: A beam stopper (right) next to a
moveable screen monitor in DORIS II.
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144 3. The Storage Ring

PBPM. It has an additional tungsten dump electrode (2), mounted in front of the blades (1).
These electrodes protect the copper block against melting by a misaligned photon beam. The
normalized difference of the photoemission current on the electrodes will indicate the beam
position. The PETRA II PBPMs and the adjacent readout electronics provide an internal
resolution of about 1µm (see Fig. 3.9.18). In the figure beam position changes of a few µm
are clearly detectable. The steps in the traces are related to the last significant bit (LSB)
of the readout electronics, which corresponds to 1µm. The resolution of such a PBPM can
be improved down to few tenth of a micron by more sophisticated designs and a proper
installation (avoiding vibrations (Johnson & Oversluizen, 1989)), and by a more sensitive
readout electronics. For the high brilliant photon beams of PETRA III additional cooling of
the blades has to taken into account. CVD diamond blades have excellent thermal properties
and a low absorption coefficient and might be preferred. However, it is well known that the
varying characteristics of the undulator radiation with the K-value, the presence of dipole
and quadrupole background radiation and the spectral efficiency of the blade material will
prevent a universal calibration of the PBPM (Holldack, Ponwitz & Peatman, 2001). Each
setting of the undulator will have a unique set of calibration parameters of the PBPM. Only
with such a proper calibration, the PBPMs are sufficient for a precise position feedback loop
to provide very stable beam conditions at PETRA III.

Figure 3.9.17: The PETRA PBPM with (1) tungsten electrode, (2) dump electrode, (3) copper block,
(4) cooling channel, (5) monitor module, (6) electrical feed-through (from Hahn et al., 1998).
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3.9. Diagnostics 145

Figure 3.9.18: Signal from two PBPMs in the DORIS photon beam line (horizontal and vertical).
Scale: vert. = mm, hor. = minutes.
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146 3. The Storage Ring

3.10 Multi Bunch Feedback Systems

3.10.1 Introduction
As has been pointed out in Sec. 3.2.3 the design current in PETRA III can only be achieved
with the help of powerful feedback systems. We have already some ten years of experience
with feedback systems at DESY (Ebert et al., 1991) since the operation of almost all of
DESY’s lepton accelerators relies on the successful operation of multi-bunch feedback sys-
tems. Unfortunately we cannot use the existing systems because their bandwidth is 5 MHz
whereas for PETRA III a bandwidth of at least 60 MHz is required. Feedback systems with
even higher bandwidth are now in routine operation in B-factories (Kikutani et al., 2002;
Seemann, 1999) to stabilize beam currents that are considerably higher compared to the de-
sign current of PETRA III. Therefore a feedback system for PETRA III will be feasible. In
the following we will specify the basic parameters of the systems for PETRA III and present
a schematic layout.

3.10.2 System design
The feedback will be a bunch by bunch system. The minimum bandwidth is 62.5 MHz
determined by the shortest distance between bunches being 8 ns. The required gain of the
feedbacks can be calculated with the following formulae:

1

τ
= Ωs

∂U/∂φ

2Uc

(3.10.1)

1

τ
= ω0

∂U/∂x
√
βKickβPU

4πE/e
(3.10.2)

with E,Uc, ω0,Ω0, βKick, and βPU being the energy, the circumferential voltage, the revo-
lution frequency, the synchrotron frequency, the β-function at the kicker and at the pickup,
respectively. In the following table the required damping rates (1/τ ), gains (∂U/∂φ, ∂U/∂x)
and voltages for maximum mode amplitudes are given:

Feedback Re. damping [Hz] Gain Max. mode ampl. Max. voltages
Longitudinal 800 13.8 kV/◦ 1◦ 13.8 kV
Horizontal 1400 9 kV/mm 1 mm 9 kV
Vertical 1400 9 kV/mm 1 mm 9 kV

The phase angle is measured with respect to the fundamental RF frequency (500 MHz). We
assume that the beta-function at the kicker and the pick-up is 15 m which is a conservative
assumption.
The tolerable residual coherent amplitude of the transverse feedbacks must not exceed a few
micrometers which is approximately a tenth of the rms beam dimension in order not to de-
grade the emittance.
Fig. 3.10.1 shows the schematic layout of a feedback system. The basic building blocks are

the monitor with the detector, the digital processing unit and eventually the power amplifiers
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3.10. Multi Bunch Feedback Systems 147

Figure 3.10.1: Schematic layout of the PETRA III feedback system.

with the kickers. In the following we will briefly describe the building blocks for the longi-
tudinal and transverse feedback.

Monitor and detector
For the longitudinal feedback the signal of buttons of a conventional beam position monitor
can be combined to give an intensity signal insensitive to transverse beam position. This
signal can be processed by analog circuitry to extract the phase signal of each bunch. Such
RF front ends are in use at ELETTRA (Bulfone et al., 2002) and SLS and are commercially
available.
For the transverse system, button signals of a beam position monitor are combined via a hy-
brid network to extract the dipole moment of the beam in the horizontal and vertical plane.
These signals are transferred into base band with an analog circuit. Similar to the longitudi-
nal plane such RF front ends are in use at ELETTRA (Bulfone et al., 2002) and SLS and are
commercially available.
There are also plans to use stripline monitors to measure beam position because they offer a
better signal to noise ratio. Since the residual coherent amplitude has to be quite small such
a good signal to noise behavior may be necessary. For both the longitudinal and transverse
system it will be advantageous not to limit the bandwidth of this part of the feedback to
62.5 MHz but allow for higher bandwidth even 250 MHz so that in case of future upgrades
this part does not need modification. In this case a detector that fits our needs would be
commercially available.

Digital processing unit
In this unit the analog signal of the detector is digitized and shifted in phase, so that the over
all phase advance of the feedback loop is 90◦, and appropriately delayed. Finally the signals
are converted into analog values for further processing.
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148 3. The Storage Ring

This unit will be designed for all systems exploiting modern digital electronics . In this way
not only the above mentioned tasks can be fulfilled but the systems can also be used effi-
ciently as diagnostic tools. Regarding the bandwidth of this part the same consideration as
for the monitor and detector can be applied.

Power amplifiers and kickers
For the transverse feedback, strip-line kickers will be used which are fed by commercially
available solid state amplifiers operating in base band (10 kHz– 250 MHz). Since these am-
plifiers are expensive economic use of their power is essential. Therefore the kickers must
have an adequate shunt impedance which in turn means that the bandwidth must be as small
as possible i.e. 62.5 MHz. If in case of an upgrade the bandwidth of the system has to be
increased only the kickers have to be replaced.
For one meter long kickers the shunt impedance can be at least 30 kΩ. There will be two
kickers for each of the horizontal and vertical directions and the total power per direction
will be 1 kW. The new transverse system will be installed in the short straight section south
east. The following table summarizes the values for the transverse feedbacks.

Transverse feedback

Power (kW) 1

# of kickers 2

Kicker shunt impedance (kΩ) 30

Voltage (kV) 11

For the longitudinal feedback we want to use kickers similar to those installed at Daphne
(Ghigo et al., 1996), Elettra and SLS (Dehler, 2002). These kickers are strongly loaded pill
box like cavities. The operating frequency will be around 1.3 GHz. Since we do not require
a bandwidth of 250 MHz as in case of Daphne etc. we can reduce the loading of the cavity in
order to get a higher shunt impedance. This is necessary since the power amplifiers are even
more expensive than those for the transverse system. We assume that a shunt impedance
of 3 kΩ per cavity is achievable. This seems to be realistic if one compares with the values
obtained for higher bandwidth (Dehler, 2002). Installing eight cavities and a power of 4 kW
yields the required voltage for the longitudinal system. The feedback cavities can be installed
close to the 500 MHz RF system in the long straight section south. The following table
summarizes the values for the longitudinal feedback.

longitudinal feedback

Power (kW) 4

# of cavities 8

Kicker shunt impedance (kΩ) 3

Voltage (kV) 14
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3.11. General Control System 149

3.11 General Control System

3.11.1 Introduction
For over two decades, PETRA has been remotely operated by a modular, distributed and
multi-layered control system. At PETRA I, the control system consisted of a network of
industrial mini-computers running programs written in an interpreted language. The control
system was connected through the DESY proprietary long-distance fieldbus system SEDAC
(Serial Data Acquisition System and Control) with front-end electronics packed in crates.
PETRA II started operation with this system; in 1996 the mini-computers were replaced by
Windows PCs using VisualBasic and interconnected via Ethernet. VisualBasic has demon-
strated its unique strength as an integrated development environment for powerful graphics
and rapid application design. In the meantime, industrial laboratory automation hardware
and software, industrial fieldbus systems, embedded CPUs and programmable logic arrays
have broken down the strict separation between front-end electronics and the control system
software. The performance of modern software development tools and network technologies
as well as the available CPU power has grown dramatically during the past few years. Ef-
ficient communication patterns such as publish-subscriber mechanisms are becoming stan-
dard, component or object oriented software is more maintainable and reusable, and new
Web-based technologies provide simple access to all kinds of data and services.
The proposed control system for PETRA III faces two major challenges. First, a reasonable
balance must be found between continued use of proven technologies and upgrades using
new technologies and ideas. An important consideration here is support for the large number
of existing technical components and subsystems, which will be carried over into PETRA III.
Second, the novel operation mode of PETRA III as a continuously running high-quality light
source with low down time places strict requirements on the availability, stability and perfor-
mance of the control system architecture, tools, hardware components and user applications.

3.11.2 General properties of the PETRA III control system
3.11.2.1 Overview

The proposed system is based on our experiences with the present PETRA and HERA con-
trol systems. It uses a multi-layer architecture consisting of a client tier, a server tier and an
integration tier, using TINE (Threefold Integrated Network Environment), a set of commu-
nications protocols and services developed over the past 12 years as the core of the HERA
control system. Many of the existing components and subsystems which will be used in PE-
TRA III already support TINE interfaces or gateways.
We anticipate several significant changes in the general control system implementation. First,
the present VisualBasic-based console applications run only on Microsoft Windows plat-
forms. We intend to move to Java-based applications to remove this limitation. Second, the
HERA control system, in particular, shows many signs of its gradual construction. TINE
and its associated services are now in a mature state and for PETRA III we will be able to
implement features such as archiving, local history records, and naming conventions in a
uniform fashion across the control system.
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150 3. The Storage Ring

The control system must accommodate a range of users, with varying needs. At the client
level, TINE supports the scientific computing software tool MATLAB, which can be used
by accelerator physicists for specialized studies. For remote client access, we are developing
a TINE-to-SOAP (Simple Object Access Protocol) interface, which could be a generic solu-
tion for connection to standardized Web Services.
The server level will include front-end device servers for which the control system group has
full responsibility, servers for which the responsibility is shared, in varying degrees, between
the control system group and the engineers responsible for the hardware, and gateways to
autonomous control systems maintained by other groups. Some of the gateways already ex-
ist, for example a software interface between TINE and the EPICS (Experimental Physics
and Industrial Control System) control system used by most of the technical infrastructure
subsystems at DESY. The servers with shared responsibility raise several issues, for example
the need to agree with other groups at DESY on the range of hardware (such as fieldbusses)
and software, which will be supported by the control system group.
More generally, the flexibility provided by a modern control system brings with it the danger
of excessive fragmentation of both hardware and software solutions, and associated increases
in the manpower required for support and maintenance. The old control system philosophy
one size fits all is no longer practical or desirable; it is nonetheless important to limit the
range of choice, and not unnecessarily throw away the enormous benefits of standardization.
The balance must be somewhat different for the various classes of users.

3.11.2.2 Control system architecture and software bus

The architecture of the proposed control system for PETRA III follows the multi-layer ap-
proach and consists of Ethernet connected client, integration and server tiers, see Fig. 3.11.1.
It must allow for adiabatic updates as well as updates of complete components without major
disruption of the remaining system.
The client tier contains the graphical client applications. The server tier houses the device
server applications and the adapters to control systems maintained by other groups. The in-
tegration tier consists of a software bus and its associated services, as well as control system
server applications with system-wide responsibilities (‘advanced server applications’). The
software bus is a software library providing an interface to a certain object model for repre-
sentation of data and devices and handling the communication between clients and servers.
All clients or servers attached must feed the interface in conformance with the object model.
Foreign systems are integrated through translation layers called gateways or software bus
adapters.
The proposed software bus is TINE, originally developed at DESY for the HERA control
system. Features supported by TINE include:

• Runs on Windows, Unix, Linux and VxWorks platforms,

• Application Programmer Interfaces for C/C++, VisualBasic, Java, and MATLAB,

• Data exchange via client-server, publisher-subscriber, broadcast, and multicast com-
munication,
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3.11. General Control System 151

Graphical User Interface

Software Bus

Software Bus Adapter

Advanced Server

Applications

Client
Tier

Tier
Server

Device Server Applications

Fieldbus Interfaces

Graphical Client Applications

Integration
Tier

Figure 3.11.1: Standard architecture of the proposed PETRA III control system.

• Supports UDP, TCP/IP, and IPX transport protocols,

• Interfaces to LabView and Agilent Vee environments (i.e. laboratory automation soft-
ware tools),

• Interfaces to EPICS control system front-end servers (IOCs)

Associated services include:

• Local history and data archiving,

• Alarm generation and processing,

• Name service with plug and play automated server registration,

• Software wizards for generation of skeleton servers and clients.

TINE has been continually developed over the past years. Future plans include implemen-
tation of the TINE registry according to the UDDI (Universal Description, Discovery and
Integration) specifications, and a TINE-to-SOAP proxy interface to standard Web services.
The TINE registry will be the central platform-independent database to store information
about all distributed control system services and assets, as well as user access rights. In ad-
dition, the conformity with the object models and system databases of other control systems
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152 3. The Storage Ring

(e.g. DOOCS at DESY or Tango at ESRF) will be further enhanced.
Tab. 3.11.1 lists the subsystems of PETRA III, together with how they will be interfaced to
the software bus. The external controls systems to be interfaced are the technical infras-
tructure, the pre-accelerators, and HASYLAB synchrotron radiation beam line control. The
equipment of the remaining subsystems communicates either directly with the software bus
or over a fieldbus connected with a TINE server. The subsystems are described in detail in
Sec. 3.11.3.
The interface with the HASYLAB synchrotron radiation beam line controls, which must be
developed, deserves special attention. It will be important to read out the detailed status of
all beam line devices for control room use and, for later analysis, the machine archive.

Subsystem Integration Path
General technical infrastructure EPICS Adapter (adapter exists),

SEDAC / TINE Server (interface exists)
Magnet power supplies and CAN / TINE Server (interface exists)
magnet control
RF-system TINE Server
High voltage power transmitters EPICS Adapter (adapter exists)
(RF-system)
Vacuum system SEDAC / TINE Server (interface exists)
Injection elements SEDAC / TINE Server (interface exists)

GPIB / TINE Server (interface exists)
Timing and synchronization system SEDAC / TINE Server (interface exists)

VME / TINE Server (interface exists)
GPIB / TINE Server (interface exists)

Control of beam parameters TINE Server
Beam diagnostics TINE Server
Technical interlock system TINE Server,

SEDAC / TINE Server (interface exists)
Storage ring instrumentation CAN / TINE Server (interface exists)
Radiation interlock CAN / TINE Server (interface exists)
Synchrotron radiation beam lines Adapter (adapter to be developed)
and insertion devices
Pre-accelerators Adapter (adapter exists)

Table 3.11.1: Integration paths for technical subsystems (for details see Sec. 3.11.3)

3.11.2.3 Operation model and distribution of responsibilities

Traditionally, most control systems had a very strict separation between the control system
and the underlying front-end electronics. However, following the trend by which analog
electronics are increasingly replaced by programmable digital electronics or high-level pro-
cessors running powerful operating systems, we see that the engineer provides more and
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3.11. General Control System 153

more often not only front-end electronics, but also front-end device server software and
hardware. A similar situation exists when accelerator physicists provide either algorithms
for the beam control or even application programs.
To avoid an un-maintainable fragmentation of the control system between the various hard-
ware and software platforms as well as programming languages and styles the control sys-
tem group will define and maintain a restricted set of standards to be followed. The control
system group will help and guide the programmers and engineers with the goal of a clean
implementation and consistent usage of the standards.
The responsibilities of the control system group will include in any case the computer net-
works, the core software such as the software bus, application programmer interfaces (API),
generators, templates and adapters, the fieldbus interfaces and drivers, the overall system
integration and administration, the code repository and other common services. Further, the
control system group offers to provide the client applications. For engineers, who implement
only the front-end electronics hardware the control system group will provide in addition the
corresponding front-end device server applications and the server hardware.

3.11.2.4 Conventions, supported platforms and programming languages

Uniform naming conventions will be enforced. The data attached to server specific proper-
ties as well as the methods must be defined and named in an intuitive and human readable
format. Every server application must consistently maintain the complete set of stock or
default properties of the control system such as engineering units or minimum / maximum
limits.
It is important to maintain a clear separation between the tasks to be performed by the client
and the server applications. Console client applications should support visualization and
user initiated requests, while the data conversion and device-specific logic is encapsulated in
the front-end device servers. Automated procedures spanning devices on multiple front-end
device servers should be implemented by the advanced server applications in the integration
tier. Examples are multi-step sequencing, parameter archiving, alarm handling etc. Excep-
tion handling in reaction to software or system errors must be performed in a consistent way.
Well-designed and user-friendly graphical client applications make extensive use of the
graphical features of the underlying run-time environment. These so-called rich clients are
in contrast to the so-called thin clients usually implemented at present as dynamic Web pages
executed with greatly reduced performance by a Web browser. Rich client applications are
proposed to be the standard human-machine interface. However, accessing the general con-
trol system via the Web by viewing for example certain task specific maintenance pages will
also be supported.

The ability to visualize the PETRA III operation across all platforms while keeping a uniform
look-and-feel for the users is very important. The graphical user interface ACOP (Acceler-
ator Component Oriented Programming) originally developed for the HERA control system
offers an intuitive interface for accessing front-end devices as well as a graphics package
for data presentation and online data analyses. Java is proposed as platform independent
language for graphical client applications. Desktop PCs running Windows or Linux are well
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154 3. The Storage Ring

suited to host the corresponding virtual machine.
Advanced server applications (VisualBasic, Java, C, C++ or scientific computing software
such as MATLAB) and device server applications (VisualBasic, Java, C, C++ or laboratory
automation software such as LabView or Agilent Vee) must run with high availability. The
corresponding computers (Windows, Linux) should be rack-mounted, remotely controllable,
well cabled and efficiently air-cooled requiring more reliable computer hardware than mass-
market desktop PCs. Crate-hosted computer hardware (cPCI with Windows, VME with
Linux or VxWorks) can be chosen in combination with dedicated measurement or fieldbus
boards. Boards packed in plug-in modules and housed in crates are superior compared to
boards with PC card design, since, for example, hardware changes are facilitated.
For embedded systems, dedicated versions of Windows or Linux with reduced features are
available. The software development (VisualBasic, C) can be performed on desktop PCs if
the hardware of the embedded system is carefully selected.

3.11.2.5 Tools and services

Integrated development environments enable creation of optimized graphical human-machine
interfaces and efficient online debugging. VisualStudio has demonstrated its strength for
C++ and VisualBasic. For Java, a handful of tools (Eclipse, NetBeans etc) are available
and rapidly improving in their capabilities. The application programmers will decide on a
preferred development environment. Reusable operation specific graphical software compo-
nents must be written for general use.
Software wizards will be provided for generation of server application skeletons fully inte-
grated into the control system. Wizards will also be available for the configuration of simple
graphical application clients for data presentation, e.g. for urgent troubleshooting or dedi-
cated measurement series. These skeletons are especially useful for engineers and physicists
who are not experts in the controls programming.

The DESY proprietary fieldbus technology SEDAC will continue to be used at PETRA III
for many existing systems. The control system group maintains the necessary interface and
driver software for Windows, Linux and VxWorks. The controls group will also support a
limited number of industrial fieldbusses, definitely including CAN and GPIB.
Experience shows that extensive, but intelligent error logging and parameter archiving is es-
sential for fast fault detection and machine operation at high availability. A central alarm log-
ging facility as well as an archive system for time series and snapshots will be implemented.
The relevant parameters and event triggers will be supplied by the server applications by
feeding the corresponding interfaces of the software bus.

Automation of multi-step procedures is essential for high-efficiency machine operation. A
software tool to load and store parameter set-ups and to execute linear or repetitive automated
sequences will be installed. A supervisory server determines the actual machine state and
issues information about allowed or forbidden actions according to predefined rules.
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3.11. General Control System 155

3.11.2.6 Network and security

A structured, broadband Ethernet network will connect the PETRA III control system com-
puters allowing for high data throughput e.g. for video frames, efficient network adminis-
tration and remote fault diagnosis. A well-configured firewall provides network security by
separating the control system network from the Internet and DESY intranet. Only authorized
hosts will have access to the control system.
TINE communications require open TCP-ports. Therefore, direct remote access from out-
side could be a risk. A VPN (Virtual Private Network) tunnel connection will allow outside
access without this risk.
In addition, user login names are checked against the TINE registry, which keeps the secu-
rity database maintaining the individual permissions. TINE can allow WRITE access only
to specific users, and/or only from specific network, or network addresses.

3.11.2.7 Information services

Various Web-based information services will be provided: documentation pages and tem-
plates, electronic logbook and e-mail based notification in case of errors, virtual white board,
machine operation overview charts etc. In addition, the control system group will be avail-
able for consultation regarding all aspects of the control system.

3.11.2.8 System administration

Many system administration tasks will be necessary for a smooth and reliable operation of
the control system. Examples are user administration, creating computer configurations and
images, preparing new or spare computers prior to installation, operating the file server and
maintaining the code repository, executing updates, supervising running processes etc. The
use of a platform-independent administration tool would ease the tasks. Highly automated
and fast procedures have to be provided to install security patches or for disaster recovery
after major network troubles or mains power blackouts etc.

3.11.3 Technical subsystems and beam control
3.11.3.1 General technical infrastructure

Most of the technical infrastructure (electrical power distribution, cooling water distribution,
pressured-air distribution, ventilation) is supervised by a SCADA-like (Supervisory Control
and Data Acquisition) control system based on EPICS. It is fully operated by the corre-
sponding technical groups. They plan to integrate the operation of the PETRA III technical
installations according to the proven concept of common process visualization, alarm han-
dling and data archiving originally introduced for the HERA operation.
PLCs and other process control equipment communicate via fieldbus (Profibus) and Ether-
net connections with the EPICS servers (IOCs). All equipment and process parameters are
stored in a database (Oracle). From this repository, all local databases of the individual IOCs
and the layout of the operator displays will be generated automatically. All alarm, archive
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156 3. The Storage Ring

and logging data will be stored in the database. To a growing extent Web-based tools to
visualize and analyze on- and offline data are used. It is not planned to duplicate this con-
trol infrastructure within the general control system. The bi-directional interface between
both systems already in use at HERA will be used to allow access to EPICS IOCs. Naming
conventions and object definitions have to be revised or redefined consistently.

3.11.3.2 Technical interlock system and storage ring instrumentation

The technical interlock system proposed by the instrumentation group will report its status
and messages to the central alarm logging facility using the dedicated software bus interface
provided by the control system group. The status of the temperature sensors and switches
for example attached to the water-cooling tubes of the magnets or vacuum tubes with high
synchrotron radiation power absorption are traditionally read and analyzed by SEDAC based
electronics. This infrastructure will remain unchanged at PETRA III. The fieldbus connec-
tion between the front-end electronics of the movable collimators and slit masks and the
corresponding control system device server will be up-graded from SEDAC to CAN tech-
nology by the instrumentation group.

3.11.3.3 Magnet power supplies and magnet current control

The power supply group operates many types of magnet power supplies, which are equipped
with various regulation and control electronics. The interface modules to the control sys-
tem are the power supply controllers (PSC) designed and maintained by the control system
group. The PSCs are equipped with microprocessors and provide many features. Examples
are internal or synchronous current ramping, data recording using internal transient recorder
channels and passing status information from and commands to the power supply electron-
ics. The PSCs communicate with the control system via the SEDAC fieldbus system. The
SEDAC equipment used for magnet control is the largest and most complicated fraction of
the total installed SEDAC electronics. Due to the aging of the electronics involved, lack of
replacement parts, the complexity of the PSC software written in assembler, and the com-
plexity of the entire system, the components belonging to the general control system will
be completely redesigned. Based on a prototype development for the VUV-FEL Linac, a
common modular PSC type will be developed with individual interfaces for the different
magnet power supply types. PSCs will be linked together in small groups interconnected by
the CAN bus and supervised and controlled by a local magnet server with a TINE interface
to the network. These servers will contain local intelligence for alarm processing and ex-
ecuting procedures such as demagnetization cycles. Experience with similar TINE devices
shows that the throughput for simple client commands is well over 100 Hz, so that use of
this path for the slow orbit feedback should not be a problem.

3.11.3.4 RF-system and high voltage power transmitters

The technical control and data acquisition system as well as the technical interlock system of
the RF equipment will be completely redone by the corresponding RF group also maintaining
the RF server. The server will be the interface to the general control system and will be fully
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3.11. General Control System 157

integrated. The slow-control and fast data acquisition of the high voltage power transmitters
is realized by EPICS IOCs. Status information of the transmitters is vital for an efficient
operation of the storage ring and in particular the RF system. Therefore, the EPICs IOCs of
the power transmitters will also be fully integrated into the general control systems and its
services such as alarming or parameter archiving. The biggest challenge will be the handling
of the data generated by the extended RF data acquisition system. Transient recorders will
permanently digitize more than 200 data channels (12-bit resolution, 10 MHz sampling rate
and 16 million samples storage depth per channel). Conceptual details such as central or
local archiving, reasonable trigger and filter conditions as well as resulting network load and
storage capacity etc have to be worked out.

3.11.3.5 Vacuum system

The front-end electronics of the vacuum system is traditionally based on SEDAC modules
and maintained by the vacuum group. Getter pump and total pressure gauge readings or oper-
ator requests to close or open valves etc are transmitted through the SEDAC fieldbus system
from the control system to the electronic modules and vice versa. Front-end microprocessor
boards designed in SEDAC technology handle emergency situations requiring fast response
such as unexpected pressure rise. Auxiliary pump stations are operated in local mode and
modern mass spectrometers are interfaced with laptop computers. Both types of devices are
presently not remotely accessible via the control system. The client and server applications
of the control system are maintained by the control system group and provide data visual-
ization, midterm archiving and operator interventions tools, database handling and special
interlock features.
It is not planned to change the SEDAC based vacuum system electronics. However, the
capabilities to integrate and control remotely pump stations, mass spectrometers or other
commercial available equipment with standardized computer interfaces will be provided.

3.11.3.6 Injection elements

The electronics to remotely control and trigger the PETRA III injection elements is real-
ized in SEDAC technology and maintained by the corresponding technical group. Various
modules to define gates, to transmit high voltage set-values, to de-multiplex trigger signals
delivered by fiber-optic cables etc are used. It is not planned to exchange this equipment.
Slow-control of the injection elements is provided by a server application maintained by the
control system group.
On the other hand, the group in charge of injection elements provides equipment based on
oscilloscopes to digitize measured current pulses of the kicker and septa magnets. The os-
cilloscopes are locally read out via GPIB. All measured traces are stored by a server running
a LabView application and visualized by a corresponding LabView client application. The
corresponding technical group will no longer maintain these LabView applications. It is pro-
posed to redo, integrate and maintain server and client applications by the control system
group.
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158 3. The Storage Ring

3.11.3.7 Timing and synchronization system

The central elements of the timing and synchronization system are the cycle generator and
the trigger generator. The cycle generator specifies and controls the transfer of electrons or
positrons from DESY II to its clients. The trigger generator controls the number of bunches
transported to the declared target RF buckets in DORIS and PETRA.
The beam control group operates the cycle generator and the trigger generator. The control
system group is responsible for the server application and the interface to the timing and
synchronization system and for the client applications of the operators. Software changes
are expected in particular with the proposed top-up filling mode. The measured traces of the
digital scopes used to verify the timing conditions and bunch fill patterns will be captured
and distributed via the general control system.

3.11.3.8 Control of beam parameters

Multi-bunch feedback and tune control for the electron machines at DESY is performed by
custom DSP (Digital Signal Processing) cards built by the beam control group and interfaced
to the control system as bus cards in PCs using TINE for network communications. The sys-
tem for PETRA III will continue this line of development.
Orbit stabilization feedback will be shared between two systems. A fast feedback system
will control oscillations about the mean orbit in the frequency range from several Hz to sev-
eral hundred Hz. This is the responsibility of the beam control group and will use special
connections to position monitors and fast correctors which bypass the Ethernet based com-
munications, and, as for the multi-bunch feedback, use the control system only for a top level
interface. The slow orbit feedback, in the range several Hz and below, will have access to the
full set of position monitors and correctors via the standard fieldbus or fast Ethernet paths.
A single central computer will be responsible for orbit control calculations and for sending
the corresponding commands to the correctors.
For machine physics studies, experience at HERA has been that the many of the required
software tools require more flexibility than can be provided with hard-coded applications,
and that it is preferable that the machine physicists construct their own programs using an in-
teractive environment such as MATLAB. The controls group has been responsible for main-
taining the TINE-MATLAB interface, and the physicists for the applications; we expect this
arrangement to continue. The controls group will also supply some simpler tools, such as
generic programs for stepping set-values and displaying and recording the resulting beam
behavior.

3.11.3.9 Beam diagnostics

The beam diagnostics group provides the measurement systems for transverse beam posi-
tions, beam current as well as transverse and longitudinal beam sizes. In most cases, the
diagnostics experts will also maintain the corresponding device servers.
It is planned to avoid long-distance transmission of video sequences via cables to the end
users. Instead, it is proposed to distribute the video frames via the control system network as
an integrated software bus service. TINE is able to handle in multi-cast mode captured video
data with a rate of 4.5 MBytes/s.
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3.12. Power Supplies and Cables 159

3.12 Power Supplies and Cables

3.12.1 Magnet power supplies and cables
3.12.1.1 Magnet power supplies

Experimental Hall Section

• Dipole Magnets
The power supply for the 18 dipole magnets in the new octant of PETRA will be
located in PETRA-hall Northeast. The magnets will be fed by a SCR power supply
with 750 V/650 A.

• Quadrupole Magnets
The quadrupole magnets will be fed by power supplies that are located between the
tunnel and the wall of the experimental hall. For the individual control of the quadru-
pole magnets, a total of 90 power supplies will be installed. Each of them provides
a current of 200 A and a maximum voltage of 40 V. These devices are fed by nine
pre-rectifiers with 130 V/2300 A.

• Correction Magnets
For operation of the 150 correction magnets the same number of power supplies is
needed with an individual power of 0.5 kW. They will be placed between the tunnel
and the wall of the experimental hall.

7/8 PETRA

• Dipole Magnets
The 194 dipole magnets in the remaining 7/8 of PETRA will be fed by a single current
circuit. For this purpose, a SCR power supply with 600 V/600 A is required that is
installed in PETRA-hall Northeast. By that means, the transformers and oil pits of the
former dipole power supply of PETRA II can be further used.

• Quadrupole Magnets
For the two serial quadrupole loops in the remaining 7/8 of PETRA III, two SCR power
supplies with 450 V/550 A will be installed. The quadrupole magnets, which are com-
bined in 24 groups with 7 magnets each, 24 power supplies with 100 V/550 A are
needed. These power supplies are fed by six pre-rectifiers with 130 V/2300 A, to be
installed in PETRA-hall Northeast
For the control of the individual quadrupole magnets near the experimental hall, eight
power supplies with 20 V/550 A will be installed in PETRA-hall Northeast and eight
power supplies with 20 V/550 A will be installed in PETRA-hall East. The power sup-
plies in PETRA-hall East are fed by one pre-rectifier with 30 V/2300 A. The six power
supplies with 20 V/550 A for the six quadrupole magnets near PETRA-hall South will
be located in PETRA-hall South left. These power supplies are fed by one pre-rectifier
with 30 V/2300 A.
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160 3. The Storage Ring

• Sextupole Magnets
For the power supply of the sextupole magnets, 4 SCR devices with 300 V/400 A are
sufficient. These will be installed in hall Northeast as well.

• Correction Magnets
The 200 power supplies (0.5 kW) for the correction magnets of the remaining 7/8 of
the PETRA ring will be distributed amongst the PETRA halls, as for the operation of
PETRA II.

An overview about the various power supplies and their planned location is given in Tab. 3.12.1
and 3.12.2.

3.12.1.2 Cabling

Experimental-Hall Section

• Dipole Magnets
For the cabling of the dipole magnets in the experimental-hall section, cables with a
cross section of 240 mm2 will be used. This cable will be guided directly from the hall
Northeast to the series of dipole magnets and back again.

• Quadrupole Magnets
For the supply of the quadrupole magnets, cables with a minimum cross section of
70 mm2 are required. They will be guided through cable trenches with a cross section
of 300 mm× 150 mm underneath the shielding wall to the magnets.

• Correction Magnets
The correction magnets will be connected to their power supplies with cables of type
NYM-J or similar. They will be guided along the same way as the cables for the
quadrupole magnets.

7/8 PETRA

For the supply of the remaining 7/8 of PETRA III, aluminum power rails will be used that
are already installed in the tunnel along the whole PETRA ring parallel to the accelerator.
They have a cross section of 1000 mm2. Due to space limitations the lower layer will be
dismounted and mounted beneath the tunnel ceiling. Along the experimental-hall section, the
aluminum power rails are replaced by corresponding cables from hall East to hall Northeast.

• Dipole Magnets
The dipole magnets will be connected with cables of 240 mm2 total cross section,
running from the power supplies to the power rails.

• Quadrupole Magnets
In a similar way the quadrupole magnets are connected with a cable cross section of
120 mm2.
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3.12. Power Supplies and Cables 161

Type Voltage (V) Current (A) Power (kW) Quantity
Pre-rectifier 130 2300 300 10
Pre-rectifier 30 2300 70 3
SCR power supply 750 650 450 3
SCR power supply 350 550 180 7
power supply 100 550 48 30
power supply 40 200 7 100
power supply 20 550 12 24
Correction power supply 20 15 0.5 360

Table 3.12.1: Power supplies required for PETRA III including backup devices.

• Sextupole Magnets
For each of the four circuits that are connecting the sextupole magnets, one cable with
a cross section of 185 mm2 will be used. It will be laid in the same way as for the
dipole and quadrupole magnets.

• Correction Magnets
In the same way as in the experimental-hall section, the correction magnets are con-
nected with NYM-J cables. Compared to PETRA II, the cable path remains unchanged.
The cables are guided from the PETRA halls into the tunnels. Running along the plank
beds, that are mounted above the power rails, they are guided to the correction mag-
nets.

type chrst. magnet no. location no. of magnet
magnets location

SCR power supply 750V/650A B 1 Hall North-East 18 Exp. hall

SCR power supply 600V/600A B 1 Hall North-East 196 loop circuit

Power Supply 40V/200A QD1 9 Exp. hall 9 Exp. hall

Power Supply 40V/200A QF1 9 Exp. hall 9 Exp. hall

Power Supply 40V/200A QD3 9 Exp. hall 9 Exp. hall

Power Supply 40V/200A QD4 9 Exp. hall 9 Exp. hall

Power Supply 40V/200A QF5 9 Exp. hall 9 Exp. hall

Power Supply 40V/200A QF5 9 Exp. hall 9 Exp. hall

Power Supply 40V/200A QD4 9 Exp. hall 9 Exp. hall

Power Supply 40V/200A QD3 9 Exp. hall 9 Exp. hall

Power Supply 40V/200A QF2 9 Exp. hall 9 Exp. hall

Power Supply 40V/200A QD1 9 Exp. hall 9 Exp. hall
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162 3. The Storage Ring

Pre-rectifier 130V/2300A - 4 Exp. hall - -

Power Supply 20V/550A Q1KL 1 Hall North-East 1 North-Northeast

Power Supply 20V/550A Q2KL 1 Hall North-East 1 North-Northeast

Power Supply 20V/550A Q3KL 1 Hall North-East 1 North-Northeast

Power Supply 20V/550A Q4KL 1 Hall North-East 1 North-Northeast

Power Supply 20V/550A Q1KR 1 Hall North-East 1 North-Northeast

Power Supply 20V/550A Q2KR 1 Hall North-East 1 North-Northeast

Power Supply 20V/550A Q3KR 1 Hall North-East 1 North-Northeast

Power Supply 20V/550A Q4KR 1 Hall North-East 1 North-Northeast

Power Supply 20V/550A Q5NL 1 Hall East 1 East-Southeast

Power Supply 20V/550A Q6NL 1 Hall East 1 East-Southeast

Power Supply 20V/550A Q7NL 1 Hall East 1 East-Southeast

Power Supply 20V/550A Q8NL 1 Hall East 1 East-Southeast

Power Supply 20V/550A Q9NL 1 Hall East 1 East-Southeast

Power Supply 20V/550A Q10NL 1 Hall East 1 East-Southeast

Pre-rectifier 30V/2300A - 1 Hall East - -

Power Supply 100V/550A Q0K 1 Hall North-East 4 loop circuit

Power Supply 60V/550A Q1K 1 Hall North-East 5 loop circuit

Power Supply 60V/550A Q2K 1 Hall North-East 5 loop circuit

Power Supply 60V/550A Q3K 1 Hall North-East 5 loop circuit

Power Supply 60V/550A Q4K 1 Hall North-East 5 loop circuit

Power Supply 60V/550A Q5K 1 Hall North-East 7 loop circuit

Power Supply 80V/550A Q0A 1 Hall North-East 7 loop circuit

Power Supply 80V/550A QK1 1 Hall North-East 7 loop circuit

Power Supply 60V/550A Q2A 1 Hall North-East 7 loop circuit

Power Supply 60V/550A QK3 1 Hall North-East 7 loop circuit

Power Supply 60V/550A Q4A 1 Hall North-East 7 loop circuit

SCR power supply 350V/550A QD 1 Hall North-East 63 loop circuit

SCR power supply 350V/550A QF 1 Hall North-East 63 loop circuit

Power Supply 60V/550A Q3 1 Hall North-East 7 loop circuit

Power Supply 80V/550A Q2B 1 Hall North-East 7 loop circuit

Power Supply 80V/550A Q1 1 Hall North-East 7 loop circuit

Power Supply 80V/550A Q0B 1 Hall North-East 7 loop circuit

Power Supply 80V/550A Q9N 1 Hall North-East 6 loop circuit

Power Supply 80V/550A Q8N 1 Hall North-East 6 loop circuit
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3.12. Power Supplies and Cables 163

Power Supply 80V/550A Q7N 1 Hall North-East 6 loop circuit

Power Supply 60V/550A Q6N 1 Hall North-East 6 loop circuit

Power Supply 60V/550A Q5N 1 Hall North-East 6 loop circuit

Power Supply 60V/550A Q4N 1 Hall North-East 8 loop circuit

Power Supply 60V/550A Q3N 1 Hall North-East 8 loop circuit

Power Supply 60V/550A Q2N 1 Hall North-East 8 loop circuit

Power Supply 60V/550A Q1N 1 Hall North-East 8 loop circuit

Power Supply 60V/550A Q0N 1 Hall North-East 3 loop circuit

Power Supply 60V/550A QG 1 Hall North-East 2 loop circuit

Pre-rectifier 130V/2300A - 5 Hall North-East - -

Power Supply 20V/550A - 6 Hall South 1 at Hall South

Pre-rectifier 30V/2300A - 1 Hall South - at Hall South

SCR power supply 300V/400A S1 1 Hall North-East 35 loop circuit

SCR power supply 300V/400A S2 1 Hall North-East 35 loop circuit

SCR power supply 300V/400A S3 1 Hall North-East 35 loop circuit

SCR power supply 300V/400A S4 1 Hall North-East 35 loop circuit

Corrector 20V/10A - 200 PETRA-Halls 200 7/8

Corrector 20V/10A - 60 Exp. hall 60 Exp. hall

Backleg 10V/15A - 18 Exp. hall 18 Exp. hall

Fast corrector 20V/10A - 70 Exp. hall 70 Exp. hall

Table 3.12.2: Overview of the power supplies for PETRA III in-
cluding their location.

3.12.1.3 Redundance

For operation with high efficiency , sufficiently high reliability and fast failure handling are
required. This will be achieved by having spare units in standby mode. For each group of ten
active chopper supplies one spare will be available. One extra SCR will serve as a spare for
the seven SCR power supplies. The interlock and permits for the ten units will be combined
and fed to the spare power supply. Hence no further cabling for these signals will be neces-
sary. The magnet circuits are equipped with quick connectors. The faulty unit can then be
repaired or replaced without disturbing operation. These measures will ensure that operation
is interrupted for less than one hour.
Due to their high reliability, the power supplies for the correction magnets are not included
in this redundancy concept.
The accelerator availability could be further increased by equipping the power supplies with
additional switches. This enables power supply exchange to be automated from the control
room. The down time could then be reduced to some 15 minutes in about 80 % of the trips.
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164 3. The Storage Ring

Calculation on MeanTime Between Failure (MTBF) The mean time between failure
(MTBF) is known from the experience with the power supplies acquired during recent years.

MTBF per chopper power supply 30000 h
Number of devices 152
MTTF for all devices 30000 h/152 = 197 h

MTBF per correction power supply 400000 h
Number of devices 360
MTTF for all devices 400000 h/360 = 1111 h

MTBF per thyristor power supply 20000 h
Number of devices 8
MTTF for all devices 20000 h/8 = 2500 h

MTTF for all power supplies:
1/(152/30000 h + 360/400000 h + 8/20000 h) = 157 h

From these considerations one derives a mean time between failure of 157 h = 6.5 days.

3.12.1.4 Accuracy

Different parameters define the accuracy of the power supplies. These are the absolute ac-
curacy, repeatability, stability and the voltage and current ripple. The current settings of the
power supplies will be stored in a file system. The final values are found by optimization by
the operator. The repeatability has to be high to reach the required set value again.
The stability is defined as short term stability being less than 1 hour and the long term sta-
bility in the range from 1 hour to months. The factors determining the stabilities are e.g.
aging of components, temperature variation or fluctuation in the mains feed. In general the
short term stability is a factor of 10 better than the long term stability. The relative stability
and reliability ∆I/IN with IN the nominal current and ∆I the current variation of the power
supply is given in Tab. 3.12.3.

Main magnets Steering magnets
Repeatability < 10−4 < 5× 10−4

Long term stability < 10−4 < 5× 10−4

Short term stability < 10−5 < 5× 10−5

Table 3.12.3: Accuracy of magnet power supplies.
.

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



3.12. Power Supplies and Cables 165

The current ripple depends on the voltage ripple of the power supply, the inductance of the
magnet and the frequency spectrum of the power supply. It is given by:

I = U × 1

jωL+R
(3.12.1)

Iripple

Inominal

≈ Uripple

Unominal

× R

ωL
(3.12.2)

with ω = 2πf , f being the frequency of the ripple and L the inductance of the magnet. In
the following we assume pessimistically that the DC resistance R of the different magnet
circuits is 1 Ω.

SCR power supplies The current is controlled with a resolution of 16 bit. The typical
frequency of the SCR power supplies is 600 Hz. The voltage ripple of the power supplies is
specified to be Uripple/Unominal < 0.01. The required relative ripple amplitude for the dipole
is < 1 × 10−5. With Ldipole = 0.8H the relative ripple amplitude becomes 3.3 × 10−6. The
required relative ripple amplitude for the quadrupole is < 5× 10−5. With Lquad = 0.1H the
relative ripple amplitude becomes 2.6× 10−5.

Chopper power supplies The resolution of the reference current is 16 bit. The typical
frequency of the chopper power supplies is higher than 16 kHz. The voltage ripple of the
power supplies is specified to be less than 5 % of the output voltage. The required relative
ripple amplitude for the quadrupole is < 5 × 10−5. With Lquad = 0.1H the relative ripple
amplitude becomes 5× 10−6.

Correction power supplies The current is controlled with a resolution of 16 bit. The
typical frequency of the steerer power supplies is higher than 16 kHz. The voltage ripple
of the power supplies is specified to be less than 5 % of the output voltage. The required
relative ripple amplitude for the steerer is < 5× 10−5. With Lquad = 0.5H the relative ripple
amplitude becomes 1× 10−6.
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166 3. The Storage Ring

3.12.2 HVDC transmitter power supply and klystron protection

3.12.2.1 PETRA II status

Two rectifying units exist to power the two double transmitter installations in PETRA II. One
unit in hall south/left (building 42a) and the other in hall south/right (building 42b). The DC
output power of each installation is 2.1 MW (58 kV DC / 36 A DC). Much of the equipment
is over 25 years old and no longer state of the art. An uncontrolled rectifier is driven by
a tap changing transformer set. The output voltage is determined by the preselected tap
winding but cannot be regulated quickly in the case of load variations or system voltage
dips. The tapping switch of the transformer is no longer commercially available and needs
intensive maintenance. Control equipment and monitoring are obsolete and susceptible to
malfunction. Klystron protection is carried out by triggered spark gaps, which are out-dated
and not reliable. The medium high voltage switchgear is state of the art. It has been renewed
in 2002 and will stay in operation for PETRA III.

3.12.2.2 PETRA III design

It is necessary to build two new identical high voltage direct current (HVDC) power supplies
to feed the RF system for PETRA III. Their design is based upon the specification of the
high power klystrons, in particular that they operate at 75 kV and 18 A DC. This results in
2.7 MW of DC power to feed a double transmitter installation. Some flexibility is needed to
carry out e.g. klystron tests so we intend to provide an additional power margin of 10 per
cent. This results in the required DC output power of 3.0 MW for one HVDC power supply.
Similar power supplies are in operation and have yielded good experience. Existing high
reliable components will be reused. A schematic of the HVDC transmitter power supply and
klystron protection is shown in Fig. 3.12.1 .

Medium High Voltage Switchgear The medium high voltage switchgear consists of one
passive incoming feeder panel and three outgoing feeder panels, which are equipped with
vacuum circuit breakers. Two outgoing feeder panels are provided to supply each of the
HVDC transmitter power supplies south/left and south/right. The third feeder panel is for
back up purposes. The incoming supply is accomplished as a dead-end feeder from main
switchgear station A. It is not planned to establish a redundant feed in. The switchgear is
assembled inside a separate substation next to building 42b. Inside this substation addi-
tional space is provided to extend the switchgear. Up to two additional feeder panels can be
mounted.

HVDC Power Supplies One thyristor controlled HVDC power supply is provided to power
each of the double transmitters. The concept is based on the so-called “star point controller”
in an intermediate voltage circuit. The thyristor controllers are fed by a medium high volt-
age transformer set. Continuous regulation of the output voltage is realized by phase angle
control of the intermediate voltage ( < 1000 V AC ). The controlled voltage is transfered to
the high voltage transformer set and subsequently converted by diode rectifiers.
Smoothing of the DC output voltage is accomplished by a passive RLC filter. The smoothing
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3.12. Power Supplies and Cables 167

inductance is connected to the DC current star point of the thyristor controller. The induc-
tance is housed in a cabinet located next to the thyristor controller. The RC filter is at high
voltage DC level. Therefore it has to be installed inside the modulator room of the trans-
mitter building. All components at voltages < 1000 V AC (thyristor controller, smoothing
inductance, control electronics) will be mounted in cabinets for indoor installation. These
cabinets will be arranged within an extended area of the transmitter building. All air insu-
lated components at high voltage DC level will be installed inside the modulator room. This
room has to be erected inside the transmitter building. All components at voltages > 1000 V
AC (main transformer, HV transformer, HV rectifier) will be located inside oil filled tanks
for outdoor installation. These tanks will be situated outside the transmitter building close
to the modulator room. The main parameters of a HVDC power supply are presented in the
following table:

Main parameters of one HVDC power supply:
main input voltage UAC 10 kV
main input power SAC 4 MVA
max. DC output voltage UDCmax 80 kV
max. DC output current IDCmax 38 A
max. DC output power PDCmax 3,0 MW
nom. DC output voltage UDCn 75 kV
nom. DC output current IDCn 36 A
nom. DC output power PDCn 2,7 MW
control range output voltage 0...80 kV
operating range at transmitter operation 50...80 kV

Klystron Protection High power klystrons are protected against arcing and other failures
(e.g. focus current) by LTT-Crowbars (Light Triggered Thyristor Crowbar). In the case
of malfunction in one of the two klystrons a fast bypass is established by triggering the
thyristors. Thus the energy is limited to an appropriate value.
The technology of LTT-Crowbars has been developed at DESY. It has been in operation suc-
cessfully at the DESY II since May 2003. For the operation at PETRA III the voltage level
of these crowbars has to be increased from the present 50 kV DC up to 80 kV DC. Such
development is under way. The LTT-Crowbar will be installed inside the modulator room.

Modulator room The new modulator room is part of the transmitter building. It serves
as a closed electrical operating room to contain all components at high voltage DC level.
Each of the two existing transmitter will be extended to serve a new modulator room. It is
a significant part of this concept to arrange the outdoor components close to the modulator
room. Thus special high voltage DC cables and appropriate cable sealings are no longer
required. Losses regarding the intermediate voltage cabling (between thyristor controller
and transformer) are reduced. The areas necessary are available and earmarked for extension
of buildings, transformer foundations and oil pits.
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168 3. The Storage Ring

Figure 3.12.1: Schematic representation of HVDC transmitter power supply and klystron protection
(main components).
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3.13. Cooling Systems 169

Figure 3.13.1: Overview of the cooling-water supply at PETRA

3.13 Cooling Systems
The cooling-water of PETRA III is supplied from two locations as sketched in Fig. 3.13.1 :
To cool the Al- and Cu magnet coils a circumferential cooling pipe of cross section dimen-
sion DN 100 is foreseen. Input of the cooling water proceeds from a separate hall near to
PETRA-hall Northeast. The magnets are connected with hoses. A separate distribution pipe
is installed in each octant to cool the dipole-magnet coils. The magnets in the new octant
will be connected to the Cu cooling circuit. The draining of individual components can be
performed with help of a circumferential bilge suction line.
Chilled water for the experimental hall will also be produced in PETRA-hall Northeast.
Cooling generators are hybrid dry-cell coolers with a closed cooling cycle. All cooling cy-
cles are operated with fully demineralized water (conductivity < 1µS/cm).

3.13.1 RF cooling systems
PETRA III contain two RF-systems that are fed by a common cooling water supply. Each
system consists of two klystrons with the corresponding absorbers, circulators and cavities
as sketched in Fig. 3.13.2. The following components of the RF-systems are supplied with
cooling water :

• 4 klystrons (2 in each system), consisting of
collector with ∆p = 2.0 bar, inlet temperature, qe = 38.3◦C, and
4× body with ∆p = 3.0 bar, qe = 28◦C.
Cooling power for each system max. 2700 kW
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170 3. The Storage Ring

• RF-absorber (hall) with ∆p = 4.5 bar, qe = 28◦C.
Cooling power for each system max. 750 kW

• RF-absorber (tunnel) with ∆p = 4.5 bar, qe = 28◦C.
Cooling power for each system max. 700 kW

• Cavities with ∆p = 1.0 bar, qe = 28◦C.
Cooling power for each system max. 1260 kW

• Circulator with ∆p = 3.0 bar, qe = 28◦C.
Cooling power for each system max. 40 kW

1. The cooling of the magnets and the experimental hall is provided from PETRA-hall
Northeast.

2. The cooling of the RF-system is supplied via PETRA-hall South.

The the temperature of the cooling water will be reduced in the cooling towers to 28◦C and
then fed into the cavities and the corresponding absorbers. The return water will be used as
supply water for the klystrons. In this way the amount of water to be delivered is significantly
reduced.

Figure 3.13.2: Scheme of the cooling circuits for the RF-system South
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3.13. Cooling Systems 171

Figure 3.13.3: Scheme of the cooling circuits for the Al - components

Each RF-system is equipped with a circulator. For these devices the supply water line con-
tains an electrically heated buffer tank to keep the water temperature at 30◦C. The supply
water temperature is controlled by a three-way valve.
At PETRA-location South, three hybrid cooling towers with a total power of 5400 kW will

be installed. They will be dimensioned to a wet-bulb temperature of 21.5◦C which allows for
a dry operation up to a temperature of 15.6◦C. In this operation mode, the water consumption
can be reduced by 75 % compared to conventional wet-cooling. In addition, vapor formation
can be almost completely avoided.
For reasons of cost reduction and environmental protection it is intended to operate the cool-
ing water circuit without the addition of anti-freeze. Upon danger of freezing the devices
will be drained automatically.

3.13.2 Magnet cooling systems
In the new octant, magnets with copper coils are used, while the magnets in the remainder
of PETRA still contain aluminum coils. These two different materials necessitate the use of
two separate cooling systems.
For the aluminum components a cooling tower with a cooling power of 1900 kW will be
installed at the PETRA-location Northeast. Its schematic layout is shown in Fig. 3.13.3.
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172 3. The Storage Ring

Figure 3.13.4: Layout of the cooling circuits for the Cu - components

The technical basis is the same as described in the previous section. The device is dimen-
sioned for a wet-bulb temperature of 21.5◦C so that a dry operation is possible up to a tem-
perature of 14.9◦C. At the cooling tower, the water temperature will be initially controlled to
28◦C via the speed of the ventilator. The supply water temperature for the magnet coils will
then be controlled to 30◦C using a 3-way valve.
The copper circuit also cools the rectifiers for the electrical power supplies and the absorbers
at the damping wigglers in the long straight sections. The total cooling power of this system
is 2250 kW. The principle of operation is the same as described above with the supply water
temperature of the magnet coils being controlled to 30◦C ± 0.1◦C . Fig. 3.13.4 shows the
cooling circuits for the copper components.
The return water temperature from the magnets, of up to 60◦C, offers the possibility to use

this waste heat to warm the experimental hall. For that purpose a heat exchanger will be
included in the return water line. If the waste heat is not sufficient, additional hot water from
the central heating system will be fed in.
The heat exchanger can be operated in reverse direction so that the cooling system can be
protected from freezing when the storage ring is not operating.
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3.13. Cooling Systems 173

Figure 3.13.5: Scheme of the cooling of the vacuum chamber.

3.13.3 Vacuum chamber cooling system

The vacuum chambers are made of aluminum and will be supplied from the same cooling
circuit as the aluminum coils. For this purpose a separate distribution pipe is provided in
each octant.
To cool the vacuum chamber a significantly lower pressure is needed compared to that for
the magnets. Therefore pressure reducing valves will be installed at each distribution pipe.
The synchrotron radiation power density in the old seven octants is about 100 W per m. To
avoid deformation the temperature and its gradient across the chamber should vary as little
as possible.
The new vacuum chambers for PETRA III are equipped with cooling tubes on both sides.
This setup maintains thermal stability by the use of a suitable flow rate on the inside and
outside of the chamber with a low amount of cooling water. A similar system is already used
successfully at DORIS. The layout proposed for PETRA III is shown in Fig. 3.13.5.

3.13.4 Air conditioning

3.13.4.1 Air conditioning of the tunnel

For the air conditioning of the tunnel four independent climate-control devices working in
transverse mode are installed. Fresh air is drawn in through a weather protection barrier in
the mixing chamber of the device. Recirculating air can be mixed in upon demand. After
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174 3. The Storage Ring

filtering and temperature adjustment, this air is blown by a ventilating fan through galvanized
steel ducts into the tunnel.
The climate control devices are mounted outside the experimental hall on the southwest side.
Water at a temperatures of 12(16) ◦C (supply / return temperature) and of 50(30) ◦C is used
for cooling and heating respectively. The climate control devices are equipped with fire
shutters to fulfil fire protection requirements. The air conditioning system for the tunnel is
shown schematically in Fig 3.13.6.

Figure 3.13.6: Air conditioning layout for the tunnel

• Temperature control:
To control the air conditioning process each system is equipped with individual di-
rect digital control (DDC) regulation. Temperature regulation is realized as a cascade
control of the intake/interior air. The cascade consists of a guiding regulator and subse-
quent regulators. The guiding regulator adjust the air supply flow in proportion to the
deviation of the temperature in the tunnel. This temperature is defined as the average
value acquired from four sensors. No humidification or drying of the air is foreseen
for the tunnel.

• Technical data
Incoming air flow rate : 4 × 9.000 m3/h = 36.000 m3/h
Used air flow rate : 4 × 9.000 m3/h = 36.000 m3/h
Ratio intake/exhaust air : 0 – 100 % variable
Temperature in the tunnel : 28 ◦C ± 0.1 ◦C

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



3.14. Radiation Safety System 175

3.14 Radiation Safety System

3.14.1 Safety considerations

The shielding of the synchrotron light source is built to ensure total containment of the pri-
mary electrons1 in the storage ring tunnel. The storage ring shielding is designed to ab-
sorb both primary electrons and their secondary radiation. The optical hutch shielding in
turn will block bremsstrahlung and its secondary radiation only. Thus primary electron
losses in optical hutches must be prevented. Therefore the separation of the synchrotron
light/bremsstrahlung from the primary electrons is a key issue of radiation safety. The rele-
vant technical component is the dipole magnet called separation dipole immediately down-
stream of the insertion device. A malfunction e.g. a short of this element has to be considered
for two different operation modes of the storage ring:

a) Stored beam operation:

A field change of approximately 3 % leads to a total loss of the primary beam whereas a
reduction of more than 90 % is necessary to direct primary electrons into the synchrotron
light beam line. So the separation dipole prevents losses of primary electrons into the optical
hutches under stored beam operation.

b) Injection into the storage ring:

If the separation dipole had no magnetic field during injection the primary electron would go
straight into the optical hutch. A system called Safe Injection System is needed to avoid this
problem.
The existing synchrotron light source DORIS III uses a Save Injection System employing
beam shutters: one injection shutter in the transfer line to the storage ring and shutters in
each of the synchrotron light beam lines. During transfer the injection shutter is open and all
synchrotron light shutters are closed. The synchrotron light shutters can only be opened if
the injection shutter is closed.
PETRA III is expected to be operated in top-up mode that means that the synchrotron light
shutters stay open during injection. So a shutter based Safe Injection System cannot be used.
A different system has to be implemented. There are at least two methods to achieve this:
one passive and one active.

The passive solution is a permanent dipole magnet located in the synchrotron light beam
line deflecting all primary particles. Advantages are no maintenance effort and no special
personnel interlock system. Disadvantages are the need for additional space in the syn-
chrotron light beam line and possible degradation of the magnetic field due to radiation.

1In this section the notation “electron” is used for both “electron” and “positron”.
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176 3. The Storage Ring

The active solution is based on the fact that the injected beam cannot travel along a syn-
chrotron beam line while there is stored beam in the machine. It consists of a redundant
beam current monitor system which triggers a dump, if the current drops below a threshold
e.g. 20 % of the nominal value. Although no extra element is required in the beam line dis-
advantages arise from reliability issues, high maintenance effort and the need for a special
personnel interlock system. This solution seems to be the only one for upgrading existing
Synchrotron Light Sources to the top-up mode (Emery & Borland, 1999b; Borland & Emery,
1999; Emery & Borland, 1999a; Luedeke & Munoz, 2002; Sanosian, 2002; Berkvens et al.,
2002; Job, 2002; Casarin et al., 2002).
For PETRA III the passive solution will be chosen. Each synchrotron beam line will be
equipped with a permanent dipole magnet as the Save Injection System. The permanent
magnet fields will be measured once a year to ensure their integrity. Note, that this passive
solution is also sufficient for start-up injection. So the PETRA III personnel interlock system
will be simpler than that of DORIS III.

3.14.2 Basic machine parameters
The main parameters relevant for radiation protection are the electron energy 6 GeV and the
maximum current of 200 mA corresponding to 1013 circulating electrons. An operation time
of 6000 hours per year is assumed. The injector DESY II can deliver 1010 electrons at a rate
of 6 Hz.

3.14.3 Beam loss scenarios
As we have seen above the primary electron beam is contained and therefore lost only inside
the main storage ring tunnel and cannot exit the shielding. In the following, different beam
loss scenarios are discussed.

3.14.3.1 Normal continuous beam loss

The total number of electrons injected per year has to be estimated. Two different modes are
foreseen, the few bunch mode (high bunch charge) with a lifetime of 1 h and the multi bunch
mode (low bunch charge) with a lifetime of 24 h. A simplified assumption of equal operation
time in each mode yields 1013 * 3000h/1h + 1013 * 3000h/24h = 3*1016 lost electrons per
year. If the transfer efficiency is 50 % one finally gets 6*1016 lost electrons per year.
In the worst case scenario, all electrons are considered to be lost within the new octant of
length 300 m (as opposed to being equally distributed around the ring). In order to apply
a simple model, this line source is translated into equivalent point sources. This model
allows a simple calculation of the dose at a given perpendicular distance from the line source
behind the shielding. As a rule of thumb the number of lost electrons over a length of
twice the perpendicular distance to the line source is taken as the strength of the equivalent
point source. This point source is located in the middle of this segment. To calculate the
dose behind the shielding at 2.5 m from the line source a segment length of 5m defines the
equivalent point source with a strength of 1015 electrons per year.
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3.14. Radiation Safety System 177

3.14.3.2 Accidental beam loss

Beam loss events can occur for different reasons namely malfunction of machine compo-
nents or human error. Here two worst case scenarios are described:

a) Start-up injection:

Either there is an obstacle in the electron beam pipe, for instance a closed vacuum valve or a
separation dipole trips and the beam is lost immediately downstream the permanent magnet
inside the tunnel. In both cases no beam can be stored. One may use additional transfers to
diagnose the fault. Suppose this takes an hour then 1010 * 6 Hz * 3600 s = 2*1014 electrons
are lost. So the point source strength is 2*1014 electrons per event.

a) Stored beam:

A separation dipole fails due to a short. The magnetic field decays slowly compared to the
8µs resolution time so the beam gets lost over many turns. Assuming that all the losses occur
in one insertion device the point source strength is 1013 electrons per event.

3.14.4 Shielding calculations

3.14.4.1 Design goal

The experimental hall should be accessible without any restrictions. So the acquired personal
dose of 1 mSv/a may not be exceeded according to the German Regulations for Radiation
Protection. The shielding will designed such that the personal dose will be at least a factor
of two, 0.5 mSv/a, below this limit. The machine is assumed to be operated for 6000 h/a
however as an individual works at most 2000 h/a, the local dose could be 1.5 mSv/a without
exceeding the goal. A beam loss event as described above is expected to occur less than five
times per year. Hence the shielding should restrict the dose to 0.1 mSv per event.

3.14.4.2 Lateral shielding of the Storage Ring

Photons, low energy neutrons and high energy neutrons are the most penetrating secondary
particles produced by the primary electrons. Behind thick shielding high energy neutrons
mainly contribute to the dose. To minimize the space required in the experimental hall the
lateral shielding is made from heavy concrete having an attenuation length of 30 cm for high
energy neutrons. The following doses are calculated at a distance of 3 m from the loss point
behind a 1 m thick heavy concrete wall:
For the beam loss events a target efficiency of 0.1 is applied. This is an empirical value
derived from the comparison of measurements with the simple point model predictions. It
takes into account that a real loss is not point-like but is distributed over a longer section of
the beam pipe.
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178 3. The Storage Ring

Scenario Personal dose Design goal
Pers. dose Local dose

Normal continuous loss 0.3 mSv/a 0.5 mSv/a 1.5 mSv/a
Start-up (Dipole fault) 0.02 mSv/event 0.1 mSv/event
Top-up (Dipole fault) 0.0009 mSv/event 0.1 mSv/event

Table 3.14.1: Comparison of dose estimates with design goals.

The rest of the PETRA III ring is shielded by 4 m of soil equivalent to more than 2 m of
heavy concrete, so it needs not to be considered here.

3.14.4.3 Shielding of an optical hutch

Interaction of the primary electrons with any atom generates bremsstrahlung. Only brems-
strahlung produced in the straight section containing an insertion device can travel along the
beam line. This radiation will interact with any material in its path e.g. mirrors. In the
following estimates are given for electron beam interactions with the residual gas inside the
beam pipe and with its wall.

a) Gas bremsstrahlung:

A 20 m undulator is considered installed in a 61.5 m long drift section at an N2 equivalent
pressure of 5 * 10−10 mbar. The bremsstrahlung from this section as well as the synchrotron
light from the undulator reaches the optics hutch. When the bremsstrahlung interacts with
a mirror neutrons are generated. At a distance of 1 m the dose is estimated to 6 mSv/a. To
remain below the design goal an attenuation by a factor of 4 will be required.

b) Wall bremsstrahlung:

Here a scaling to the TTF-II case (Leuschner, 2002) is given. Scaling based upon beam
power leads to reliable results at least for the neutron yields. A loss of 1016 electrons at
1.6 GeV corresponds to 2.7*1015 electrons in our case. It leads to a neutron dose of 1 Sv at
1 m distance from the mirror. For the scenario of normal continuous loss of 1015 electrons
per year the neutron dose is about 400 mSv/a, therefore, an attenuation by a factor of 250 is
needed.

c) Shielding Requirements for the White Beam:

There are different means to reduce the neutron dose around components located in the
white beam, for instance collimation (Takahashi et al., 2001) and shielding. Using shielding
to attenuate the neutron doses by a factor of 4 to 250 then 20 cm to 70 cm of heavy con-
crete is needed. Here, heavy concrete is an economic compromise between a low-Z material
against neutrons and a high-Z material against scattered electro-magnetic radiation such as
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3.14. Radiation Safety System 179

bremsstrahlung and γ’s. The dose level due to the latter radiation components is not acces-
sible by a simple formula but could be much higher than that of the neutrons. In order to
efficiently use the available space the losses in each beam line will be individual modelled
and a consistent shielding concept will be developed. The optimization will be done using
Monte Carlo codes also giving the dose fields due to the electro-magnetic radiation.
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180 3. The Storage Ring

3.15 The Personal Protection Interlock System

3.15.1 Basic technology
Since DESY started to operate particle accelerators in 1962 a personal protection system
against ionizing radiation exists, consisting of relays and switches. This technology is still
used for the interlock logic for all accelerators. Computers were first connected to the sys-
tem in 1978 at PETRA I, but only to gain status information and to handle the temporary
access procedure from the control room. Here the connection between the door interlock
information and the computer was realized with a separate hardware using the DESY long
distance field bus system SEDAC (SErial Data Acquisition and Control System), which was
developed for the PETRA I control system.
For PETRA III it is planned to replace this system by a new technology developed at DESY.
This new system has been installed in 2003 for the door interlocks of the DESY II/DESY III
tunnels and the Linac 2 and it is in routine use.

The parts of the new personal protection system, relevant for security are built with relays
of a new generation, using forcibly guided contacts which enable a continuous supervision
during operation. In comparison to a PLC (programmable logic controller) the use of wire
connected relays is more transparent especially for interlock tests and maintenance.
Logic units are housed in modules. The main features of the new technology are the modu-
larity and the integration of a computer interface with a CAN-Bus system inside the modules.
Using this technique not only the door interlock (like at PETRA I) will be controlled but also
the interconnections required for the beam permit.

3.15.2 Supervision of relays
One improvement of the security is the supervision of all relay functions. Usually it can only
be detected, whether a relay is active or not. With forcibly guided contacts also a malfunction
can be detected. This makes it possible to have a partial interlock test each time any logic
status changes.
Furthermore all contacts of the relays are housed in separate compartments. So if one contact
is broken no accidental connection to this contact is possible. Also if one normally open
( no ) active contact is burnt no normally closed ( nc ) contact can close and vice versa.
This produces the means to detect a malfunction. At all relays in the interlock system opto
couplers are used to detect the on or off status by measuring the current. The true status of a
relay is determined by surveying one nc contact.

3.15.3 Modules with CAN bus interface
The advantages of computerized control become clear, when the required interface is located
near the surveyed relays and all interfaces are connected by i.e. a field bus like CAN Bus
to concentrate the transport of information. The logic unit modules have all been developed
using the same interface board. Only a few standard modules are required to fulfill many
purposes. The interface board is plugged onto the main board which carries all relays and
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3.15. The Personal Protection Interlock System 181

60V connections. The interface board (see Fig. 3.15.1) consists of two parts: the general
interface with the interlock proprietary electronics, and an industrial CAN Bus controller. If
this industrial controller would become obsolete, only the interface board would have to be
changed to use some other commercial type of controller. Each module has its own CAN
address. Each crate containing the modules has its own CAN Bus repeater. This ensures ease
of maintenance.

Figure 3.15.1: Interface board with plugged CAN Bus controller

3.15.4 The door interlock
Like all other components of the interlock system also the door interlock has two identical
independent logic systems in this case two separate contacts at each door. In addition, the
standard modules for the door interlock (see Fig. 3.15.2) have a third system which registers
the status of a searched area and the locked door. Only this system has to be jumpered to open
the door for a controlled access to a searched area without breaking the interlock. During
this procedure the two door contacts remain active.

3.15.5 Logic for the beam permission
Another standard module was created to serve as a logic unit to process all input signals
required for the beam permit. It consists of eight inputs with supervised relays and an output
matrix with four trees to create logical operands as required for the door interlocks, emer-
gency offs, key boxes, contacts of beamshutters or dumps etc. Additional modules could
be easily accommodated to combine more inputs or have more combinations. Operating
modes and combinations thereof will be handled with similarly constructed modules (see
Fig. 3.15.3)
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182 3. The Storage Ring

Figure 3.15.2: Door interlock module with inserted interface board

3.15.6 Integration of computer tasks

The hardware components responsible for ensuring security and the supervision and control
by the computer are independent. In fact, if the computer were to fail, were to be switched
off or the field bus lines were accidentally cut, then all the security logic would continue to
act in a safe way. The beam permission would be interrupted given the absence of any logic
input signal. On the other hand, it is impossible to set the door interlock or give any beam
permission if the computer hardware is not ready.
The computer module consists of one embedded controller board in PC104 format. The
module includes a CPU (133MHz) with 16 MB memory, Watchdog, EEPROM, flash disc
(96MB), Com ports, Ethernet10/100Base-T, one CAN Bus port and interface for further

Figure 3.15.3: Logic Modules for the Beam Permit: Input module and selection logic module
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3.15. The Personal Protection Interlock System 183

plugged interface boards. Here two isolated double CAN Bus boards and one module with
four isolated RS232 / RS422 (switchable) ports are used. All these boards are combined into
one module with the width of 21 units. (see Fig. 3.15.4)

The operating system is ELinOS , a special Linux OS for embedded systems configurable
e.g. to be booted from flash disc, which is used also for event logging. There are running
several tasks for communication with the control system of the accelerators, the door inter-
lock, permission logic, video controller, p.a. system etc. Not only the door interlock itself
but some components near each door, including displays mounted on the door (e.g. Door
Interlock set , Radiation, Prohibited area), the magnet holding the door shut, warning lamps
etc. will be controlled by the computer. So near each door a box, the CAN Terminal Box
(see Fig. 3.15.5), is installed, which is connected to the computer by the CAN Bus. This bus
may be as long as one km or more.
Using this technique a new beam permission interlock has been developed realizing improv-
ing security by a combination of relays and computer. It is planned to use the new technology

Figure 3.15.4: Computer module with interface boards

Figure 3.15.5: CAN Terminal Box and some internal components
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184 3. The Storage Ring

for the complete interlock system of PETRA III. This includes components of the accelerator
tunnel as well as of the photon beamline experiments and the interconnection to the injecting
accelerator, the synchrotron DESY II. Further development work for the application of the
system at the user controlled experimental areas has to be done.
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3.16. Injector 185

3.16 Injector

3.16.1 Linac 2/PIA upgrade and modifications for PETRA III
3.16.1.1 Description of the components

The Linac 2 is the first accelerator in DESY’s e−/e+ accelerator chain. It delivers either
450 MeV electrons or positrons of about the same energy for the injection into the Positron
Intensity Accumulator (PIA), which is a small storage ring of 28.8 m circumference. The
accelerator is operated with 50 Hz repetition rate and delivers 50 ns, 10 mA, ∆E/E ≈ 1 %
bunch trains with a bunch to bunch distance reflecting the linac’s RF operating frequency
of 2.998 GHz. The electron beam’s time/current structure differs slightly: 20 ns, 50 mA,
∆E/E ≈ 0.27 %

The accelerator consists of a 150 keV electron source and two groups of 5.2 m long acceler-
ator sections separated by the conversion target for positron production. The total length is
approximately 75 m. Many of the components have been renewed during the last years. Part
of the infrastructure is still from the linacs commissioned in the late 1960s.

The injector is based on a thermionic gun with a specially prepared cathode of 28 cm2.
The cathode is heated by electron bombardment (3 kV, 400 mA). The 150 kV gun voltage
is shaped in a pulse forming network. The produced electron beam structure is: 150 keV,
6 A, 30µs long pulses with 50 Hz repetition rate. The gun is then followed by a chopper
/ pre-buncher combination which delivers either 2–3 A (positron mode) or 50 mA (electron
mode) in pulses of a few 10 ns. In 1999 the complete vacuum system has been rebuilt in
order to allow for a quick cathode exchange. All gold wire sealing gaskets were replaced by
standard Conflat type gaskets. Chopper and pre-buncher were renewed. New beam optics
allows for higher electron current transmission from the gun into the first accelerator section.

The accelerator sections are 5.2 m long traveling wave units operated in the 2π/3 mode at
2.998 GHz. The filling time is 0.74µs, the group velocity varies from 3.5 % down to 1.3% of
the speed of light. The typical accelerating gradient is 17 MV/m, corresponding to 100 MW
after SLED pulse compression. The first group of accelerator sections consists of 5 units and
delivers up to 450 MeV for positron production. The second group of sections has 5 plus 2
units. The additional two are used to optimize the beam energy by opposed phase detuning.
Between 1999 and 2003 all 12 sections were replaced using a new design in which the water-
cooling tubes have no soldered connections inside the vacuum anymore. The structures were
designed, built and commissioned at DESY. The production was successful so that the tech-
nology could be transferred to industry. Identical accelerator sections are now used at other
accelerators.

Each accelerator section is driven by its own klystron (type Thales TV 2002 DoD) and modu-
lator. The typical klystron lifetime of 25,000 hours together with the operation time per year
leads to a replacement of approximately 4 klystrons per year. The driving RF modulators
were all renewed between 2001 and 2003. They got a complete new wiring, new charging
power supplies, and new controls. Beside the housing the pulse forming network was kept.

The positron conversion between accelerator sections 5 and 6 is based on a 7 mm thick Tung-
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186 3. The Storage Ring

sten target which is followed by a 1.8 T solenoid (3 kA, 10µs, 50 Hz, water cooled). Two
targets are available without replacing the converter unit.
Each of the two targets is 17 mm in diameter and has a 5 mm orifice for e− operation, i.e. the
electrons are passing the conversion target without hitting it, using steering coils. Although
no problem occurred during the last 8 years, the target unit was replaced together with the
neighboring accelerator sections in 2003.

The Positron Intensity Accumulator PIA is operated at 450 MeV energy and accumulates
typically 1010 positrons for the injection into the DESY II storage ring. At present the
ejection takes place with either 6.25 Hz (DORIS mode) or half that frequency, i.e. 3.125 Hz
(PETRA mode). The Linac 2 delivers 20 ns long bunch trains.
In PIA a 10.4 MHz as well as a 125 MHz is used to produce the bunch time structure needed
for the injection into DESY II. The 10.4 MHz RF system was replaced beginning of 2001
and the old transmitter was reconstructed accordingly. The 125 MHz cavity still needs to be
replaced by the new one which was commissioned independent of the PIA operation in fall
2003. Installation is expected for the next shutdown.

3.16.1.2 Required modifications

Until today the Linac 2 as well as PIA are used to produce beam for either DORIS, PETRA,
or HERA. The required operation time per day is of the order of hours. The consequence is
that simple repair or needed maintenance can often be done between two subsequent runs.
Water leaks or aged cables can be replaced whenever needed. For the planned top-up opera-
tion of PETRA III a careful check of all components is required. In the following a complete
list of action items is given.

The electron gun needs either a renewal of the modulator or a complete new design. The
modifications of the modulator will be similar to the reconstruction of the modulators driv-
ing the accelerator section.

The alternative is a completely new design. A motivation to consider this is the fact that the
ceramic used for the 150 kV isolation separates the beam line vacuum from the oil surround-
ing all the back parts of the gun. At present a study is under preparation which compares the
used gun with the much more common triode design. The effort for the modulator modifi-
cations is well known. A new gun design requires additional resources in terms of FTE and
money. Some spare accelerator sections are needed. They must be conditioned and stored
under vacuum in order to allow for a quick exchange. Four of these sections are underway.
During the operation of the modulators the lifetime of the thyratrons as well as their reservoir
voltage needs attention. For PETRA III operation the thyratrons will be replaced by a new
long living type which presently is under test. The adjustment of the thyratron voltage will
be possible without switching off and opening the modulator.

As long as positrons are foreseen for the operation of PETRA III the quick exchange of the
positron converter in case of problems (vacuum or water leak) is a problem. After turning
down the linac, about 4 weeks decay time are needed before technicians can access the
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3.16. Injector 187

components. Therefore it is necessary to design a new conversion target which avoids all
soldering between vacuum and water cooling. The new design could have a non-movable
target inside a ceramic cylinder and the focusing solenoid outside the vacuum system. Local
lead shielding could be part of the converter unit. The risk of vacuum problems would be
clearly reduced. Due to the local shielding the exchange should be possible in a much shorter
time.
Systems like water pump stations, magnet power supplies, magnets, controls must be state
of the art. Spares must be available wherever longer repair time is estimated. This clearly
improves the reliability as well as availability of the Linac 2 and PIA.

3.16.1.3 Needed resources

The resources needed in terms of money and FTE were identified. With an uncertainty of
30 % the Linac 2/PIA modifications need an additional amount of approximately twice the
yearly operations budget. The funding profile is known. With respect to the needed FTE the
assumption is that most of the modifications could be done together or instead of the anyhow
required maintenance and preventions. The re-design of the positron converter and a new
gun / injector design will require additional person power.

3.16.2 DESY II
At present, the DESY II synchrotron accelerates single bunches of positrons or electrons
from an injection energy of 450 MeV to either 4.5 GeV, for transfer to DORIS, or to 7 GeV
for injection into PETRA II and for three internal test beam experiments. The 5 families of
synchrotron magnets are powered using resonant circuits, which cycle at 12.5 Hz and include
regulation hardware to ensure accurate tracking.

The injection frequency finj of DESY II is determined by the accumulation time in the up-
stream intensity accumulator (PIA). Injection nominally takes place at 6.25 Hz in DORIS
mode or 3.125 Hz in PETRA mode, for which high single bunch intensities (Isb) of up to
3 × 1010 particles per bunch (ppb) are accumulated with a 50 Hz injection rate in PIA. The
flexible timing system would allow the accumulation time in PIA to be shortened to match
the 12.5 Hz repetition frequency of DESY II thus allowing maximally efficient injection into
PETRA III with single bunch intensities in the range of Isb = (1...5)× 109 ppb. Maintaining
the currently used intervals for accumulation in PIA, Isb = (0.1...1.5) × 1010 ppb, finj =
6.25 Hz, and Isb = (0.1...3.5)×1010 ppb with finj = 3.125 Hz may be easily accommodated.

Within a measurement accuracy of a few percent, the injection and extraction efficiencies
into and from DESY II are ∼ 100 %. Transmission through DESY II typically exceeds 90 %.

The theoretical horizontal beam emittance at extraction from DESY II is presently 860 nmrad
at 7 GeV for PETRA II and is 325 nmrad at an extraction energy of 6 GeV for PETRA III.
The reduction in emittance results from the lower energy and deactivation of the presently
used frequency modulation, which is used at the expense of increased horizontal emittance
to detune the cavities to compensate for beam loading at high beam currents. While not
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188 3. The Storage Ring

considered in the design concept for PETRA III, further reductions in emittance might be
achievable using a higher phase advance per cell in DESY II and/or by retuning the cavities
and invoking a frequency shift during the acceleration cycle. The implications of these op-
tions are under study.

The high level of performance in terms of delivered beam and reliability of the DESY II
synchrotron is the result of continual refurbishment and modernization of the accelerator
subsystems. The
DESY II and DESY III synchrotrons contribute only a few percent of the overall down time
of the existing accelerator facilities (including HERA). In the future, to assist in identify-
ing potential weaknesses, software improvements will be made to detect out-of-tolerance
hardware errors and to better automate logging of component failures. Also the RF cavity
control systems will be modernized and the 10 kV power transformer station will be renewed.
Prior to commissioning of PETRA III, the sections of the vacuum chambers common to the
DESY II and DESY III accelerators will be separated to decouple the two subsystems.

To ensure reliable and optimum performance of DESY II over the first decade of PETRA III
operation, three major upgrades have been identified (see Sec. 3.13 and 3.12): renewal of the
water cooling systems, replacement of the RF transmitter power feed systems, and replace-
ment of the main synchrotron magnet power supplies. Smaller improvements foreseen for
the long-term include upgrading of the low voltage switching systems, replacement of the
correction magnet power supplies. Minor improvements aimed at higher reliability of the
RF systems, and the design and construction of a high dynamic range current monitor for
detection of unwanted satellite bunches are planned.

While PETRA III is being commissioned and/or in operation, it is foreseen that DESY II
continues to serve as an injector for DORIS. With PETRA III injecting in top-up mode, the
presently used option of independent setting of the DESY II extraction energy may not be
compatible. In this case, ejection to DORIS will take place during the energy ramp of a
6 GeV PETRA III cycle as has been demonstrated to be feasible in the past.

Preliminary tests of ’top-up’ mode injection, as foreseen for PETRA, have been performed
in DORIS. Automated transfers at fixed bunch current have yielded so far a uniformity in
total current of 0.5 %.
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Chapter 4

Radiation Sources

4.1 Insertion Devices

4.1.1 Introduction
The new octant of PETRA III houses 8 straight sections, each providing space for a 5 m
long insertion device. As discussed in Sec. 3.2.1 several of these straights will be split into
two sections for 2 m long devices with a 5 mrad bent in-between. This scheme of canted
undulators, which feed different experimental beamlines and can be operated independently
from each other, has successfully been installed also at other facilities (Elleaume, 2002;
P. Den Hartog, 2003) in order to enlarge the number of independent undulators within one
straight section. At present, 4 straights are proposed to be equipped with altogether eight 2 m
insertion devices (IDs). Furthermore, a long straight section upstream of the new PETRA III
arc is available to place a 20 m long undulator. In total there will be 13 undulator beamlines in
the new arc. Three different planar hybrid undulators and three special devices are planned,
namely a helical undulator of APPLE2 type, a quasi-periodic undulator and a long device for
the 20 m straight.
The radiation characteristics of undulators and wigglers have been described in detail in nu-
merous publications (e.g. Alferov, Bashmakov & Bessonov, 1974; Walker, 1993; Kim, 1995;
Onuki & Elleaume, 2003). Here, only a few fundamental properties and approximations are
briefly summarized for easier assessment of the proposed insertion devices.
The peak field B0 in a periodic magnet structure with period length λU strongly depends on
the magnetic gap g and can be approximated by (Elleaume, Chavanne & Faatz, 2000)

B0 = a · exp

[
b

(
g

λU

)
+ c

(
g

λU

)2
]

(4.1.1)

with the parameters a, b, c depending on the applied magnet technology (e.g. a= 3.69, b =
−5.07, c=1.52 for hybrid devices with vanadium-permandur pole pieces). The deflection
parameter K is a measure for the interaction strength of the electron beam with the magnetic
field B0 of the insertion device and can be written in practical units as

K = 0.934 · λU [cm] ·B0 [T ]. (4.1.2)
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190 4. Radiation Sources

K/γ describes the maximum deflection angle of the electron, with γ = E/(me·c2). The max-
imum transverse beam excursion for the PETRA III undulators is approximately x0∼2µm.
The wavelength and spectral width of the undulator harmonics n is given by

λn =
λU

2nγ2

(
1 +

K2

2
+ θ2γ2

)
or En[keV ] =

0.95 · n · E [GeV ]2

(1 +K2/2 + θ2γ2)λU [cm]
(4.1.3)

∆λ

λ
=

∆E

E
≈ 1

nN
(4.1.4)

where θ is the observation angle of the radiation and N is the number of undulator periods.
On the other hand, the continuous spectrum of wiggler radiation (K�1) is characterized by
the critical energy

Ec = 0.665 · E [GeV ]2 ·B0 [T ] (4.1.5)

The total radiation power generated by an insertion device with length L is

Ptot [kW ] = 0.633 · E [GeV ]2 ·B0 [T ]2 · L [m] · I [mA] (4.1.6)

The spectral characteristics of undulators is often described by the brilliance, i.e. the flux Fn

within the central cone of the n-th harmonic normalized to the 4-dimensional phase space
volume

Bn =
Fn

4π2σTxσTyσTx′σTy′
(4.1.7)

The flux integrated over the central cone of the n-th harmonics can be written as

Fn [ph/s/0.1%BW ] = 1.43 · 1014 ·N · I [A] ·Qn(K) (4.1.8)

whereQn(K) ranging from 0 to 1 represents a sum over Bessel functions taking into account
the angular characteristics of the emitted radiation.

The quantities σTx and σTx′ denote the total RMS source size and divergence, and are a
convolution of the finite electron beam size (σx, σx′) and the natural photon beam size (σr,
σr′) caused by a single electron.

σTx =
√
σ2

x + σ2
r ; σx =

√
εxβx ; σr =

√
2λL

4π

σTx′ =
√
σ2

x′ + σ2
r′ ; σx′ =

√
εx
βx

; σr′ =

√
λ

2L
(4.1.9)

Different definitions of σr′ and σr as a Gaussian approximation of the line shape function
are used in the literature; the ones used here follow Kim (1995) and others. In low emittance
storage rings, two limiting cases of brilliance usually appear: In the VUV energy regime,
the radiation is mostly diffraction-limited (B → ∼Fn/λ

2) while for higher X-ray energies
the photon beam size is defined by the electron beam emittance (B → ∼Fn/εxεy). Also,
the brilliance definition does not include the energy spread of the electron beam which is
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4.1. Insertion Devices 191

typically in the order of ∼10−3 in a storage ring and may lead to additional broadening
of harmonics, i.e. brilliance degradation, for very long undulators. Apart from the fact
that experimentally only the integrated flux Fn or the angular flux density dFn/dΩ can be
measured, the brilliance describes the figure of merit of a radiation source as it includes
important properties like high flux, small source size and divergence, and small bandwidth.
Depending on the sort of experimental station, the brilliance or the integrated flux through a
certain aperture describe the radiation requirements more appropriate.
All calculations have been done with the codes SPECTRA (Tanaka & Kitamura, 2001) or
SRW (Chubar & Elleaume, 1998) using the nominal operation parameters for PETRA III
(Tab. 3.1.1) and β functions according to Tab. 2.2.2.

Figure 4.1.1: Effect of undulator length and β-function on a) the brilliance of a standard undulator
and b) the partial flux through an aperture of 1×1 mm2 at 40 m source distance.

The electron optics is very flexible in the new arc of PETRA III. The lattice is of Double Bent
Achromat (DBA)-type with one dispersion-free section per cell for installation of undulators
(Sec. 3.2.1). The twiss parameters of each DBA cell can be adjusted in two complementary
settings according to the requirements of the particular experimental station. Fig. 4.1.1 com-
pares brilliance and flux through an aperture of short and long undulators for low and high
β optics at nominal operation parameters. Within 20%, the brilliance is the same for both
optics as it is largely dominated by the electron phase space. The partial flux increase with
undulator length is roughly linear for energies above 20 keV, only towards low energies the
increase is up to a factor ∼3.6, i.e. ∼N1.4, mostly due to the natural divergence σr′ ∼ 1/

√
L

dominating the total vertical divergence. Typical source size values are given in Tab. 2.2.2.

4.1.2 Design and manufacturing issues
The minimum magnetic gap has been deduced from the vertical acceptance of 2.2 mm mrad
intended for the undulator locations. This value corresponds to a minimum vertical inner
half aperture of 3.5 mm equivalent to about 10·σy of the injected beam which has been con-
firmed by tracking calculations (Sec. 3.2.1). Considering 1 mm wall thickness of the vacuum
chamber and allowing for 0.5 mm tolerances, a minimum magnetic gap of 9.5 mm results for
all IDs within the new arc. This value is considered for all the planar hybrid devices. For the
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192 4. Radiation Sources

soft X-ray APPLE2 undulator as a pure permanent magnet device, a minimum gap of 10 mm
has been chosen to provide space for the placement of shims.

Regarding the magnetic field quality, the requirements for the PETRA undulators are stronger
to some extent than those of today’s 3rd generation sources as the expected gain in emittance
has to be preserved in the insertion devices in order to accomplish the expected brilliance.
Tolerance limits for the residual field integrals and the integrated multipole errors of the
undulators can be assumed to be the same as for the dipole magnets around the ring. A spec-
ification for a transverse good-field region has been defined to kx=0.1 in a generalized case
(Sec. 3.2.2) and will be reassessed by tracking calculations in the detailed design phase. The
phase error plays an important role for storage ring undulators as it critically determines the
quality of the higher undulator harmonics. It has to be kept as small as possible to maintain
the spectral purity and intensity of the harmonics which become more and more sensitive to
phase jitter. Today’s state of the art technology achieves values down to a few degrees.

The permanent magnet technology has been very well elaborated in the past. Pure perma-
nent magnet and hybrid devices are equally established, the latter providing slightly higher
fields but requiring more effort in magnetic design and field error correction. While NdFeB
magnets are used in conventional devices for the most part due to their large remanence field,
SmCo material is usually applied where higher radiation exposure otherwise might possibly
lead to a local demagnetization damage, e.g. in small gap in-vacuum undulators.

Sufficient radiation protection of the undulator structures is crucial for a long-term steady
state operation of a user facility as any demagnetization spoils the radiation characteristics
in an undefined way. This is especially important since top-up operation as a key feature
requires injection at closed gap. It is therefore planned to install a dedicated collimator in
the storage ring which adequately confines the injected beam (Sec. 3.2.1).

At present, three different types of planar hybrid devices are considered with two different
lengths together with a quasi-periodic undulator as a modified fourth type. Standardization
of the mechanical support frame, the magnet girders, the gap drive and motion control system
are a mandatory design issue. Design studies for a mechanical support structure and magnet
girders have already begun. Also here, requirements are somewhat more demanding in terms
of stiffness and gap positioning accuracy than for today’s facilities in order to cope with
the expected emittance. Specifications can be reached with today’s technology. The same
holds for the motion control system. All these activities are strongly connected to parallel
developments for the XFEL project and will mutually benefit from each other.

For the construction and manufacturing of the proposed APPLE2 undulator (Sec. 4.1.6) and
an in-vacuum undulator possibly desired for the long 20 m straight section (Sec. 4.1.8), no
detailed experience is available in the laboratory at present. Both technologies have been
well established in recent years so that both insertion device types are available commercially
meanwhile. It is planned to design these devices in close collaboration with well-experienced
other laboratories, to assemble them in industry for the most part, and to measure and shim
these undulators at DESY.
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4.1. Insertion Devices 193

4.1.3 Standard undulator

The large majority of all experimental techniques demands wavelength tunability of the pho-
ton source. Even if the photon energy is constant during an individual scan, a large contin-
uous energy range has to be accessible to develop full strength of the various experimental
methods. For PETRA III parameters, a tunability requirement in the X-ray regime essen-
tially fixes all other ID parameters once magnet technology, minimum magnetic gap etc. are
defined. Full energy tunability with a smooth transition between 1st and 3rd harmonics is
obtained for a maximum deflection parameter K & 2.2. Together with the related period
length λU = 29 mm, the 1st harmonics falls to E1 = 3450 eV. This complies with the appro-
priate low energy limit of≈5 keV for most X-ray techniques. Tab. 4.1.1 shows some relevant
parameters of the PETRA III standard undulator.

Standard ID Spectroscopy ID
Minimum magnetic gap 9.5 mm 9.5 mm
Period length λU 29 mm 31.4 mm
Length L 2 m or 5 m 2 m or 5 m
Peak field B0 0.81 T 0.91 T
Deflection parameter Kmax 2.2 2.7
1st harmonic E1 3450 eV 2400 eV
Total Power Ptot 7.5 kW 9.5 kW
On-axis power density 0.19 W/µrad2 0.20 W/µrad2

Power in 1×1 mm2 at 40 m 119 W 125 W

High-β source (10 keV) 140×5.6µm2 7.9×4.1µrad2

Low-β source (10 keV) 36×6.1µm2 28×4.0µrad2

Table 4.1.1: Parameters of the X-ray undulators. Power and source size values are given for a 5 m
long device and 100 mA beam current.

The expected brilliance of this device is displayed in Fig. 4.1.2 for a 5 m long device in a
high-β section. As discussed above, the brilliance of the PETRA III IDs depends only to a
small extent on the electron optics in the particular straight section. Brilliance values in the
order of 1020 ph/(s mm2 mrad2 0.1%bw) will be obtained in the energy range up to 30 keV
covered by the 1st to 7th harmonics. Higher undulator harmonics will show up throughout
the entire energy spectrum though their intensity gradually deteriorates with respect to the
ideal magnet structure due to the more affecting phase error for higher harmonic numbers. At
energies of ≈100 keV, the undulator can therefore be more regarded as a wiggler-like device
with a bumpy but almost continuous spectrum. Fig. 4.1.3 shows the partial flux through an
aperture of 1×1 mm2 at a distance of 40 m corresponding to a solid angle of 25×25 µrad2 for
a high-β section. The spatial flux density for low and high-β optics is compared in Fig. 4.1.4
for the 1st and 3rd harmonics.
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194 4. Radiation Sources

A maximum power density of 0.19 W/µrad2 corresponding to 119 W/mm2 at 40 m source
distance has to be expected for on-axis radiation (Fig. 4.1.5). As also the vertical distribution
is nearly uniform over 1 mm2 on-axis, this value also corresponds to the total power deposited
on this area in 40 m distance.

Figure 4.1.2: Calculated brilliance of the
standard undulator providing full tunability
(Kmax=2.2). Parameters: 5 m ID length, high β-
section, nominal electron beam parameters.

Figure 4.1.3: Partial flux of the standard undula-
tor through an aperture of 1×1 mm2 at 40 m dis-
tance from the source.

Figure 4.1.4: Angular flux density distribution
for the 1st and 3rd harmonics of the standard un-
dulator in case of high and low β-optics, respec-
tively.

Figure 4.1.5: Horizontal and vertical power
density distribution of the standard and spec-
troscopy undulator. The slightly larger distribu-
tion of the spectroscopy ID reflects its somewhat
larger K parameter.

4.1.4 Spectroscopy undulator
Although the standard undulator provides radiation down to 3.5 keV, several spectroscopic
techniques require photon energies below that. As a user demand an undulator for spec-
troscopy purposes should be an energy tunable device with the 1st harmonics at E1 = 2.4 keV,
the latter criterion being the more constrictive condition. This undulator needs a period
length of λU = 31.4 mm corresponding to Kmax = 2.7 which is comparable to the standard
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4.1. Insertion Devices 195

ID. Undulator parameters are summarized in Tab. 4.1.1. Power density and source size are
very similar to those of the standard undulator but the emitted total power Ptot scaling with
B2 is 27% higher than that of the standard ID. Figures 4.1.6 and 4.1.7 show brilliance and
partial flux through a 1×1 mm2 aperture at 40 m distance from the source. With respect to
the standard undulator, brilliance and flux of this ID are only slightly lower which is mainly
due to the 10% smaller number of periods related to the enlarged period length.
In certain experimental techniques like XAFS, the primary photon energy is varied for each
data point; a spectrum might cover a scan range of 200 to 1500 eV. For PETRA III undula-
tors with a spectral width of ≈1% or below, this requires a combined move of the undulator
gap together with the monochromator in order to preserve the high intensity of the particular
harmonics. Fig. 4.1.8 shows the relation between gap and photon energy for different har-
monics and illustrates the scan speed assuming a constant gap velocity of 1 mm/s. With a
scan speed of at least 500 eV/s (depending on gap value and harmonic number), the actual
gap move of the undulator will not be the limiting factor in a fast point-per-point measure-
ment. For special time-resolved studies, a point-per-point measurement will be too slow and
data have to be taken on the fly. There are two ways to do this for energy scans much wider
than the spectral width of the undulator harmonics: The best method to do so is a simultane-
ous, synchronized gap movement together with the monochromator along a predefined path.
The actual path will be a function of the absolute energy, energy range, scan speed, gap, and
harmonics number. This scheme requires very stable and precise components, both for the
gap drive and the monochromator; appropriate flexibility in motion control systems is state
of the art. Alternatively, a taper can be introduced in the magnet structure of the undulator to
broaden the energy spectrum artificially. In this case the undulator would be adjusted before
and remain silent during measurement.
Introducing a magnetic taper is equivalent to applying a (systematic) phase error to the mag-
net structure and, therefore, degrades the interference condition for the generated radiation.
Because of that a magnetic taper always decreases the spectral intensity of the undulator. On
the other hand, tapering is a good means to create a pink beam with distinct properties (Lai

Figure 4.1.6: Calculated brilliance for the spec-
troscopy undulator designed for a minimum ac-
cessible energy E1=2.4 keV (parameters: 5 m ID
length, high β).

Figure 4.1.7: Spectroscopy ID: Partial flux
through an aperture of 1×1 mm2 at a source dis-
tance of 40 m.
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196 4. Radiation Sources

et al., 1993). The bandwidth increase due to taper can be approximated by

∆E

E
=

K2

1 +K2/2
·
(

∆g

λU

)
·
(
b+ 2c

g

λU

)
(4.1.10)

where E is the energy corresponding to the average K parameter at the mean gap g in the
undulator, and ∆g is the applied taper (see Eqs. 4.1.1 and 4.1.3). The bandwidth increase
is about linear with ∆g, and should be convoluted with the bandwidth in the untapered
case (Eq. 4.1.4) to obtain the total bandwidth. The spectral intensity decreases according to
the total bandwidth increase. In general, a tapered undulator still exceeds a wiggler by at
least one order of magnitude in flux density, and only for extreme taper the harmonics will
overlap and the spectral properties fade to the frequency averaged wiggler case. Furthermore,
the spatial distribution of the undulator harmonics is increased, the opening angle will be
determined by the K value of the low gap end of the tapered device.

Fig. 4.1.9 illustrates the spectral distribution of the spectroscopy ID for different taper values.
For a gap taper of about 0.6 mm, corresponding to a difference in the resonance energies of
13% between entrance and exit of the undulator, the spectral distribution broadens to roughly
260 eV and 880 eV (FWHM) for the 1st and 3rd harmonics, respectively. An intensity de-
crease by a factor ≈ 10 has to be accepted for this taper amount. It can also be seen in Fig.
4.1.9 that the spectral distribution contains some fine structure with a variation of ≈ 10%
depending on the particular taper setting.

Figure 4.1.8: a) Dependence of photon energy on magnetic gap for different harmonics of the spec-
troscopy undulator. b) Estimation of the energy scanning speed considering a gap change of 1 mm/s.
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4.1. Insertion Devices 197

Figure 4.1.9: Spectral flux distribution through 1×1 mm2 at 40 m source distance for the spec-
troscopy undulator at different taper settings (0, 60, 150, 300, 600 µm). The line width of 1.1% (0.7%)
at the 1st (5th) harmonic in the non-tapered case (red) broadens to about 11% (13%) FWHM for a
taper of 0.6 mm (black) corresponding to 260 eV (1500 eV). At the same time, the intensity drops by
roughly a factor of 10.

4.1.5 Hard X-ray source

Hard X-ray radiation will be required at PETRA III for various material science applications.
The parameter choice for a device optimized for energies of 100 keV and above also depends
on the desired beam spot size on the sample. Clearly, a strong wiggler provides the highest
total flux, however, it radiates into a huge solid angle which is only of little use for the
downstream X-ray optics. Moreover, such a device is not really appropriate for a storage
ring trimmed towards lowest emittance. Instead, the insertion device with a given length has
to be optimized in terms of maximum flux density through a useful aperture. Fig. 4.1.10
compares the angular flux density at an energy of 100 keV for permanent magnet devices
with different period length. A maximum flux density of 7·1015 ph/(s mrad2 0.1% BW) can
be obtained for this particular photon energy with a moderate wiggler with 49 mm period
length and K = 7.7 (Tab. 4.1.2).
Fig. 4.1.11 shows the flux through an aperture of 1×1 mm2 at 40 m source distance as func-
tion of energy for different insertion devices under consideration. This comparison is rep-
resentative for this particular aperture, proportions do change especially for larger apertures
(compare Fig. 4.1.10). Here, the standard undulator and the spectroscopy ID are treated as
wigglers with their maximum K parameter as the high harmonics at energies above≈70 keV
largely overlap and even a small residual phase error will smear the spectral structure for the
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198 4. Radiation Sources

Hard X-ray ID
Minimum magnetic gap 9.5 mm
Period length λU 49 mm
Length L 2 m or 5 m
Peak field B0 1.68 T
Deflection Parameter Kmax 7.7
Critical energy Ec 40.2 keV
Total Power Ptot 32 kW
On-axis power density 0.24 W/µrad2

Power in 1×1 mm2 (L=40 m) 148 W
Beam divergence at 100 keV 470×70µrad2

Table 4.1.2: Parameters of the hard X-ray source. Power values are given for a 5 m long device at
100 mA beam current.

Figure 4.1.10: Angular distribution of the proposed hard X-ray device (λU=49 mm) at an energy of
100 keV. For comparison, the flux density is also shown for the standard undulator, a dedicated short
period undulator, and a strong wiggler. For operation primarily at 100 keV, the two latter options are
inadequate.

most part. On the other hand, a dedicated short period undulator with λU = 20 mm will have
its 9th harmonics at≈111 keV and will show clear undulator behavior. Such a device will be
tunable only at energies above 87.6 keV (7th harm.) but regarding an aperture of 1×1 mm2,
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4.1. Insertion Devices 199

Figure 4.1.11: Spectral flux through 1×1 mm2 at 40 m for the hard X-ray wiggler (λU=49 mm,
K=7.7). Though a stronger wiggler would slightly excel the proposed device above 150 keV it would
be unfavorable due to power considerations. The performance of the standard and spectroscopy un-
dulator in this energy range are shown for comparison (here, both devices are treated as wigglers).
Finally, the spectral flux of the today’s PETRA II undulator is shown for a source distance of 100 m.

it will be superior to a wiggler only at energies below≈70 keV and cannot compete at higher
energies due to the rather low K parameter (0.87). The total emitted power is not more than
≈2.5 kW.
Considering a beam acceptance of 25×25µrad2, the optimum PETRA III device for energies
around ≈100 keV and above is a wiggler with λU = 49 mm and Kmax = 7.7. It should be
noticed that this hard X-ray device will even meet the performance of today’s PETRA II
undulator which largely benefits from the high electron energy (12 GeV) of this machine.

4.1.6 Variable polarization soft X-ray undulator
A soft X-ray beamline in the VUV regime providing circularly polarized radiation is a very
versatile instrument especially at storage rings operating at higher energies (Brookes et al.,
1998; Saitoh, Nakatani & Matsushita, 1998). An undulator for this purpose covers the entire
energy range of experimental interest by the 1st harmonic which provides complete (100 %)
circular polarization. At low energy storage rings devoted to the soft X-ray regime, energies
above ≈800 eV can be accessed only by higher ( 3rd ) harmonics which do not exhibit full
circular polarization. Instead, a trade-off has to be used between elliptical polarization and
the obtained flux. In the energy range above ∼5 keV, circularly polarized X-rays can be
produced very efficiently with maximum and constant polarization degree by means of a
quarter wave plate (Lang, Srajer & Dejus, 1996) from a linearly polarized beam (Sec. 6.15).
Because of strong absorption, however, this scheme does not work in the soft X-ray regime
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200 4. Radiation Sources

where the particular polarization has to be imprinted from the very first in the undulator.
A momentous user demand for this soft X-ray undulator is the variability of polarization,
i.e. both switching from left- to right-handed radiation and also tilting the linear polariza-
tion vector from the horizontal to the vertical plane. Therefore, an APPLE2-type (Advanced
Planar Polarized Light Emitter) undulator (Sasaki et al., 1993) is proposed which provides
full flexibility in this respect. In such a device the desired polarization is selected by a par-
allel or antiparallel shift of the longitudinally separated magnet rows. For zero longitudinal
shift, the APPLE2 provides horizontal linear polarization and resembles a usual planar pure
permanent magnet undulator.
A truly helical undulator has the peculiarity, that only the 1st harmonics radiation falls on-
axis while all higher harmonics are emitted in rings. Because of that the on-axis power
density is drastically reduced which is very advantageous for the heat load-related properties
of high performance optics. One possible option for this beamline could be to split the
insertion device into two 2 m undulator segments. Then, circularly polarized radiation with
opposite helicity of the two IDs can be superimposed to generate linearly polarized radiation
with very little power on the optical elements. A phase shifter, which will be installed in
between the segments to match the radiation of the two segments in the helical mode, can
be used in this linear superposition mode to adjust the declination angle of the polarization
vector from the horizontal to the vertical direction. This scheme has already been used
successfully at other SR facilities (Bahrdt et al., 2001a). However, as a drawback of this
mode the degree of linear polarization is reduced due to the electron energy spread, the beam
emittance, and also the finite beamline acceptance.

Operation mode Shift Beff [T] Keff E1 [eV] Ptot [kW] dP/dΩ [kW/mrad2]
Circular λU/4 1.10 6.5 246 11 0.14
Horizontal linear 0 1.39 8.2 160 17 123
Vertical linear λU/2 0.94 5.5 333 8.0 82
45◦ linear λU/4 0.77 4.6 473 5.5 0.48

Table 4.1.3: Parameters of the soft X-ray APPLE2 undulator. ’Shift’ denotes the longitudinal dis-
placement of the magnet rows. The device has a period length λU=63 mm and consists of two 2 m
long segments separated by an optical phase shifter.

The energy range of this APPLE undulator has been specified by the users to reach from the
carbon K-edge over the 3d L- to the rare earth M-edges, i.e. from ≈250 eV up to ≈2.3 keV.
As known, the accessible energy range, in particular the 1st harmonics position, for a given
period length of the undulator depends on the longitudinal shift of the magnet rows and is
different in the various operation modes. The low energy limit should also be covered in
the helical mode to be able to apply the scheme of superimposed left and right polarized
radiation discussed above. The period length which results from these considerations is
λU = 63 mm. This value is related to a minimum gap of 10 mm taking into account that
shims which have to be placed on the magnet structure need extra vertical space. Tab. 4.1.3
summarizes the parameters for the different shift dependent operation modes. The lowest
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4.1. Insertion Devices 201

Figure 4.1.12: Brilliance and onset of the 1st harmonics in the various operation modes of the
APPLE2 undulator.

photon energy of E1 = 160 eV can be reached only in the horizontal linear polarized mode
while the 1st harmonics onset is at highest energy for 45◦ tilted linearly polarized light.
However, the energy range of the latter can be extended down to 250 eV if the radiation is
created by the superposition scheme.
Fig. 4.1.12 compares the brilliance of the APPLE2 undulator in different operation modes.
The onset of the 1st harmonic depends on the maximum effective K value which is related
to the various operation modes. For a particular energy, i.e. the same Keff , the brilliance is
larger in the circularly and 45◦ linearly polarized mode as the norm of the helical field is
constant along the undulator in these cases.
The radiation properties in the different modes can be illustrated in more detail by looking at
the spectral distributions in Fig. 4.1.13. In the horizontal linear polarization mode the APPLE
device represents a conventional planar undulator (a). Phenomenologically, the same holds
for the vertical linear polarization scheme except that the onset of the 1st harmonic is at
higher energies there. In the circularly polarized mode (b), the intensity at the 1st harmonic
is ≈2 times larger than in the linear case. The calculated spectral width is about 1.6 % in
both cases, in agreement with the relation 1/nN (Eq. 4.1.4). When reversing the helicity in
one of the undulator segments in order to create linearly polarized light by superposition
(c), the spectral width increases while the intensity decreases equivalently because the two
segments are partially mis-phased, i.e. there is a destructive interference condition for one
field component. This is independent of the adjustment of the phase retarder between the
segments so that the same spectral distribution is expected for all orientations of the linear
polarization vector. The angular flux density distribution of the 1st harmonics corresponding
to the above cases is shown in Fig. 4.1.14. While in the harder X-ray region the spatial
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202 4. Radiation Sources

Figure 4.1.13: APPLE2: Spectral brilliance distribution of the 1st harmonic at E1=246 eV for dif-
ferent operation modes. In case (c) the horizontal linear polarized light is generated by superposition
of left and right circular polarized light from the two undulator segments.

Figure 4.1.14: Horizontal (solid) and vertical (dashed) flux density of the APPLE2 undulator at
E1=246 eV for different operation modes (see Fig.4.1.13).

distribution of the central cone is elliptically, the beam footprint is almost circular in the VUV
region because it is limited in both directions by the natural divergence σr′ =

√
λ/(2L). In

the planar linear (a) and in the circular mode (b) the central cone has an opening angle of
≈70µrad (FWHM) which is very close to σr′ fully dominating the angular distribution. In
the superimposed linear mode (c), however, the spatial distribution is considerably broadened
due to the only partly phased magnetic condition in this mode. Furthermore, the degree of
linear polarization at the 1st harmonics is reduced to 0.91 (0.72) for E1 = 246 eV (2 keV)
even for the on-axis radiation while it is 1 in case (a) across the entire central cone. These
distinct differences in the spectral and spatial distribution for different polarization modes at
the same energy might have to be kept in mind for special polarization dependent studies.
Fig. 4.1.15 compares the angular (a) and spectral (b) power density distribution in the helical
and planar linear operation mode. In the low VUV region, i.e. for large K values, the power
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4.1. Insertion Devices 203

Figure 4.1.15: APPLE2 undulator: a) Horizontal (solid) and vertical (dashed) power density for
different operation modes and energies. b) Spectral distribution of total power and on-axis power
density (dashed) for horizontal linear and circular polarization mode. Note the increasing on-axis
power density for decreasing K value in the circular mode.

density reaches values of only several tens kW/mrad2 in the helical case. The same low
power density is achieved for linearly polarized radiation if it is generated by superposition
of left and right circularly polarized light. Then, the on-axis power density will be about two
orders of magnitude lower than that caused by the same device if operated in the horizontally
linear polarized mode where the high central cone intensity of all higher odd harmonics sums
up to a large on-axis power. In contrast to the linear mode, the on-axis power density in the
helical case increases with higher fundamental energy, i.e. lower K values, although the total
power is reduced.
An electromagnetic helical undulator (Chavanne, Elleaume & Vaerenbergh, 1998; Gluskin,
1998) has not been considered for PETRA III as fast helicity flipping has not been addressed
as a central user requirement. Moreover, it has been experienced in the past that electromag-
netic IDs are not trivial to operate invisibly for the storage ring and other beamlines; this
might hold even more for an ambitious machine like PETRA III. Alternatively, fast helicity
switching up to ≈100 Hz can also be realized using a pair of 2 short helical permanent mag-
net undulators with opposite helicity where the photon beams are slightly tilted (Elleaume,
1994; Sawhney et al., 1997) or displaced (Ingold, 2000) towards each other so that they can
be switched by means of a mechanical chopper in the photon beamline.

4.1.7 Quasi-periodic undulator
For the resonant scattering experiments discussed in section 6.15, the suppression of higher
harmonics radiation at the position of regular multiples of the fundamental is essential to
achieve ultimate sensitivity for the detection of very weak reflections. Besides an energy
dispersive detector at the experiment and a mirror assembly in the photon beamline, the use
of a quasi-periodic undulator (QPU) additionally contributes to suppress the higher harmonic
content, altogether by about 10 orders of magnitude. Most monochromators also transmit
perfectly on the 3rd or 5th of the selected energy which always causes a contamination by
higher harmonics. In contrast to a periodic undulator, the higher harmonics in a QPU appear
at non-rational multiples while at energies of the regular 3rd or 5th harmonic the intensity
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204 4. Radiation Sources

can be suppressed by more than one order of magnitude. Higher harmonics are likewise
present and provide tunability over a large energy range.
Based on the fundamental principles of a quasi-periodic undulator (Sasaki et al., 1995;
Hashimoto & Sasaki, 1995), meanwhile QPUs have been built and operated in various modi-
fications. The quasi-periodic magnet lattice has been applied successfully to pure permanent
magnet structures (Chavanne, Elleaume & van Vaerenbergh, 1998; Chavanne, Elleaume &
van Vaerenbergh, 2000), to the APPLE2 design (Sasaki, Diviacco & Walker, 1998; Diviacco
et al., 2000), and to hybrid magnet structures (Bahrdt et al., 2001b). Usually, the quasi-
periodicity in the magnet structure is introduced by a partial retraction of several distinct
magnets in the arrays.
The perturbation pattern can be derived (Sasaki, 1998) from a projection of a 2-dimensional
lattice (lattice constant ratio r) onto a line (inclination angle α). The parameters r and α
are connected with the dislocation series affecting the position of the higher harmonics, and
the phase jump driving the relative intensities between harmonics. Using such a scheme,
the quasi-periodic magnet structure can be designed according to experimental needs though
there is a mutual impact on brilliance and harmonics suppression which therefore cannot be
optimized separately. The suppression of the regular harmonics will usually be in a range
between 10 and 100 while the flux reduction of the QPU-harmonics regarding those of the
periodic structure is in the order of 0.3 to 0.8.
Along with the user requirements for this beamline it is planned to modify a spectroscopy
undulator (Sec. 4.1.4) for these purposes. With a period length of λU = 31.4 mm this ID has
its 1st harmonic at E1 = 2.4 keV which corresponds well with the specified low energy end
of 2.8 keV.
It will be advantageous if preferably the same mechanical design of the magnet structure
could be used for the QPU as it is developed for the standard undulator. A vertical adjustment
possibility of the magnet keepers can be integrated by simple modifications. Furthermore,
the keeper must allow sufficient space to enlarge the retracted magnets in height. It has been
pointed out (Bahrdt et al., 2001b) that this modification helps to localize the perturbation and
to avoid an oscillation of the phase which leads to a cleaner optical spectrum.

4.1.8 20m undulator
As a further option, the first straight section within the new arc of PETRA III provides space
for an undulator of maximum 20 m length. No dedicated ID type for this straight is, how-
ever, proposed at present as the individual experiments have not yet been assigned to certain
beamlines. Nevertheless as a general remark, it is very obvious that low count rate exper-
iments, e.g. due to a very small band pass or spatial acceptance, will benefit most from a
very long undulator. Also, an insertion device for the VUV energy range is unfavorable as
a more wiggler-like device, necessary to access the low energies, in conjunction with the
full length of 20 m causes an enormous power load on all front end and primary optic com-
ponents. A reasonable way around this difficulty is the placement of an Figure-8 undulator
which considerably reduces the on-axis power density while the brilliance is only moderately
decreased as it has successfully been demonstrated at SPring-8 (Tanaka & Kitamura, 1995;
Tanaka & Kitamura, 2000). Besides, in the VUV energy range the photon beam spot is still
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4.1. Insertion Devices 205

Figure 4.1.16: Brilliance map as function photon energy and period length for a set of 2 incoherently
superimposing 10 m long undulators with a minimum gap of 12 mm.

largely diffraction limited and the brilliance gain with ID length would be maximum there
while in the X-ray region the increase is less beneficial as discussed in Sec. 4.1.1.
There are two general ID concepts for this 20 m straight section that differ in their focusing
scheme: The straight could be filled by several undulator segments separated by quadrupoles.
This approach provides the possibility to keep the average vertical β-function rather small
which in turn is essential to allow for a small geometrical vertical aperture and magnetic gap.
Because of the spatial separation of the undulator segments, also a phase shifter has to be
inserted between two ID segments in order to adjust the interference condition according to
the particular gap. A phase shifter is a small magnetic chicane for the electron beam made
from permanent or electromagnets (Pflüger & Tischer, 2000) and is also a key component
in the undulator system planned for the DESY X-ray FEL. In this respect there will be a
substantial mutual benefit for design, construction, and operation of such an undulator system
for PETRA III and corresponding developments for the XFEL.
Alternatively, the straight section could be filled by a single 20 m long undulator, the β-
function spanning over the entire ID length. Due to the parabolic increase of β aside its
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206 4. Radiation Sources

minimum value within a cell, the vertical beam size at the ID ends will be considerably
larger for a long undulator. Even for an adapted β-function, the minimum vertical beam
stay-clear will increase to ensure a similar geometrical beam acceptance as for a short device.
Furthermore, it is evident that such an ID has to be built as an in-vacuum undulator since
it would not be feasible technologically to build the vacuum chamber of a conventional
undulator in one single piece. Then, any interruption of the magnet structure due to a vacuum
flange would imply a phase mis-match which has to be compensated by a phase shifting unit;
the extra space required for that thwarts the original idea of this undulator and makes an in-
vacuum undulator the only appropriate device similar as for the 27 m long undulator at the
SPring-8 beamline BL19LXU (Kitamura et al., 2001).
Finally, an intermediate scheme, like e.g. a set of two 10 m long undulators with a focusing
triplet in between, has been considered and will be reassessed once the beamline parameters
have been specified. The expected performance of such a device can be seen in the brilliance
map (Fig. 4.1.16) as function of energy and period length. In this case, the radiation of two
10 m long undulators would add up incoherently. A phase shifter in between the segments
would improve brilliance only for the 1st harmonic radiation as e.g. for a fully tunable device
(λU = 29 mm) the spectral line width ∆λ/λ of the 3rd harmonics approaches the electron
energy spread ∆γ/γ = 0.0011 at about 9 m undulator length.

4.1.9 Future upgrade ideas

The implementation of further beamlines in a future upgrade at the designated positions of
the PETRA III storage ring as well as a potential upgrade of beamlines in the new arc will
benefit from the progress in the SR optics and especially from the ongoing developments in
the insertion device technology.
As practiced at other 3rd generation facilities, vertical apertures and hence magnetic gaps
had been lowered without constraint to safe operation once the machine has been running
routinely and sufficient experience had been gained. Then, the minimum gap will be in a
range where the use of in-vacuum undulators (Chavanne et al., 2002; Hara et al., 1998) will
improve the spectral intensity significantly as the gap is again reduced by the vacuum cham-
ber wall thickness. Also, the vertical aperture can immediately be adapted to the needs of
a particular operation mode though possibly sacrificing the low energy end of the undulator
spectrum. The advantage of the in-vacuum technology is the decrease of period length for a
given K value, i.e. the attainment of a larger number of periods for a given undulator length.
Therefore, the advantages of an in-vacuum undulator will appear especially for short period
devices at high photon energies.
In addition, the development of superconducting insertion devices has made continuous
progress in recent years (LeBlanc & Wallén, 2002; Berger et al., 2002; Batrakov et al.,
2002). In particular, the recent completion of a short period undulator (Kubsky et al., 2003;
Chouhan et al., 2003) with λU = 14 mm and a peak field of 1.3 T shows that superconducting
undulators might be technologically feasible also for storage ring operation in several years
once the phase error will be in a range of today’s permanent magnet undulators. Parallel
developments on Nb3Sn superconductors (Prestemon et al., 2003) will push the performance
limit of superconducting devices even higher. Fig. 4.1.17 exemplarily shows the brilliance to
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4.2. Damping Wigglers 207

Figure 4.1.17: Performance of an in-vacuum or superconducting undulator as possible devices for a
future upgrade of PETRA III.

be expected of a superconducting 15 mm period undulator (L=4 m) with Kmax = 2.2 together
with that of a 4 m long permanent magnet in-vacuum undulator λU = 23 mm, also designed
for full tunability (Kmax=2.2). Both devices exceed the brilliance of the standard undulator
especially towards higher photon energies.
Finally, a variable period undulator had been proposed (Shenoy et al., 2003b) which once
could overcome the inherent limitation of a conventional, fixed-period undulator which is
always optimized for only one wavelength, usually the 1st harmonic corresponding to the
minimum gap. Such a device will operate much closer to the optimum K value (≈1.2) for
all photon energies and exhibit higher brilliance beyond the 1st harmonic.

4.2 Damping Wigglers
Damping wigglers will be installed in two long straight sections of the machine to reduce
the emittance of the storage ring to 1 nmrad. Concept and layout of these damping wig-
glers is discussed in sections 3.2.1 and 3.4. Although not realized in the first stage of
PETRA III, the damping wiggler radiation can serve an experimental station making use
of a large hard X-ray beam. The synchrotron radiation created in a single damping wiggler
segment has a total power of about 20 kW which is emitted within a horizontal opening angle
of α ≈ 2K/γ ≈ ±2.4 mrad. About 340 W will be generated on-axis within a solid angle of
0.1×0.1 mrad2. The angular power distribution of a single segment has been calculated for
the nominal machine parameters (Fig. 4.2.1a). The power density reaches an on-axis peak
value of 40 kW/mrad2. In principle, the damping wiggler radiation can be used in a pho-
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208 4. Radiation Sources

ton beamline at the end of certain wiggler straights (Sec. 10). With its broad homogeneous
spatial distribution it might be an interesting source for certain material science applications.
The critical energy of the wiggler is 36 keV, Fig. 4.2.1b displays the spectral flux distribution
of a single wiggler segment. As a different option a dedicated undulator or wiggler could
be installed as the last device in a damping wiggler straight section. In this case, the various
wiggler segments will form a uniform background underlying the undulator spectrum.

Figure 4.2.1: a) Radiated power density (solid) of a 4 m long wiggler segment together with the
spatial flux distribution at 100 keV (dashed). The emitted total power is ∼20 kW, the integrated
(0.1×0.1 mrad2) on-axis power is about ∼340 W. b) Spectral flux distribution of a single wiggler
segment through different apertures located at a distance of 40 m from the source.

4.3 Bending Magnets
At the envisaged particle energy of 6 GeV, the field of the bending magnets in the ‘old’
7/8 of the PETRA III storage ring will be too weak (Ec ≈ 2.5 keV) for the production of
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Figure 4.3.1: Comparison of the brilliance in ph/(s mm2 mrad2 0.1%BW) of the radiation from a
PETRA III (left) and DORIS III (right) bending magnet. All values for DORIS III correspond to a
current of 120 mA.
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4.3. Bending Magnets 209

magnetic field 0.87 T
critical energy 20.8 keV
horizontal β 2.62 m/rad
vertical β 38.65 m/rad
horizontal α 0.938
vertical α 0.133
horizontal dispersion 0 m
σx 51µm
σy 19.6µm
σx′ 27µrad
σy′ 0.5µrad

Table 4.3.1: Characteristic parameters and optical functions in the first part of a PETRA III bending
magnet in the new eighth of the storage ring for a particle energy of 6 GeV.

harder X-rays. However, the parameters (see Tab. 4.3.1) of the bending magnets in the
new, reconstructed eighth of PETRA III will be comparable to the ones of other hard X-ray
3rd generation synchrotron radiation storage rings like ESRF and are therefore ideally suited
for the production of hard X-rays.

In the following, the radiation properties of DORIS III bending magnets will be used for
comparison. In Fig. 4.3.1 the brilliance of the radiation from a PETRA III and a DORIS III
(Ec ≈ 16 keV) bending magnet are compared. Due to the about 20 times smaller source size
of PETRA III, the brilliance at this source is almost three orders of magnitude higher than
for DORIS III.

In Fig, 4.3.2 the flux through a 1 mm2 aperture in 40 m distance from the source is compared
for both sources. Since the radiation characteristics of a single electron σr′ is dominating the
angular distribution of bending magnet radiation the differences between the two sources are
relatively small especially in the lower energy range shown in Fig. 4.3.2. From the results in
Figs. 4.3.1 and 4.3.2 it becomes obvious that experiments using radiation from PETRA III
bending magnets without any focusing optics will not have significantly more photons on
a small sample than at DORIS III. However, the radiation will be significantly more paral-
lel as it is indicated by the higher brilliance. With suitable focussing optics full advantage
can be taken from the higher brilliance of PETRA III especially at higher (E>50 keV) pho-
ton energies. Possibilities to use bending magnet radiation at PETRA III are discussed in
Sec. 10.3.
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Figure 4.3.2: Comparison of the flux through a 1×1 mm2 aperture in 40 m distance from the source
in ph/(s 0.1%BW) of the radiation from a PETRA III and a DORIS III bending magnet. All values for
DORIS III correspond to a current of 120 mA.
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Chapter 5

Beamline Front Ends and Optics

5.1 Introduction
For the beam transport between the undulator and the experimental hall a generic beamline
is proposed which contains the minimum number of elements which are needed to guide the
beam to the experiment. In Fig. 5.1.1 a PETRA III tunnel segment with the undulator and
the beamline front end is shown.

Figure 5.1.1: Overview of the PETRA III tunnel installations with the undulator on the left and the
front end components tangential to the storage ring.

Special experimental needs may reduce the number of proposed devices in the generic part
and add special optical devices close to the experiment, i.e. for achieving a higher degree
of monochromatization or strong focusing. The main tasks of the generic beamline are the
following:

• provide a hydrocarbon and dust free vacuum system

• transport the photon beam from the undulator to the experiment, conserving the unique
beam properties
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212 5. Beamline Front Ends and Optics

• ensure radiation safety by collimation and suitable beamshutters

• ensure equipment protection by an appropriate vacuum interlock system

• monitor the photon beam position

• shape the beam with fixed and movable masks to reduce the power load on optical
components

• monochromatize the white beam

• collimate or focus white and monochromatic light by mirrors

• filter the white beam to reduce the power load and suppress harmonics

The layout is split into two parts separated by the storage ring tunnel wall. Inside the ring
tunnel no optical components, as mirrors and monochromators, will be placed.

5.2 Ring Tunnel – Beamline Front End Installations

Inside the ring tunnel all components in the photon beamline dealing with radiation safety,
beam position and beam collimation will be placed as shown in Fig. 5.2.1. There will be the
option for a collimating lens system placed inside the ring tunnel.
Space is also needed for the vacuum protection system, i.e. the fast acting valve. The vacuum
failure sensing devices will be installed in the optics hutch. A windowless beam transport
system will connect the storage ring and the experimental hutch.

Figure 5.2.1: Schematic layout of the generic beamline components located inside the ring tunnel.
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5.2. Ring Tunnel – Beamline Front End Installations 213

5.2.1 Radiation safety
The radiation safety system allows a safe access to the optical elements and the experiment
without interruption of the storage ring operation. PETRA III will run in a continuous filling
mode which requires a special arrangement of radiation safety components. For a fail safe
particle injection, each beam outlet has to be equipped with a permanent magnet which
extracts misguided particles out of the photon beamline.
The beam shutter will be placed directly in front of the storage ring wall. A photon shutter
protects the beam shutter absorbing the full photon beam power.
To limit the neutron dose caused by the Bremsstrahlung originating from electron beam
losses inside the undulator vacuum chamber, two vertical absorber slits are installed in the
beamline at 18 m and 28 m from the source. During normal operation of the storage ring an
aperture size of≈1 mm prevents a direct line of sight towards the undulator vacuum chamber.
These apertures will be opened for filling during alignment of the storage ring and the set-up
of the apertures.

5.2.2 Beam position monitors
Photon beam position monitors (BPM) will be installed in front of the vertical slit systems.
At present, the basic BPM follows the 4 blade design (Hahn et al., 1998). In the case of
a high brilliance undulator beamline, the performance of these devices suffers from the ra-
diation from adjacent bending magnets and quadrupoles. At PETRA II, the collimation of
the bending magnet radiation proved to be feasible, and allowed the use of blade monitor
systems.
For PETRA III, a BPM (Schulte-Schrepping et al., 2003) based on the detection and imaging
of ionized residual gas is proposed. This device provides a non-intrusive, non-saturable
means of detection of the center of mass of the beam position.

Repeller plate

hν

Mesh

MCP /
phosphor

screen

Figure 5.2.2: First results from a photon beam position monitor imaging the photon trace through
an ionized gas.

In Fig.5.2.2 the set-up and a first measurement of a photon trace through the detector is
shown. The set-up consists of a micro-channel plate (MCP) with fluorescent screen and
fiber-optic, a mesh and a repeller plate. Residual gases in the detector will be ionized by
the photon beam and accelerated towards the MCP. A proper geometrical arrangement of the
plates and the field distribution will image the ions/electrons onto the MCP. The amplified
signal is converted to visible light by the fluorescent screen and coupled into a fiber optic
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214 5. Beamline Front Ends and Optics

window. The image is recorded outside the vacuum chamber by a CCD camera. The speed
of the monitor is determined by the gas pressure. A CCD and frame grabber setup working
at video frequencies would provide a 25Hz update rate of the position signal.
The BPM in front of the first slit measures the vertical and horizontal position of the full
photon beam. The BPM in front of the second slit will be used to center the first slit in the
vertical direction and measures the photon beam position in the horizontal direction.

5.2.3 Beam shaping and photon shutter

The design of the two slit systems is shown in Fig.5.2.3. They will absorb off axis radiation
of the undulator. The second slit additionally functions as a power absorber to shut off the
photon beam. While the first slit collimates only in the vertical direction, the second slit also
collimates in the horizontal direction. The total power in the white beam will be as high as
30 kW with a maximum power density of 800 W/mm2 in 30 m from the source in the case
of the 20 m long undulator at 100 mA. Future upgrades to a beam current of 200 mA will be
considered and implemented in all designs.

Figure 5.2.3: High power slit system and beamshutter suitable for PETRA III undulator beam-
lines. (U. Hahn, M. Rüter, Hochleistungsstrahlverschluss- und Spaltsystem für Synchrotronstrahlung,
Patent Nr. DE 101 35 307 C2).

The cross-section on the right in Fig.5.2.3 shows the principle of operation of the vertical
slit system. The upper and lower jaw consist of an inclined (≈1 degree) water cooled copper
absorber (Wang & Hahn, 1996b) to accept the power, and a tungsten blade to stop high
energetic radiation. The slit height is controlled by one drive moving both jaws. The vertical
slit position is adjusted by moving the whole set-up. The shutter function of the slit is driven
by the pneumatic cylinder.
The horizontal slit function is achieved by integrating a horizontal movable absorber (Mar-
ion & Zhang, 2003).
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5.3. Optics Hutch Installations 215

5.3 Optics Hutch Installations
All optical elements, except an optional collimating X-ray lens, will be located inside the
optics hutch outside the ring tunnel. This scheme allows access to all major beamline op-
tics components without affecting the storage ring operation. The optics hutch will provide
proper shielding and suppression of background radiation. A secondary beamshutter allows
access to the experiment while the main beamshutter is open. The thermal stability of the
optical components benefits from the continuous filling mode and the secondary beamshut-
ter. The layouts of the optics hutches follow the experimental needs. The different beamline
options provide a fixed exit photon beam at the experiment, independent of the configuration
of the optics:

• monochromatic photon beam, direct or mirrored

Figure 5.3.1: Top: Schematic layout of the optics hutch providing a monochromatic photon beam.
The monochromatic and pink beam offset will be 25 mm relative to the white beam. The mirrors are
moveable in the vertical direction. Bottom: Layout of the optics hutch providing a monochromatic
photon beam or a mirrored pink beam.
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216 5. Beamline Front Ends and Optics

• monochromatic photon beam or pink mirrored beam

• soft X-ray monochromator

In Fig. 5.3.1 options providing a monochromatic photon beam, direct or mirrored, and a pink
beam are shown. In Fig. 5.3.2 a monochromator for the soft X-ray regime is presented.

Figure 5.3.2: Soft X-ray beamline with grating monochromator and horizontally deflecting mirrors
(design described in this report) located inside the optics hutch.

5.3.1 Crystal monochromator
A fixed exit double crystal monochromator setup in Laue- and in Bragg-geometry will be
installed. A monochromator with a common rotation of both crystals is favorable due to the
enhanced speed and accuracy in energy scans. If the preservation of coherence properties of
the photon beam is mandatory, silicon monochromator crystals will be installed due to the
ultimate perfection of single crystal silicon. Cryogenically cooled silicon can accept a total
heat load of 400 W at the crystal. The use of apertures in the white beam to select the central
cone of the undulator radiation will fulfill this requirement.
For all experiments not depending on the transverse coherence properties of the photon beam,
diamond crystals will be used, either at room temperature or cryogenically cooled (Bilder-
back et al., 2000, Zhang et al., 2003). The decision between the use of Laue-cases and
Bragg-cases and possible combinations of both is dependent on the tolerance to chromatic
aberrations. Diamond crystals will be used in the Laue case due to the small size of the
perfect area of synthetic diamond crystals in the 5x5 mm2 range.
Other means of beam conditioning like the use of asymmetric crystals have to be explored
carefully in order to preserve the quality of the beam.

5.3.2 Mirrors
We propose to use two 1 m long mirrors to provide a fixed offset of the beam. If coherence
preservation is mandatory, a projected footprint of the beam should be accepted with 5σ of
the footprint to avoid diffraction at the mirror edges.
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5.4. Vacuum System 217

The mirrors will suppress higher harmonics in the beam and provide the option of focusing
or collimation. The focusing range of toroidal and elliptical mirrors will range from 1:1 –
1:20 assuming glancing angles from 1 to 5 mrad.
Si mirror substrates are the best available choice. A special issue for the mirror quality is
the source brightness and coherence preservation. The mirrors will be cooled where neces-
sary. The necessary precision of the mirror surface with figure errors in the sub-µrad range
is reached by ion beam figuring. The requirement for brightness preservation follows the
assumption of a maximum tolerable enlargement of the virtual image of the source by 10%
in RMS size (Howells, 1999). Assuming a Gaussian source of width Σ, and a distance r from
the source, the allowed slope error σ is given by:

For the tangential plane: σ ≤Σ / (4r) and the sagittal plane σ ≤Σ / (4r sinΘ) with the grazing
angle given by Θ.

This imposes strict requirements on the mirror quality. The actual value depends on the
choice of a low or high beta section in the storage ring and the distance from the source to
the mirror (e.g 0.25µrad and 1µrad, respectively, at 35m from the source).
Ultra micro focusing schemes in Kirkpatrick-Baez (KB) configuration with bend elliptical
mirrors will provide focal sizes below 1µm. These setups require accompanying metrology
effort at the beamline to verify and monitor their properties.

5.3.3 Filters and windows

The design for the filters used at PETRA II (Wang & Hahn, 1996a) will be adapted to the
beam sizes and power densities at PETRA III. Special care will be taken to preserve the beam
brightness and coherence, i.e. by using polished surfaces and homogeneous and uniform
dense materials. The interface to the experiment will be a diamond window or a differential
pumping stage for windowless operation.

5.4 Vacuum System
An average pressure in the beamline of 10−7 mbar is targeted. This pressure range is deter-
mined by the operation and lifetime of the ion-pumps. At the connection to the storage ring
a pressure better than 10−9 mbar has to be achieved to avoid an additional gas load on to
the ring vacuum, which would affect the particle beam lifetime and increase the background
radiation. The beamline vacuum system is separated from the storage ring vacuum by an
all-metal ring valve combined with a fast acting valve. The fast acting valve is controlled
by two pressure sensors, which are placed outside the storage ring tunnel. The ring valve
is protected against radiation from the bending magnet by the absorber. These devices may
only be closed at a fully opened undulator. In the case of an accidental venting of the beam-
line and closing of the fast acting valve, the stored beam has to be dumped. A set of water
cooled apertures collimates the bending magnet radiation, avoiding distributed gas loads in
the beampipe by photon desorption and unwanted heating of beamline components.
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218 5. Beamline Front Ends and Optics

The vacuum structure as shown in Fig.5.4.1, the diameter of beampipes and the pump-
ing scheme, of the generic beamline follows the rules as applied to photon beamlines at
DORIS III or PETRA II.

[m] [m] [mm]

Safety magnet

Beam outlet 16 0 20x12 Hor.* vert.

Fixed Mask with Absorber 16 0,5 20x12

Ring valve 16,5 0,072 37 VAT Reihe 48

Beampipe with ion pump 16,572 0,5 37

Fast acting valve 17,072 0,035 40 VAT Reihe 75

Bellow 17,107 0,15 40

Beam Position Monitor 1 17,107 0,75 35

bellow 17,857 0,15 40

Fixed mask 18,007 1 40

Beampipe with ion pump 19,007 7,5 37

Beam Position Monitor 2 26,507 0,75 40

Photon Shutter with Slit System 27,257 2 37

Beampipe with ion pump 29,257 0,5 37

X-ray refractive lens 29,757 0,5 35

Collimator and Beamshutter 30,257 1 37

Shielding Wall Crossing 31,257 1 35

Device Remarks
Distance from 

the source

Device

length

Beamline Inner 

diameter

Figure 5.4.1: Layout of the vacuum system and positions of components inside the generic beamline.

In the beamlines viton sealed valves are preferred. This is because of the simplicity, the
particle free operation, and the short closing time of these devices.
A dust particle free vacuum system around the optical components is necessary to avoid co-
herence effects at the surfaces of mirrors and monochromator crystals. Therefore all cleaning
and mounting of components has to be done according to class 100 clean room specifications
1. The design and assembling of the beamline components have to fulfill this demand. The
pump down with special oil-free turbo-molecular pumping units has to take care of the parti-
cle free operation. Special venting procedures have to avoid a dust particle flow towards the
optical components. To avoid carbon contamination of radiation exposed surfaces a hydro-
carbon free vacuum (partial pressures of hydrocarbons less than 10−3 of the total pressure)
is needed. All beamline vacuum components have to fulfill the HASYLAB vacuum specifi-
cations (Hahn, 2003).

1clean-room classification according to US Fed. Standard 209E
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Chapter 6

Beamlines and Experimental Stations

6.0.1 Introduction

The PETRA III upgrade will result in nine straight sections for insertion devices within the
new experimental hall. Depending on the applications each straight section can either be
equipped with a single 5 m long insertion device or with two 2 m long devices which will be
inclined towards each other by 5 mrad (see also Sec. 2.2.1). The distance from an insertion
device to the end of the tunnel shielding wall will be about 33 m due to the large radius of the
PETRA storage ring. According to the presently planned experimental hall dimensions the
maximum source to sample distance will be about 100 m. The angle between neighboring
straight sections will be 5◦. Due to the very parallel photon beams expected at PETRA III
(Sec. 2.2.3), especially in case of a high-β section, it should easily be possible to operate
more than one experimental station along the beampath of the same undulator either in a
time sharing mode or even simultaneously. Such an arrangement is schematically sketched
in Fig. 6.0.1. The space for experiments will be more restricted in case of two insertion
devices located in the same straight section. As far as possible the layout will be optimized
for minimal interaction of the two corresponding stations during the operation phase. In
Fig. 6.0.2 a possible layout of such canted undulator beamlines is shown. In this case, both
beamlines will likely share at least the first optical hutch for some of their optical elements.
Such an arrangement will leave one of the beams almost unrestricted in space except in the

Figure 6.0.1: Schematic drawing of several experimental hutches arranged at a single undulator
beamline (top view).
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220 6. Beamlines and Experimental Stations

Figure 6.0.2: Schematic drawing of canted undulator beamlines. The exact layout of the hutches
will depend on the equipment to be installed in the experimental endstations.

region close to the shielding wall. Depending on the exact layout of the experimental station
of the second beamline (“side station”) and the energy range that will be used, it has to
be discussed if a horizontally or vertically deflecting monochromator is advantageous. The
canted undulator beamline with horizontal deflection is shown in Fig. 6.0.2. In either case,
a wide energy tunability as well as a very long experimental station will be more difficult to
achieve for side stations.
In principle two insertion devices could be placed in every straight section. The difference
in brilliance between a 5 m and a 2 m insertion device is a factor of 2.5–3.2 depending on
the photon energy (Fig. 4.1.1). According to present plans it is foreseen to split four straight
sections. However, this number certainly needs to be evaluated again when the decision on
the first beamlines to be built has been made.
Experimental issues that are relevant for almost all experimental stations are described in
Sec. 6.0.2. In Sec. 6.18 experimental techniques will be presented for which no dedicated
station is proposed. These techniques will either be applied at many stations or can easily be
carried out at several different experimental setups with limited additional effort.
This report does not include any proposal for time resolved experiments exploiting a single
bunch mode operation of the storage ring for two reasons:

1. Due to the small emittance of PETRA III the lifetime for a single bunch with high
charge is rather low. If we assume an injection frequency of 0.1 Hz in top-up mode the
maximum stored current per bunch will be about 5 mA. For that reason PETRA III is
not the ideal source for this kind of experiments.

2. More important: DESY expects the European XFEL laboratory in Hamburg to become
operational about 2–3 years after the first beam at PETRA III will be delivered. The
pulse intensity of the XFEL will about four orders of magnitude higher compared to
PETRA III and the pulse duration will be almost three orders of magnitude shorter.

Keeping these arguments in mind and the fact that with the VUV-FEL, another source with
extremely short pulses for time resolved experiments is available on site, specialized fast time
resolution experiments have not been considered for PETRA III. However, a bunch timing
signal will be provided to all beamlines. In the few bunch mode (≈ 40 bunches, equally
distributed, 2.5 mA bunch current) the time window will be 192 ns. This is well suited for
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pump-probe experiments with few ps time resolution. The number of photons per pulse in
0.1% BW will be about 108, compared to about 1012 expected for the X-FEL in SASE mode.
Presented as an individual beamline, 22 experimental stations are proposed in sections 6.1–
6.17. The decision on

• the number of stations to be built in 2008,

• the experiments to be joined at one undulator beamline,

• the distribution of experiments on 2 m and 5 m insertion devices, and

• the assignment of experiments to straight or side station insertion devices

will be achieved with the assistance and expertise of a beamline advisory committee which
will be established after publication of this report as already mentioned in Chapter 1.

The estimates for the investment costs given at the end of each beamline proposal are re-
stricted only to endstation equipment. The capital investment and personnel needed for
beamline optics, vacuum system and shielding hutches have to be added for the total beam-
line costs. The later ones amount to about 2 Me per beamline on average.

6.0.2 General experiment support infrastructure
Computing and experiment control All PETRA III experiments will be controlled by
the same software and hardware modules, as far as possible. The experiments will also have
direct control of the undulator gap and access to relevant beamline information like beam
position, bunch current, bunch timing signals, etc.. A detailed description of the computing
infrastructure is given in Sec. 7.3.

Experiment support It is planned to set up an experiment support group for the experi-
mental hall which will take care of specialized equipment that may be used on demand at
different beamlines. The instrumentation provided includes:

• high pressure cells and the related infrastructure (Sec. 6.18.1)

• cryo equipment like cryo streamers, closed cycle cryostats, bath- and flow-cryostats
(He and N2)

• furnaces for different temperature ranges

• high field magnets

• detectors, 0–2 dimensional, . . .

• electronics such as NIM-modules

• mechanic components such as translation stages and turn tables

• lasers

The provision of a pool of specialized equipment has been very successful at other user facil-
ities. The pool should be allowed to dynamically adopt to the experimentalists requirements.
Sufficient staff will be allocated to ensure maintenance and development of the equipment.
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222 6. Beamlines and Experimental Stations

6.1 High-Energy X-ray Diffraction

Authors :

U. Hoppe Universität Rostock, Germany
T. Lippmann GKSS Research Center, Geesthacht, Germany
H. Reichert MPI Stuttgart, Germany
R. Röhlsberger DESY, Hamburg, Germany
S. D. Shastri APS, Argonne, USA
J. Strempfer MPI Stuttgart, Germany
M. von Zimmermann DESY, Hamburg, Germany

6.1.1 Current state of the scientific field

With the development of modern synchrotron radiation sources, high energy X-ray diffrac-
tion became a powerful tool for the analysis of bulk materials and buried interfaces. Since
the absorption lengths above 100 keV for most materials lie in the range of 0.1 mm to several
cm, studies of the bulk behavior of thick samples as applied for materials research become
evident. For the same reason, thick window materials for sample environments like cryostats
or furnaces are less critical or negligible. In many cases, the surface of a material exhibits
complex defect structures. High energies can penetrate through millimeters of material so
that contributions from the near-surface region and the sample container become negligible.
Moreover, corrections for absorption, extinction and multiple scattering effects can be ne-
glected in many cases.
Another important feature of high-energy X-rays is that reciprocal space can be mapped up to
large momentum transfers such as 30–50 Å−1 which is crucial for precise structure determi-
nation of liquid and amorphous materials. As a result, slightly differing bond lengths in the
structure can be revealed, as demonstrated recently in the analysis of the network structure in
a glass (Petkov et al., 2000). The analysis of the diffuse scattering provides high-resolution
structural information also for crystalline materials. While conventional diffraction yields the
spatially averaged crystalline structure, the diffuse scattering reveals local deviations from
the average structure (Reichert et al., 2001).
High-energy X-rays have been applied in a variety of areas for structure analysis : defect and
diffuse scattering, texture analysis (Bunge et al., 2003), structural phase transitions, charge
and orbital ordering (v. Zimmermann et al., 2003), and magnetic scattering (Strempfer et al.,
2004).
The application of high-energy diffraction methods becomes particularly attractive if com-
bined with microfocusing techniques. This has been applied to investigate ordering phenom-
ena at the solid-liquid interface which led to the discovery of a five-fold local symmetry in
liquid Pb in contact with the Si(1 1 1) surface (Reichert et al., 2000). It is expected that such
studies can be extended into new areas by using high-brilliance X-ray beams delivered at
PETRA III.
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6.1. High-Energy X-ray Diffraction 223

6.1.2 Science at the high-energy X-ray diffraction beamline
The very high brilliance of the undulator beams at PETRA III allows for a significant en-
hancement of existing experimental techniques : Focusing to micron scale spot sizes will
enable the selection of very small gauge volumes and a corresponding differential mapping
of the sample properties. The implementation of high-resolution monochromators allows to
probe samples with elemental specifity via contrast variation around absorption edges. This
is interesting for 5d and 5f elements with K - edges above 40 keV. Element specific investi-
gations involving those elements often suffer from high absorption which leads to unreliable
near-surface effects.
Moreover, the extremely high photon flux in these beams permits time-resolved investiga-
tions to capture transient events on the sub-second time scale. Among the large number of
possible applications, a few will be highlighted in the following sections. These are scien-
tific fields that are not accessible to neutrons (unable to microfocus, low flux) or lower energy
X-rays (low penetration capability).

6.1.2.1 Buried interfaces

Interfacial phenomena strongly determine the functionality and properties of complex sys-
tems as they occur in nano technology and in nature. Very often one has to deal with deeply
buried solid-solid or solid-liquid interfaces which critically determine the function of elec-
trolytes, fuel cells, or nano mechanical devices, see Fig. 6.1.1a-c. Particularly in nature and in
biological systems, fundamental phenomena and processes may occur at interfaces between
two macroscopic objects. A specific example is the phenomenon of interfacial melting of
ice in contact with minerals as sketched in Fig. 6.1.1d. This phenomenon is expected to
be of crucial importance for many environmental processes. Access to buried interfaces is
obtained in a transmission-reflection scheme using high-energy microbeams, as sketched in
Fig. 6.1.2a. Due to the high photon energy, a long path in the sample can be traveled while
keeping the absorption losses low. The microbeam enters the sample sideways, thus select-
ing just the boundary of interest and avoiding signal contamination by surrounding interfaces
and surfaces as in the conventional scheme, see Fig. 6.1.2b. Such studies have an enormous
potential to investigate dynamical phenomena like melting and phase transitions at buried
interfaces. While surface melting has been studied extensively (Frenken & van der Veen,
1985), buried interfaces were hardly accessible due to the strong absorption of low-energy
X-rays and the low brilliance of neutron sources. Here, the high-brilliance beams delivered
at PETRA III will open new experimental possibilities. High-resolution data are obtained
by recording specular reflectivities up to momentum transfers qz of 1.0 Å−1 or beyond. The
use of microbeams confines the specularly reflected signal to a very small region in phase
space, so that the background from diffuse scattering is strongly reduced. For that reason,
the outstanding brilliance of the PETRA III undulator beams is essential for these studies.

6.1.2.2 High-energy diffuse scattering

Diffraction studies of the structure of condensed matter often suffer from a small scattering
cross section, especially when diffuse scattering experiments are required for the investi-
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Figure 6.1.1: Examples of deeply buried functional interfaces as they occur in (a) electrolytes, (b)
fuel cells, (c) lubrication in nanoscale mechanics, and (d) environmental problems such as interface
melting of ice in contact with minerals. (Figure adopted from Reichert et al., 2003a)

gation of local deviations from the average structure. This problem can be overcome by
using new techniques based on high energy X-ray diffraction. With this technique a high
energy X-ray beam is directed at a well-oriented single crystal in transmission geometry.
The scheme combines the advantages of two other scattering methods in diffraction physics.
High energy photons penetrate a large sample volume giving a total number of scatterers
in the X-ray beam comparable to the neutron case. As in electron diffraction (TEM) the
diffraction pattern can then be imaged in a plane that is almost flat due to the large radius
of the Ewald sphere. This allows to record diffuse diffraction patterns with unprecedented
resolution and statistics on a time scale of seconds. An example is displayed in Fig. 6.1.3
that shows scattering from the spin-glas Cu83Mn17 from which strain-induced nonanalytic
short-range order was derived (Reichert et al., 2001).
Another example are ordering phenomena in complex oxide materials. The physics of these
materials is determined by the competition between spin, charge and lattice degrees of free-
dom. Particular effects are the formation of charge-ordered clusters in the manganite per-
ovskites, giving rise to the phenomenon of colossal magneto resistance (CMR) (Vasiliu-
Doloc et al., 1999) or the formation of stripe phases in high-Tc superconductors (Mook &
Dogan, 1999). To obtain a complete picture of the physics of such systems, data from the
entire volume of reciprocal space are essential. In contrast to neutron scattering, these data
can be collected very quickly if high-brilliance, high-energy X-rays are used in combination
with large 2-dimensional detectors. This allows for extensive systematic investigations with
unprecedented accuracy.
Using modern focusing techniques (e.g. compound refractive lenses) it has become possible
to produce high energy microbeams to probe local deviations from the average structure in
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6.1. High-Energy X-ray Diffraction 225

(b)(a)

Figure 6.1.2: Access to buried interfaces using a high-energy X-ray microbeam in a transmission-
reflection scheme (a), compared to the conventional reflectivity setup (b). This allows one to clearly
separate the reflected signal from the interface under study from the surrounding interfaces (Reichert
et al., 2003a).

inhomogeneous systems. Kinetic processes like the nucleation of precipitates from a dis-
ordered matrix or the ordering/disordering kinetics in structural phase transformations can
be followed in-situ and in real time. This opens completely new possibilities to investi-
gate kinetic phenomena on an atomic length scale. It is particularly interesting to extend
these studies to systems in confined geometries such as surfaces, thin films, superlattices and
nanoparticles.
Successful analysis of diffuse-scattering data requires close interaction with theoretical stud-
ies. In recent years, the accuracy of atomistic simulations of oxide materials has significantly
improved, as demonstrated for the sequence of phase transitions in KNbO3, for example
(Sepliarsky & Phillpot, 2000). The results of such simulations are combined with Monte
Carlo modeling of diffuse scattering to determine fundamental properties of materials such
as the interaction potential in multicomponent systems.

Figure 6.1.3: Measured diffuse intensity pattern with the (0 0 1) surface normal oriented parallel to
the beam. The center of the image is blocked by a beam stop to shield the detector from the intense
primary beam.
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226 6. Beamlines and Experimental Stations

6.1.2.3 Charge - density analysis

In recent years it has been shown that high–energy synchrotron radiation is an excellent tool
to perform charge density analysis, see, e.g. (Graafsma et al., 1998; Lippmann & Schneider,
2000a; Lippmann & Schneider, 2000b; Kirfel et al., 2001; Lippmann et al., 2003). Expe-
rimen tal charge distributions are often used in comparison with theoretical results in order
to test structural models, i.e. precise atomic coordinates, and to reveal details of the chem-
ical bonding in crystals. Moreover, they can be used to derive further physical properties,
e.g. electrostatic potentials, electrostatic moments, lattice energies, which can be compared
to results obtained by other methods, e.g. spectroscopy or thermodynamic measurements
(Coppens, 1997).

Usually, charge densities are calculated after adjustments of an appropriate structure model
to a set of structure factors. These are obtained from integrated reflection Iint intensities via
application of various correction factors: Iint = L · P · T · A · E · |F |2, where the Lorentz
correction L and the polarization correction P can simply be calculated after the experiment
and the thermal diffuse scattering correction T can be minimized by measuring at low tem-
peratures. In contrast, the absorption correction A often cause problems, if the shapes of the
samples are irregular. Moreover, the extinction correction E can not be carried out prior to
refinement, because the crystal quality is usually a priori unknown. In order to minimize the
errors of the last two corrections the best solution is to minimize the corrections themselves,
i.e. using high–energy radiation.

In addition to the improvement of the data quality, high–energy radiation opens the gate to
a large number of new structures, which contain heavy elements, because the strong absorp-
tion of low–energy radiation by these structures prohibited the experimental determination
of reliable structure factors in the past. High–Tc superconductors may be considered as an
example for these materials (Lippmann et al., 2003).

Most of the experiments have been performed at high–energy wiggler beamlines, e.g. BW5
at DORIS III. Since the sample sizes are typically of the order of a few 100µm, only a small
fraction of the primary radiation is scattered by the sample. In contrast, the use of high–
brilliant 3rd generation light sources with small beam sizes should yield an intensity gain of
the scattered radiation by at least 1 to 2 magnitudes, which offers the possibility for various
new experiments and studies in this field. In combination with fast detectors the performance
of time–resolved studies are possible, e.g. structure factor measurements after illuminating
the samples with a laser in order to test excited states (Kim et al., 2002). Another benefit
of the intensity gain is the enhancement of the data resolution by extending the size of the
data sets. Up to now this has simply failed due to a lack of beamtime. An enhancement of
the data resolution would offer the possibility to study small structural features in detail and
thus to answer open questions. As an example, 30 years ago theoretical considerations lead
to the question, whether near–core electron orbitals are spherical, as usually believed, or also
affected with small aspherical distortions (Bentley & Stewart, 1974). A proof of this core
deformation will be possible, as soon as high–resolution experimental data are available.
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6.1. High-Energy X-ray Diffraction 227

6.1.2.4 High-resolution studies of liquids and amorphous materials

X-ray diffraction studies of structures of disordered materials (glasses, melts) are often ac-
companied by correction problems arising from absorption, Compton scattering, fluores-
cence, scattering from the sample environment, and finite momentum transfer range. The
idea using high-energy photons to overcome these problems goes back to Egelstaff (Egel-
staff, 1983). A pioneering experiment using 95 keV photons was performed at wiggler beam-
line BW5 of HASYLAB for studying the structure of vitreous silica (Poulsen et al., 1995).
Since that time a progressing number of such experiments has been carried out. For example,
structural studies of oxide glasses were performed, where data at momentum transfers Q up
to 300 - 400 nm−1 were collected (Petkov et al., 2000; Ohno et al., 2001; Hoppe et al., 2000).
The quality of the X-ray scattering data will be comparable with those obtained in neutron
scattering experiments at the best sources. Effects of truncation of the measuring range be-
come less significant with increasing Q. Data obtained from X-ray contrast variation and
neutron scattering can be combined to reach highest resolving power and precision. This
is also valid for samples which are known as highly absorbing for low-energy radiation in
conventional experiments such as lead containing glasses (Ohno et al., 2001). Nevertheless,
some problems are not properly solved and need optimization: The Compton scattering in-
creases dramatically with momentum transfer and a separation of the elastic line with the
structural information from the Compton profile is only possible for large scattering angles
at energies significantly below 100 keV (Laaziri et al., 1999). This requires a vertical scat-
tering plane to avoid problems with the beam polarization (Petkov et al., 2000). On the other
hand, the use of photon energies clearly beyond 100 keV is optimal to reduce absorption
problems to a negligible degree and to obtain high-precision data. However, this means that
all structural information will be found at small scattering angles where Compton scattering
cannot be subtracted (Hoppe et al., 2000). Except for the use of energy-dispersive detectors
for discrimination of fluorescence and other sources of background, also fast 2D-detectors
are desirable for series of measurements with short exposure times (Petkov, Qadir & Shastri,
2004).

6.1.2.5 High - energy magnetic X-ray diffraction

Magnetic X-ray scattering results from the interaction of the electromagnetic wave not only
with the charge of the electrons in the solid but also with the magnetic moment. The in-
teraction with the magnetic moment is a relativistic effect and is described by first order
perturbation theory. Thus, the intensity of the magnetic signal is several orders of mag-
nitudes weaker than the charge intensities. Whereas the magnetic X-ray scattering cross
section in the hard X-ray energy range (5–20 keV) involves both spin and orbital magnetic
moment, non-resonant high-energy magnetic X-ray diffraction at energies above 80 keV is
only sensitive to the spin magnetic moment (Brückel et al., 1993). At these energies, true
bulk properties are investigated due to the high penetration depth of the radiation. High-
energy magnetic X-ray diffraction is thus complementary to magnetic neutron diffraction,
where also the whole sample is penetrated but where the sum of spin and orbital magnetic
moment contributes to the magnetic cross section. With both techniques the same samples
can be investigated, even with the same sample environment. By combination of the results,
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228 6. Beamlines and Experimental Stations

absolute spin and orbital magnetic moments can be determined independently with high ac-
curacy (Strempfer et al., 2004).
The investigation of temperature dependencies of the magnetic order parameter with high
energy photons takes advantage of the high momentum space resolution of X-ray diffraction
at the synchrotron compared to that in neutron scattering experiments. Because of the narrow
rocking curves of the Bragg reflections, the Bragg intensity can be separated from the much
wider diffuse scattering background in the critical regime near the Néel temperature. Also,
small magnetic satellite reflections can be separated easily from the much stronger charge
Bragg reflections.
Non-resonant magnetic scattering of high-energy X-rays provides highly precise and detailed
information on the spin density which can serve as test data for density functional theories.
So far, only rather simple compounds have been investigated. At PETRA III, this method
can be extended to compounds of more complicated structure. Requirements here are high
quality crystals, a large magnetic moment and a favorable ratio of the number of magnetic
electrons to the total number of electrons. For such investigations, a high-brilliance beam
combined with high incident flux and low background is indispensable.

6.1.2.6 High-energy X-ray diffraction from correlated electron materials

Correlated electron materials are a highly interesting class of compounds both from a scien-
tific point of view, but also for applications as functional materials. The strong interplay of
spin, orbital, charge and lattice degrees of freedom makes the comparison of model calcula-
tions to experimental results highly desirable. A more detailed introduction into correlated
electron materials can be found in Sec. 6.15. The hard X-ray diffraction technique is a very
sensitive probe for lattice distortions and is thus capable to detect structural distortions asso-
ciated with orbital ordering (Geck et al., 2002) and charge ordering (v. Zimmermann et al.,
1998). Even the spin order can, in principle, be determined with hard X-ray diffraction
(see Sec. 6.1.2.5). The technique offers possibilities that are important for the investigation
of correlated electron materials, among these are the bulk sensitivity, which makes surface
contaminations negligible. Furthermore, the signal from small structural features becomes
enhanced by probing larger samples. The Laue scattering geometry allows to access large
amounts of reciprocal space. Another important aspect is the complex sample environment
that can be used for hard X-ray diffraction experiments. Due to the high penetration depth
of X-rays with energies around 100 keV, it is possible to use pressure cells and magnetic
fields without compromising the measured signal and the accessibility of reciprocal space.
With these external fields it is possible to disturb the balance between the various degrees of
freedom in these materials (Geck et al., 2002; Wakimoto et al., 2003). Since the structural
distortions are often of diffuse nature, an option to relax the resolution and thus achieve the
highest possible photon flux on the sample, would be desirable.

6.1.3 Beamline description

The beamline consists of two optics hutches and two experimental hutches. Optics hutch
1 (OH1) contains a cryogenically cooled double-Laue monochromator. Optionally, this

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



6.1. High-Energy X-ray Diffraction 229

monochromator could be replaced by a multilayer monochromator if a larger bandpass can
be traded in for a higher flux. The optics hutch 2 (OH2) hosts subsequent optics for beam
manipulation like collimating or focusing lenses and an optional high-resolution monochro-
mator. For stability reasons we propose two separate optics hutches. OH2 offers some user
space for development and testing of special optical components, for example. Experimental
hutch 1 (EH1) will be devoted to magnetic scattering, scattering from glasses and amorphous
materials etc. It should contain enough user space to accommodate different types of sam-
ple environments. Experimental hutch 2 (EH2) will host two experimental setups, i.e., one
for microbeam diffraction from buried interfaces and one for diffuse scattering. The former
setup consists of a granite plate that carries a specially designed heavy-duty rotation stage
with a horizontal axis that allows for adjustment of the incidence angle with nanoradian
precision. For maintaining a very high stability, it is mandatory to mount the detector on a
separate stage that is decoupled from the sample stage (Reichert et al., 2003a).
The setup for diffuse scattering requires a long baseline to achieve sufficient resolution in
q-space. A fast detector system should be implemented so that this method can be extended
to time-resolved studies of dynamical phenomena with ms time resolution.

2
4

Height (m)Side view

8070605040

Top view EH1 EH2

Distance from source (m)

OH2OH1

Figure 6.1.4: Layout of the proposed beamline for high-energy X-ray diffraction at PETRA III,
consisting of two optics hutches (OH1, OH2) and two experimental hutches (EH1, EH2).

6.1.3.1 Undulator

For this beamline we propose the use of undulators that are optimized for the generation of
high-energy X-rays. Very efficient schemes can be implemented, if spectral coverage in the
low-energy range (10–40 keV) is not needed. The goal is to achieve maximum brilliance
in the range from 50 keV to 100 keV. To achieve a complete spectral coverage from 40 keV
upwards it may be necessary to implement two (non-canted) undulators on a 5 m long straight
section, that are optimized for different spectral ranges. Details about the undulator design
for high-energy radiation can be found in Sec. 4.1.5.
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S1

S2

S3
bent Laue crystals(a)

(b)

Figure 6.1.5: a) Tunable in-line monochromator for high-energy X-rays, consisting of two vertically
diffracting Laue crystals located about 40 m from the undulator source S1. The Rowland circles of
both crystals intersect tangentially at the virtual source S2. b) Arrangement for a high-resolution
monochromator with a relative energy bandpass of ∆E/E ≈ 10−4.

6.1.3.2 Monochromator

At high photon energies, flat crystal optics becomes very inefficient due to a reduced angu-
lar acceptance. Schemes to enhance the angular acceptance like mosaic crystals or gradient
crystals in general do not preserve the brilliance of the reflected radiation. This, however, is a
necessary prerequisite for the implementation of subsequent optical elements like compound
refractive lenses, especially if µm - size focal spots are desired. Full brilliance preserva-
tion can be achieved by the use of asymmetrically-cut bent Laue crystals (Lienert & Keitel,
2001). The strain broadening of the angular acceptance leads to an increase of the diffracted
flux by one to two orders of magnitude (Suortti, Lienert & Schulze, 1994; Suortti & Schulze,
1995). Due to the bending the scattering becomes kinematical so that the scattering volume
increases because it is determined by absorption rather than extinction. This approach has
been employed to realize a tunable, fixed-exit monochromator for high-energy X-rays (Shas-
tri et al., 2002), as sketched in Fig. 6.1.5a. In this setup, two crystals are cylindrically bent in
Rowland geometry so that all rays make the same incident angle with respect to the crystal
planes. This leaves the energy bandwidth ∆E/E at a value of about 10−3 in the 60 - 80
keV range which is sufficient for most experiments. Flux values in the range of 1013 ph/s
are expected in a cross section of 0.5× 0.5 mm2 of the monochromatic beam. This exceeds
values at existing sources by about an order of magnitude.
For a number of applications, an energy resolution in the range of ∆E/E ≈ 10−4 is neces-
sary. Such values can be achieved by a set of four symmetric Si(1 1 1) crystal reflections that
are arranged to resemble two channel-cuts in a dispersive (+ – – +) geometry, shown in in
Fig. 6.1.5b. Such an arrangement has been successfully tested at beamline 1-ID of the APS
(Shastri, 2004). Compared to a single symmetric Si-(1 1 1) reflection, this scheme has the ad-
vantage that the beam position on the sample is insensitive to energy and angular fluctuations

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



6.1. High-Energy X-ray Diffraction 231

of the beam delivered from the first monochromator stage (only the transmitted intensity may
drift). As a result, such a monochromator scheme can be ideally combined with subsequent
focusing optics and experimental arrangements that demand for highest stability.

6.1.3.3 Focusing optics

For an efficient illumination of buried interfaces, the radiation has to be focused to µm sized
focal spots. The use of microbeams significantly enhances the signal-to-noise ratio in evanes-
cent X-ray diffraction and X-ray reflectivity studies. First, the entire beam cross section con-
tributes to the scattered signal at very small grazing angles. Second, the very small phase
space volume covered by the detector drastically reduces the contribution from diffuse scat-
tering. Thus, microfocusing is essential to access large momentum transfers where X-ray
reflectivities have dropped to the range of 10−12.
At high energies, several options are available to achieve micron-sized focal spots. Com-
pound refractive lenses have been used to yield spot sizes in the range of 10µm at a photon
energy of 71 keV (Reichert et al., 2003a). Single zone plates cannot be manufactured thick
enough to produce a π phase shift between zones. Nevertheless, a 10 micron-sized focal spot
has been achieved at 50 keV by precise stacking of several zone plates (Shastri et al., 2001).
Another option is the use of Laue crystals that are bent to set the source outside the Rowland
circle. Using this method, 90 keV X-rays have been focused to 1.2µm (Lienert & Schulze,
1998). Eventually, the most promising candidates for sub-micron focal spots seem to be
bent multilayer mirrors, despite the demanding angular stability and slope-error require-
ments. Point focusing in this case can be achieved by the combination of two multilayers in
Kirkpatrick-Baez geometry.

6.1.3.4 Sample stages

The stability of the sample stages plays a crucial role for X-ray scattering experiments involv-
ing microbeams. For adjustment of the incidence angle in high-energy grazing-incidence re-
flection, the accuracy of commercially available stages is not sufficient, in particular if heavy
weights like UHV chambers have to be adjusted and kept stable within nanoradian precision.
In this area, significant R&D activities have to be carried out to meet these requirements in
routine user operation.

6.1.4 Capital investment and personnel
For the development of the scientific program at the beamline, two researchers are required
who will run independent activities to accommodate a wide scientific community.
The performance of the monochromators and high-resolution sample stages crucially de-
pends on an engineer that is dedicated to such developments. In particular, experience in
nano-radian motion control is required. For installation of the beamline components and
their maintenance, two technicians are needed, whereby one of them is specialized installa-
tions, including motor control and data acquisition.
The total capital investment for this experimental station amounts to 1990 ke.
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6.2 Coherent X-ray Beamline
Authors and Consultants :

O.H. Seeck FZ Jülich GmbH, Germany
S. Eisebitt BESSY, Berlin, Germany
G. Grübel DESY, Hamburg, Germany
U. Pietsch Universität Potsdam, Germany
I. Robinson University of Illinois, Urbana, USA
T. Salditt Universität Göttingen, Germany
M. Tolan Universität Dortmund, Germany
E. Weckert DESY, Hamburg, Germany

6.2.1 Current state of the scientific field
Among the most exciting properties of today’s third generation synchrotron radiation sources
is the high flux of coherent X–rays provided. It is given by Fc = (λ/2)2 · B, where λ is the
wavelength and B is the brilliance. Typically, 109 − 1010 photons per second at 1 Å wave-
length are delivered at existing sources such as ESRF, APS or SPring-8. The availability of
intense coherent X–ray beams has fostered the development of new, coherence based tech-
niques such as Coherent X–ray Scattering (CXS), X–ray Photon Correlation Spectroscopy
(XPCS), phase contrast and tomographic imaging and interferometry. Much of the excite-
ment about scattering with coherent X–rays stems from the perspective to perform atomic
resolution correlation spectroscopy and/or to reconstruct coherent scattering images to un-
ravel the underlying real space information.
If coherent light is scattered from a disordered system it gives rise to a random–like diffrac-
tion or ”speckle” pattern. Such a speckle pattern is caused by interference and is related
to the exact spatial arrangement of the underlying disorder. The scattered intensity might
be quantified by I(Q, t) ∝ |Σj exp(iQ · Rj(t))|2 where Q is the momentum transfer and
Rj(t) are the positions of the scatterers at time t. The sum has to be taken over scatterers in
the coherence volume only, spanned by the transverse ξt = (λ/2) · (R/σ) and longitudinal
ξl = λ · (λ/∆λ) coherence lengths. Here, (σ/R) is the angular source size and (∆λ/λ) is
the bandwidth of the radiation. If the spatial arrangement of the scatterers changes as a func-
tion of time the corresponding speckle pattern may also change and the temporal intensity
fluctuations of a single or of equivalent speckle(s) are a measure of the underlying dynamics.
Temporal intensity fluctuations can be quantified by Photon Correlation Spectroscopy (PCS)
for the visible coherent light case or by XPCS in the X–ray regime.
Static X–ray speckle has first been reported by Sutton et al. (1991), followed by XPCS
results (Dierker et al., 1995; Thurn-Albrecht et al., 1996). XPCS has since then matured
considerably and Fig. 6.2.1 shows the regime where XPCS experiments have already been
performed (outlined in red) compared to areas covered by other techniques. As can be seen
from the figure XPCS covers intermediate length scales very well and overlaps with visible
light scattering (PCS). It is noteworthy that correlation times below 100 ns have been detected
in reflectivity geometry at low Q (Sikharulidze et al., 2002), thus bridging the gap to the
energy domain techniques, e.g. Neutron Spin Echo (NSE). Many applications are located at
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6.2. Coherent X-ray Beamline 233

low Q [surface/capillary wave type dynamics (Seydel et al., 2001; Madsen, Als-Nielsen &
Grübel, 2003)] or moderate Q (< 5 · 10−2 Å−1) addressing mostly questions in complex
fluids (Mochrie et al., 1997; Grübel et al., 2000; Lurio et al., 2000). Access to shorter length
scales (Q > 5 · 10−2 Å−1) can be more difficult. The necessary higher temporal coherence
implies a higher monochromaticity that can only be provided at the expense of coherent flux.
This cannot always be compensated by 2–D detection since fast (ms - µs) 2–D single photon
counting detectors with appropriate spatial resolution and quantum efficiency do not exist
today. An accompanying R&D effort in 2-D detectors is thus mandatory and engaged e.g.
for pixel detectors.
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Figure 6.2.1: Sketch of the ac-
cessible frequency momentum trans-
fer ranges for different experimental
methods. The red outlined area can
presently be studied with XPCS.

The inversion of speckle images is complicated by the fact that the necessary phase informa-
tion is lost during the measurement. There are, however, algorithms that allow to recover this
information when speckle images are sampled with fine enough resolution. This has been
shown for artificial model structures (Miao et al., 1999) and applied e.g. to nano-crystalline
materials (Williams et al., 2003; He et al., 2003). The latter work was successfully carried
out on single crystalline material with a typical dimension down to 100 nm. An increase in
brilliance would lead here to the possibility to study smaller objects and to eventually in-
vestigate granular microstructure in polycrystalline films. Magnetic X–ray speckle has been
observed and characterized in a variety of materials (Peters et al., 2000; Eisebitt et al., 2003)
without however leading to any successful reconstruction (or dynamic measurement) yet.
Novel sources such as PETRA III will enable to reconstruct magnetic speckle patterns and to
deduce the exact 3–D spin arrangement in magnetic nanostructures, such as magnetic storage
media. Diffraction on single molecules is beyond the scope of storage ring sources. Simula-
tions indicate this possibility for a future FEL source (Miao, Hodgson & Sayre, 2001). It is
however already evident today that at novel sources like PETRA III the borderlines between
near–field (Fresnel) imaging and far–field (Fraunhofer) diffraction will become increasingly
transparent. Thus both, coherence preservation and/or tuning and reconstruction technolo-
gies will become more and more important. Smaller sources will also permit the transition
from micro– to nano-focusing enabling new applications such as element specific micro– or
nanofluorescence correlation spectroscopy (Wang et al., 1998a). It can furthermore be ex-
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234 6. Beamlines and Experimental Stations

pected that the impressive achievements in measuring source and coherence properties with
sophisticated interferometers will continue to flourish in view of the continuous improve-
ments of the existing sources. A dedicated beamline both characterizing and exploiting the
coherence properties at the new PETRA III facility is thus mandatory.

6.2.2 Science at the Coherent X-ray Beamline (CXB)

The new PETRA III storage ring will provide an unprecedented high spectral brilliance
(4 · 1020 (s·mm2·mrad2)−1 at 8 keV for a 5 m undulator device and 0.1% bandwidth) and
more favorable source parameters (about 4 times smaller horizontal source size compared to
ESRF). One can thus estimate (for 10µm transverse coherence lengths) that PETRA III will
supersede the coherent flux at ESRF by 1 -2 orders of magnitude. This will directly couple
to experimentally accessible shorter time and/or length scales.
The projects related to the Coherent X–ray Beamline at PETRA III (CXB) can basically be
split into two parts which will in the following be treated separately: Static (time averaged)
experiments such as imaging where the spatial resolution is of importance and time resolved
studies where the dynamics of the samples is of interest.

6.2.2.1 Time resolved experiments

In the last years X–ray Photon Correlation Spectroscopy (XPCS) has been developed and
established at ESRF (ID10) and APS (IMM–CAT) to investigate dynamical phenomena.
There are several advantages over other methods such as photon correlation spectroscopy
using visible coherent laser light: a) The accessible Q–range is larger than 10−3 Å−1, thus
fluctuations on length scales in the sub–micrometer range can be studied. b) The penetration
depth Λ of the X–rays can be tuned over a wide range. Illumination under grazing incidence
makes XPCS surface sensitive (Seydel et al., 2001). For larger incident angles Λ may ex-
ceed several hundred micrometers depending on the wavelength and XPCS becomes bulk
sensitive. c) Usually, multiple scattering effects can be neglected which simplifies the data
interpretation. d) Optically opaque samples can be studied because they are transparent for
X–rays (within the limit of the penetration depth).
The study of bulk dynamics in complex fluids (viscous liquids and glass forming systems,
colloidal suspensions, ferrofluids, emulsions, polymeric systems, biologically relevant sys-
tems such as blood or milk) by XPCS is well engaged. To study them small angle scattering
methods in transmission are used (see e.g. also Fig. 6.2.2). Many of these systems are in
a concentrated state and frequently optically opaque which excludes the use of visible co-
herent light. With today’s X–ray sources only the dynamics in the small Q regime with
relatively slow correlation times τ from milliseconds down to microseconds are easily ac-
cessible. With the higher coherent flux at PETRA III progress in many areas is expected:
Dynamics of complex fluids, dynamics in phase–separating and glass forming systems, crit-
ical dynamics and surface/interface dynamics. Most importantly however it will be possible
to address non–equilibrium dynamics phenomena.
There is a class of experiments that require a maximum of flux at moderate momentum
transfers (e.g. dynamics in liquids in the vicinity of the liquid structure factor peak). These
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αf Figure 6.2.2: Sketch of a typical experiment

using a coherent X–ray beam. Bulk inhomo-
geneities of the sample will result in a speckle
pattern around the transmitted or reflected
beam. Fluctuations in the sample will cause
fluctuating speckle patterns. The speckle pat-
terns are measured with a CCD–camera or
with point detectors depending on the exper-
imental needs. Correlation functions, derived
in space and/or time yield the static and dy-
namic properties of the sample.

experiments are difficult today because a monochromatic beam with ∆λ/λ = 10−4 is too
weak while a pink beam with ∆λ/λ = 1/nN = 0.01...0.03 does not provide sufficient
longitudinal coherence length ξl. Here n is the undulator harmonic (typically 3 at ESRF and 1
at APS) and N ≈ 35 is the period. The 5 m undulator at PETRA III provides ∆λ/λ ≈ 0.006
on the fundamental (n=1) and the pink beam mode at PETRA III is thus a very attractive
option for intermediate Q range experiments.
Many samples, especially those containing organic material, are quite sensitive to radiation
damage and the flux and, even more important, the photon energy has to be tuned carefully.
Simple polymers can withstand a 10 times higher dose when 16 keV photons are used instead
of 8 keV radiation. Unfortunately, operation at higher energies is unfavorable since both,
the transverse and longitudinal coherence lengths decrease with increasing energy. That
experiments can be carried out with coherent X–rays at high photon energy was recently
shown by Thurn-Albrecht (Thurn-Albrecht et al., 2003). The PETRA III source will provide
sufficient spatial coherence (because of the small source size) to perform experiments at
photon energies above 15 keV as a standard option.
Coherent X–ray scattering can be performed in surface sensitive mode. In this case, the scat-
tering experiment is done in reflection geometry (see Fig. 6.2.2). An example are capillary
waves on bulk material (Seydel et al., 2001) or thin films that can be investigated by study-
ing the dynamic surface structure factor Sc as a function of the momentum transfer Q. For
propagating waves (limit of small viscosity) Sc ∝ 1/Q2 holds whereas overdamped modes
show Sc ∝ 1/Q. This implies that the dynamics becomes faster with increasing Q and
shorter length scales. Estimated from the PETRA III source parameters, the Q–range may
be extended by a factor of 5 to 10 at CXB depending on the capillary mode characteristics.
Thus, the zone of the sub–micrometer scale where finite size effects become important can
be reached.
Up to now XPCS experiments have exclusively been carried out in homodyne mode (no pho-
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236 6. Beamlines and Experimental Stations

ton mixing). Intensity limitations can be overcome by using the heterodyne mixing which
is frequently applied in visible light scattering techniques (Langevin, 1992). The weakly
fluctuating speckle signal from the sample is coherently superposed with a strong static ref-
erence beam. The fact, that the amplitudes of both signals (rather than their intensities) are
superimposed results in an amplification of the fluctuating signal, thus dynamics on very
short length scales can be investigated. The scattered signal from the sample and the refer-
ence beam must be produced within the coherence volume of the light (see Fig. 6.2.3). For
X–rays this very difficult to achieve: The reference beam device (such as a beam splitter, a
pinhole, a grating or a mesh) has to be located extremely close to the illuminated part of the
sample. The increased coherence lengths at PETRA III will facilitate set-ups of this type.
This will allow to investigate fluctuating surfaces and interfaces of organic liquids and soft
matter.

incident beam

fluctuating surface

regular refraction
pattern from grating

reflected

beam

speckles
homodyne

signal

heterodyne
mixing

Figure 6.2.3: A possible setup of a het-
erodyne mixing experiment using a coherent
X–ray beam to investigate surface dynamics.
The fluctuating speckles (thin lines) are co-
herently superposed by refraction peaks of a
grating which is placed in the static specularly
reflected beam of the sample. The dashed
area represents the coherence volume of the
X–rays.

Further topics which may be investigated at CXB are fluctuating domains close to second
order phase transitions (e.g. in magnetic materials or order–disorder transitions). Close to
the transition temperature Tc critical slowing down of the fluctuating domains appears with
correlation times τ ∝ ξz (z = 2.125 for the 2–dimensional Ising model) where ξ is the cor-
relation length which diverges proportional to 1/|T −Tc|ν (Petracic et al., 2002). Correlation
times up to 100 ms have been reported which makes many systems accessible at CXB (Shu &
Rand, 1997). The PETRA III source will allow to study small τ at small ξ where the photon
flux is the limiting factor.
Flux limited up to now are also experiments on magnetic systems. Magnetic X-ray speckle
has been observed (Peters et al., 2000; Rahmin et al., 2002) but a measurement of fluctuations
has not been successful yet. With the high coherent flux at PETRA III, using a fast CCD–
camera and a beam with intermediate energy resolution (multilayer monochromator such as
proposed for CXB) the gain in intensity should be around 2 to 3 orders of magnitude which
will make experiments on magnetically fluctuating systems possible.

6.2.2.2 Time averaged experiments

The shape and the internal structure of extremely small objects such as nano-crystals or
grains can in principle be fully determined by using very high resolution speckle patterns
even though the phase information of the object is lost during the scattering process. This
is achieved by oversampling (reciprocal space resolution is much higher than necessary to
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6.2. Coherent X-ray Beamline 237

monitor the sample size) and by illuminating a larger volume (compared to the sample vol-
ume) completely coherently (Fienup, 1982). A reconstruction of the sample structure in real
space is possible by applying an iterative mathematical algorithm on the speckle pattern. The
feasibility is shown in Fig. 6.2.4, where oversampled coherent scattering was performed at
3.1 nm wavelength. At this wavelength, the spatial resolution is limited to 100nm by the de-
tector acceptance and the available coherent flux. At PETRA III higher momentum transfer
can be achieved due to the accessibility of sub–angstrom wavelength in combination with a
coherent flux which is larger than at existing sources. One can estimate a gain in resolution
at least by a factor of 10.

Figure 6.2.4: Example for imaging of a small object (a) via a speckle pattern (b). The reconstruction
is shown on the right hand side (c). The spatial resolution is determined by the speckle intensity and
the limited Q–space which can be covered (S. Eisebitt, private communication).

The test structure in Fig. 6.2.4 can better be investigated by microscopic methods. X–rays be-
come superior when the objects are buried, if the internal structure is of interest or if material
sensitivity is desired. An important example are nano-crystals (crystals smaller than about
100 nm) which may appear in new industrial materials and which show different physical
properties compared to larger crystals. For material sensitivity a source with tunable photon
energy is necessary. To investigate the internal structure a fully functional diffractometer is
needed as it will be set up at CXB to orient the sample in the beam and to cover the full
reciprocal space. Again PETRA III as a source is needed: It delivers large coherence lengths
even at photon energies above 10 keV which is necessary to completely and homogeneously
illuminate the samples.

For some applications a completely coherent point source with nanometer size is of advan-
tage. Nowadays, the focusing is limited by the quality of the optical devices and in some
cases by the initial coherence of the synchrotron beam. A new approach is the use of two
dimensional waveguides to create a completely coherent wave field at the exit of the device
with a spot size of only (30×60) nm2 (Pfeiffer et al., 2002). The size may be chosen even
smaller depending on the incident flux and the amount of photons which can be coupled into
the waveguide. If the intensity of the nano-focused beam is sufficiently large holographic ex-
periments with sub–nanometer resolution become possible which could be extremely inter-
esting. With the proposed capabilities of CXB this kind of experiments seems to be feasible.
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238 6. Beamlines and Experimental Stations

6.2.3 Beamline description

The crucial parameters for a coherence based beamline are the brilliance and the spatial and
temporal coherence lengths. In order to achieve extremely stable and vibration free beam
conditions the beamline instrumentation and equipment has to be chosen carefully. Only
the proper design of both (the source and the beamline) guarantees a successfully working
instrument. This implies first of all maximum beam stability in both position and angle,
long lifetime of the stored beam, thermal stability of optical elements and a filling pattern
as close as possible to DC conditions. External fluctuations are to be avoided. This refers
to environmental noise, instrumentation related noise (pumps, cooling devices etc.,) and
electrical noise.
Secondly, extremely important is the choice of a proper detector system. If a point detector is
chosen to investigate single speckles an APD (avalanche photo diode) with its high dynamic
range is the detector of choice. This is especially important when correlation times become
very short. In many cases 2D–detection (CCD–camera) is the only solution to gain scattered
intensity by averaging over iso–Q rings in small angle X–ray scattering (SAXS) geometry.
In this way the illumination time on the sample can drastically be reduced (by a factor of 5
to 100, depending on the experiment). Therefore, an ultra fast CCD–camera is mandatory to
be installed at CXB. This implies compatible set-ups for data transfer, the data storage, the
computer hardware and software.
For all experiments with high spatial resolution and for many time correlation experiments
a fully functional diffractometer with high accuracy is necessary (Q > 5 · 10−2 Å). The
detector arm should be able to carry a point detector or a CCD–camera. The option to tilt the
incident beam (liquid diffractometer) is desirable. All optics and X–ray windows have to be
optimized in order to maintain a large degree of coherence.
Key features and essential parameters for the beamline are listed in the following. A sketch
of the beamline design is shown in Fig. 6.2.5.

• Type of undulator and station
CXB requires a straight station (no side station) with a 5 m undulator.

• Energy tunability
The full range of 5 keV – 25 keV. The energy will be quickly tunable during the exper-
iment.

• High β– or low β–section
A source with switchable β function is planned. If this is not possible a high β section
is preferred.

• Beamsize and shape at the sample
The beamsize and shape depends on the β-function. At a low–β section the FWHM
beamsize will be 3 mm horizontally and 0.45 mm vertically for 12 keV radiation and
in 50 m distance from the source. For experiments at a high–β section a beam size of
0.9×0.2 mm2 will be achieved for the same conditions.
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6.2. Coherent X-ray Beamline 239

• Divergence of the beam
The RMS divergence at a high-β section will be 30µrad horizontally and 4µrad ver-
tically for 12 keV photons. At a high–β section the divergence will be (8×4)µrad2.
Focusing will be possible.

• Stability of the beam
The beam will be extremely stable in terms of time and space. The fluctuations will
be smaller than 0.5% of the nominal values over 8 hours. External vibrations will be
avoided. The beamline runs best with stable filling patterns of the electron/positron–
bunches.

• Flux and bandwidth of the beam, tuning of the coherence
The bandwidth of the first (fundamental) harmonic of a 5 m standard undulator at
λ=1.5 Å is ∆λ/λ = 6 · 10−3. The expected coherent flux at λ = 1.5 Å for B = 4 · 1020

is Fc = (λ/2)2 · B is 1.4·1013. The nominal transverse coherence length at 50 m from
the source is about 40µm (h) × 580µm (v) for a high-β section and 110µm (h) ×
510µm (v) for a low-β section. The longitudinal coherence length for ∆λ/λ = 6·10−3

and λ=1.5 Å is ξl = 0.025µm. Bandwidth tuning and increased longitudinal coher-
ence lengths will be achieved via different monochromator configurations: A Si-(111)
double monochromator and a multi layer monochromator will be installed. It will also
be possible to guide the pink beam into the experimental hutch. A pair of mirrors
will suppress higher harmonics. Focusing is foreseen via mirrors and/or by compound
refractive lenses.

• Coherence preservation
All optics will be carefully chosen and adapted under the aspect of coherence preser-
vation and heat load resistance. The number of optical components will be minimized.
All surfaces will be polished. Diamond based optics has to be considered.

• Distances from the source
The optical components will be located as close as possible to the source. The distance
source–sample will be about 50 m. The experimental hutch will be approximately 20 m
long (see Fig. 6.2.5). Some space will be reserved for an optional side station.

• Supplies at the beamline
Cooling water (room temperature), He– and N2–gas supply, compressed air, supply
for other gases. Two–phase and three–phase power outlets.

• Additional equipment at the experimental station
Fast point detectors (avalanche photo diodes), a fast CCD-camera and a digital corre-
lator for the point detectors will be set up. A 6–circle diffractometer for the sample
and an x–y stage for the CCD will be assembled with accuracies of 10−3 deg in angular
space and 0.1µm in translation. An optical bench in front of the diffractometer will
be installed. Pinholes, zone plates mounted on accurate x–y stages will be available.
Additionally, temperature controllers, active vibration isolation stages, turbo pumps,
ion getter pumps and power supplies will complete the setup.
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240 6. Beamlines and Experimental Stations

• Computing
A standard computer will control the beamline. A high performance computer with
very fast data transfer lines and very large disk space will be used with the CCD cam-
era.

From the previous sections it is clear that CXB will be designed and equipped to make
a multitude of different experiments possible. A straight station is mandatory: For some
experiments the pink beam passes to the experimental hutch, for others the energy has to be
tuned. A β–switchable source will be favorable: Imaging and CXS experiments can benefit
from a low β–section, XPCS works better at a high β–section.

un
du

la
to

r s
ou

rc
e

op
tio

na
l

fo
cu

ss
in

g

m
irr

or
s

do
ub

le
 c

ry
st

al
m

on
oc

hr
om

at
or

op
tic

al
ba

nk 6-
ci

rc
le

di
ffr

ac
to

m
et

er

xy
-s

ta
ge

w
ith

 C
C

D

optical hutch experimental hutch

0m 33
m

34
m

37
m

41
m

44
m

45
m

48
m

52
m

62
m

64
m

3.
0m

 0
.0

m
-1

.5
m

Figure 6.2.5: Generic layout of the coherence application beamline CXB at PETRA III (not to scale).
Only the most important devices are shown. The approximate height of the hutches will be 5 m. The
whole ground should be as vibration free as possible.

To keep the degree of coherence the number of optical windows in the beamline will be min-
imized. If the windows are made from Beryllium the surfaces have to be polished. Diamond
windows have to be considered, windowless operation has to be studied as an option.

6.2.4 Capital investment and personnel
In order to ensure 24 h operation the minimum staffing consists of 2 staff scientists (1 per-
manent), 2 postdocs, 1 engineer and 1 technician. Estimated capital costs (excluding the
insertion device) comprising experimental instrumentation, detectors, beamline control, and
data acquisition are about 2000 ke. The layout of the beamline is highly modular and, based
on the experience at ESRF and APS, we have solutions for every component. This will en-
able us to make the installation of the beamline and the start of commissioning compatible
with day one operation of the machine.
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6.3 High Resolution X-Ray Diffraction Beamline
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6.3.1 Research with high-resolution X-ray diffraction methods

High resolution X-ray diffraction (HRXRD) is very widely used as a standard tool for struc-
tural investigations over a wide variety of length scales (see, for instance, the “Advances in
X-ray analysis” series, Gilfrich et al., 1993 and following issues):

• At atomic scale: The atomic structure and charge density in bulk, and layers as well as
at surfaces and interfaces can be resolved. Diffraction methods are the most accurate
probe to determine the positions, occupation factors and displacement parameters of
atoms within the unit cell. Well ordered systems allow even charge density studies on
the level of binding electrons.

• At nanometer scale: For structures at solid and liquid surfaces and at buried inter-
faces HRXRD allows to define such parameters as thickness, orientation, chemical
composition and interface roughness of layers. By variation of the incidence angle in
reflectometry and grazing incidence diffraction/scattering also depth-resolved studies
can be carried out. Two-dimensional reciprocal space mapping methods are nowadays
standard tools for these applications.

• At mesoscopic scale: Structural parameters of periodic and non-periodic nanostruc-
tures and organic/inorganic material systems at mesoscopic scales can be investigated.
Also for these techniques reciprocal space mapping is standard.
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242 6. Beamlines and Experimental Stations

• High resolution X-ray diffraction methods are traditionally used for precise measure-
ments of lattice parameters. They allow to define important physical parameters of
perfect single crystals, for instance thermal expansion coefficients and phase transition
parameters. Also precise measurements of strain and stress distribution at the level
of relative lattice parameter variations of ∼ 10−4 − 10−6 in the bulk and at interfaces
are possible. Lattice distortions induced by various defects can be studied from their
influence on the form and the width of reflection profiles.

6.3.2 High resolution beamlines at existing synchrotron facilities
High resolution X-ray diffraction belongs to one of the most demanded basic techniques and
involves a very wide variety of modern diffraction methods. Many undulator beamlines de-
dicated for high resolution measurements are currently operated at ESRF, APS and SPring8.
The common design includes a lq. N2-cooled double-crystal monochromator and a double-
mirror harmonics suppression system. This optics provides good angular collimation in one
plane, usually in the vertical one. The beam has a relative bandwidth of ∆E/E ∼ 10−4.
Many of the beamlines are equipped with focusing optics, which however degrades the beam
collimation. Such beam parameters suit well to a resolution level, which was demanded
at the beginning of the 90’s. Since then, the complexity of objects and processes under
investigation has immensely grown. To meet the new requirements, the beamlines must
provide high flux X-rays with large transversal and longitudinal coherence.

6.3.3 High resolution diffraction at PETRA III
The proposed HRXRD beamline at PETRA III will deliver a beam, highly collimated in
both planes and with a controlled bandwidth variable in the range ∆E/E ∼ 10−5 − 10−4

in the whole wavelength range. The collimation and longitudinal coherence can be tailored
according to the demands of the experiment and allow investigations at variable length scales
and in a wide energy range. This is especially important for research of modern materials
and physical effects at mesoscopic lengths.
The unique combination of very wide wavelength tunability in the range from 4 to 45 keV,
ultra-high angular collimation and high monochromatization of the beam, delivered by the
proposed HRXRD beamline, will open new possibilities for a wide spectrum of scientific
fields:

• A variable longitudinal coherence and a large coherence volume of the beam will pro-
vide access to length scales ranging from Ångstrøms up to tens of micrometers.

• The high energies available (25–45 keV) will enable experiments at buried solid/solid
and liquid/solid interfaces. This is of special importance, as interface processes are so
far mostly studied in model surface experiments.

• High brilliance and high photon flux will allow in situ investigations of process kinetics
as in diffusion, growth and phase transitions. Research on very small, of the order of
nanometers, sample volumes and highly dissolved materials will become feasible.
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6.3. High Resolution X-Ray Diffraction Beamline 243

• Small beam sizes combined with high collimation will be used for combined real-
and reciprocal space mapping of samples with complicated lateral structures, such as
surface relief gratings or quantum dot arrangements. This is of a special interest for
investigation on technologically relevant samples.

• The high brilliance at higher X-ray photon energies will also enable accurate crystal-
lographic studies on extremely small single crystals of compounds that are so compli-
cated in structure that powder crystallographic structure determination methods fail.
The extremely parallel radiation is of advantage for the investigation of crystals with
satellite peaks very close to main reflections as they occur in some incommensurate
structures or in some long periodic super structures.

The list of experimental methods in the field of structural characterizations that will ben-
efit from the high brilliance of PETRA III is large. It includes correlation spectroscopy,
GIXRD (SXRD)1, GISAXS2, grazing incidence X-ray scattering, magnetic X-ray scatter-
ing (MXRD), micro spot X-ray diffraction and scattering, X-ray reflectivity, X-ray standing
waves (XSW) employing X-ray fluorescence and X-ray photoelectron spectroscopy as sec-
ondary signals. The sensitivity of the scattering methods can be enhanced by anomalous
absorption techniques for a wide range of materials.
New prospects in surface and interface investigations, opened by high-resolution diffrac-
tion at PETRA III, are of particular interest for the progress in the structural characterization
of new materials and will stimulate their development as exemplarily discussed for organic
electronics below. Here the main achievement will be the possibility to perform structure
determinations for materials consisting of light elements (like carbon) which, due to their
very small scattering amplitudes, have remained ‘invisible’ in conventional surface diffrac-
tion and scattering experiments.
The high brilliance combined with very large longitudinal coherence can also bring major
advances in liquid surface research, especially in fluctuations at liquid surfaces, liquid met-
als, surface freezing and layering and in-situ crystallization from solutions (Tolan, 1999).

6.3.3.1 In-vacuum surface research

The high brilliance storage ring PETRA III will enable a wide range of qualitatively new
experiments regarding the structure of surfaces and interfaces, like time-resolved measure-
ments of surface and interface processes. Large benefit will be gained from the expected high
brilliance of PETRA III. It will allow to collect data at a drastically shorter time scale. The
beamtime required to perform a structure determination by means of grazing incidence X-ray
diffraction (GIXRD)3, for example, can be expected to be reduced from many hours to some
minutes. This will not only permit to develop GIXRD into a standard tool of surface sci-
ence, complementing LEED (low-energy electron diffraction) in its role as a work horse for
the characterization of surface structures, but also allows structure determination of highly

1GIXRD: grazing incidence X-ray diffraction; SXRD: surface X-ray diffraction.
2GISAXS: grazing incidence small angle X-ray scattering.
3This method is also referred to as SXRD (surface X-ray diffraction).
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244 6. Beamlines and Experimental Stations

diluted systems (like promoters in catalysis or dopants in semiconductors), and systems for
which only very small sample volumes are available. The most important objects will be
mineral and oxide surfaces, with applications in the fields of sensing and catalysis, materi-
als for medical applications like implants, and quantum structures prepared on the basis on
conventional and new semiconductors. Time-resolved diffraction experiments will allow to
monitor structural changes during surface, interface and ‘bulk’ processes like catalysis (per-
formed in near ambiance conditions), adsorption and desorption (also intentional contami-
nation), phenomena of epitaxial growth for a wide variety of growth methods such as MBE
(molecular beam epitaxy), MOVPE (metal organic vapor pressure epitaxy), HPCVD (high
pressure chemical vapor deposition, even up to atmospheric pressures), PECVD (plasma en-
hanced chemical vapor deposition) and phase transitions of thin films. In combination with a
tunable polarization, analogous progress can be achieved in magnetic scattering experiments.

6.3.3.2 Mesoscopic semiconductor structures

Vertical carrier confinement is the basis for the most modern opto electronic devices. A lat-
eral carrier confinement offers another degree of freedom for device design. In some cases,
it allows to achieve better parameters, as i.e. a higher modal gain, a better thermal stability,
and tunable emission wavelength of laser diodes (Klopf, Reithmayer & Forchel, 2000).
Several concepts are being used to create a lateral confinement. One important approach
is to exploit the self-organized growth of heavily strained 3D islands of the active material
(Bimberg et al., 1999; Schmidbauer et al., 1998). In a different approach, semiconductor
surface wire and/or dot structures are created by a holographic exposure, a subsequent wet
chemical etching and in a second epitaxial step the complete planarization of the corrugated
surface. Another technology employs the low energy focused ion beam implantation for di-
rect production of buried nanostructures. In case of implantation energies less than 100 keV
the penetration depth of ions lies below 1µm. At a depth up to 500 nm, the implantation
induces no significant structural damage, but a periodic strain profile.
The challenge in structural characterization of lateral semiconductor nanostructures is the
non-destructive investigation of the shape and strain distribution (Schmidbauer et al., 1998;
Roch et al., 2002; De Caro, Tapfer & Giuffrida, 1996; Shen et al., 1996; Grenzer et al.,
2000; Grenzer et al., 2004; Zhong et al., 2003). Due to the lateral periodicity on the meso-
scopic length scale each fundamental Bragg peak is accompanied by satellites, so-called
grating peaks. For the typical lateral periodicity of 500 nm the period of these peaks equals
∆qx= 0.013 nm−1, which requires a highly collimated beam and goniometers with an angu-
lar resolution and angle reproducibility better than 0.001◦ for both sample ∆(ω) and detector
∆(2Θ) rotation axis for peak separation. The large lateral correlation length of modern arti-
ficial nanostructures results also in satellite peaks which are extremely narrow in width. This
makes the requirement for the parallel beam optics and precise mechanics especially critical
in order to achieve that the width of the resolution function is smaller than the intrinsic width
of the satellite peaks. In structures obtained by ion implantation, damage and strain profile
must be defined. The entire strain lattice can be probed depth-resolved by GIXRD consider-
ing the same instrumental demands (Grenzer et al., 2000).
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6.3. High Resolution X-Ray Diffraction Beamline 245

6.3.3.3 Phase transitions in surfaces and thin layers

Research of hase transitions at surfaces is a very important and fast developing field of mod-
ern solid state physics. The existing theoretical descriptions of phase transitions at surfaces
(Dietrich & Wagner, 1983; Binder, 1983; Diehl, 1986 and others) are yet to be fully verified
experimentally. Recent theoretical papers (Landau & Binder, 1990; Milchev et al., 2003)
emphasize the importance of measuring critical behavior at the surface as close as possible
to the critical temperature.

Using surface X-ray scattering Burandt et al. (1993) obtained the first observations of near-
surface critical phenomena of a phase transition in a molecular solid (NH4Br single crystal)
showing both an order-disorder and a strong displacive component. In a very interesting
experiment Krimmel et al. (1997) performed an X-ray scattering study of the continuous
B2-A2 order-disorder transition in semi- infinite FeCo(001). They observed that the surface
related order parameter persists above the bulk critical temperature for a mesoscopically
thick surface sheet. This temperature dependence displays a behavior similar to that of a
magnet exposed to an external field. They conclude that the surface layer is not induced by
surface coupling but rather by surface segregation. This experiment provides evidence for
the presence of a surface field which couples to the surface susceptibility. In a grazing in-
cidence study (Zhu et al., 1998) of the order-disorder transition in Cu3Au(111), a first order
phase transition in the bulk at 665 K was observed as well as enhanced surface ordering to a
slightly higher temperature. The strong diffuse scattering from short range order fluctuations
in the bulk became much weaker in the surface region. Reichert et al.(2003) reported a new
type of short-range order correlations at the (001) surface of Cu3Au proposing that this new
surface effect was caused by a dramatic change in strain-induced interactions at the surface.

The physical properties of epitaxial ferroelectric films can be very different from those of
bulk crystals, mainly because of the distortion of the film by the substrate and the electrostric-
tive coupling between polarization and strain, which is characteristic for perovskite ferro-
electrics. Size effects in thin ferroelectric films result also from domain-wall contributions
and include (a) a minimum thickness for the existence of ferroelectricity, (b) a thickness-
dependent increase of the transition temperature and (c) modifications of the spontaneous
polarization. In addition, also major qualitative changes of phase diagrams are predicted
by theoretical calculations, leading to specific ferroelectric phases that do not exist in bulk
crystals. For example, the paraelectric to ferroelectric transition in certain perovskite films
is predicted to be of second order instead of first-order as it is in the bulk; in a certain range
of misfit strains and temperatures, a heterophase state may be stable, being composed of
distorted ca and aa phases. However, since most calculations are based on relatively simple
domain models, high quality experimental data are necessary to test these critical issues for
the application of thin ferroelectric films and nanostructures. The observation of unusual,
complex polarization states in ferroelectric films represents an experimental challenge.
Synchrotron radiation offers the unique possibility to determine lattice parameters and unit-
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246 6. Beamlines and Experimental Stations

cell distortions in single-crystalline films, in and out of the plane of growth direction, with
high precision. Furthermore, depth-resolved measurements allow access to the strain gradi-
ent towards the surface as well.
Such investigations would benefit strongly from a high-resolution beamline at PETRA III
owing to the high brilliance of the beam and the high X-ray energies available (to penetrate
strongly absorbing electrodes and other components of more complex multilayers). Experi-
ments with small ferroelectric capacitor structures could be envisaged, with samples placed
in additional contact to a dielectric spectroscopy setup.

The study of phase transitions in thin layers and especially at surfaces is a far clear case
where both high resolution and high intensity are required simultaneously. Intrinsic widths
of the Bragg peaks are typically 0.005◦ or less and scattering becomes especially weak close
to the transition temperature. To investigate superstructures forming or melting, one will
require the very low divergence provided by a high resolution beamline on a high flux high
brilliance source.

6.3.3.4 Soft matter systems: organic thin films - organic electronics

A central effort in organic electronics and related fields (notably organic photovoltaic and
organic light emitting diodes) is the development of a set of materials with a broad range
of optical, optoelectronic, electronic, and sensing functionalities and adapted solution-based
additive manufacturing processes (e.g. printing, display), applicable to a range of structural
substrates to form composite materials with designed multi-functionality. Structural control
of multi-functional materials is a key requirement for a solution-based manufacturing ap-
proach. The ability to control the structures must extend over many different length scales
ranging from the nanometer molecular length scale to the macroscopic length scale on which
components and devices will be fabricated.
In the last decade a number of publications have been devoted to inscription of surface re-
lief gratings containing light sensitive moieties (Rochon, Batalla & Natansohn, 1995). The
wavelength of the laser should be near the absorption maximum associated with the trans-
cis and cis-trans isomerisation of the azobenzene moieties. In case of polymers containing
azobenzene units, a sinusoidal surface relief grating is created if the sample surface is illumi-
nated by an interference pattern of two counter-rotating circular-polarized beams of an Ar+
laser (l=488 nm). The absorption of this light induces material flow even at room tempera-
ture which is at least 100 K below the glass transition temperature, of the polymers. These
properties make the investigated polymer materials very attractive for applications, in par-
ticularly for high-density optical storage. Using a laser power of about 250 mW/cm2 and a
film thickness of 400 nm, a surface relief amplitude in the order of 100 nm is generated after
a time of about 30 s. The development of this surface relief grating is observed by in-situ X-
ray diffuse scattering and reflectivity measurements. The correlation length of these grating
structures exceeds several millimeter; therefore the grating peaks are again very narrow re-
quiring an extreme high angular resolution (Kim et al., 1995; Barrett, Natansohn & Rochon,
1996; Jiang et al., 1996; Geue et al., 2003).
The typical length scale of self-organization is much smaller (typically < 10 nm) than the
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6.3. High Resolution X-Ray Diffraction Beamline 247

length scale on which devices and components are fabricated. Therefore, in many cases the
potential benefits of self-assembling properties do not translate into enhanced materials per-
formance. If structural control is to be achieved, for example, with the help of a patterned,
templating substrate, the length scale of patterns on such templates needs to match the length
scale of self-organization (van de Craats et al., 2003; Bunk et al., 2003).
Interfaces formed by solution processing of different materials, such as in inorganic/organic
hybrid materials are difficult to control, and are usually not atomically abrupt. Only a limited
set of metrology tools for quantitative characterization of interfaces exists, in particular for
characterization of interfaces between functional polymers.
Grazing Incidence X-ray Diffraction (GIXRD) is eminently suited for providing informa-
tion about the molecular arrangements at buried interfaces and therefore also the method of
choice for answering these questions. Using GIXRD one obtains detailed information on
the orientation and the apparent size of the self-organized domains in poly-3-hexylthiophene
(P3HT) films spun on actual FET substrates (see Fig. 6.3.1). This result demonstrated the
strong dependence of the macroscopic charge carrier mobility on the orientation of the self-

Figure 6.3.1: The two-dimensional distribution of scattered grazing incidence X-ray intensities from
spin-coated 70–100 nm thick P3HT films with regioregularity of 96% (a) and 81% (b) on Si/SiO2 sub-
strates: The vertical (horizontal) axis corresponds to scattering normal (parallel) to the plane of the
film. Different orientations of the micro-crystallite grains with respect to the substrate are sketched
above, together with the direction of motion probed when measuring the mobility of the charge car-
riers. The measured charge carrier mobility increases by a factor of 100, from ∼ 0.001 cm2/V s to
∼ 0.1 cm2/V s, going from the situation depicted in (b) to (a).
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248 6. Beamlines and Experimental Stations

organized domains (Sirringhaus et al., 1999), and lead to the conclusion that high mobilities
reflect effective inter chain transport.
Further, GIXRD investigations have revealed the structures formed at the interface between
external alignment layers and a film of discotic molecules. Three epitactic growth modes of
the discotic molecules were discovered, demonstrating a direct control of the orientation of
the π-stack direction.
A micro focus beamline with a well characterized, high collimated beam at the sample would
allow to rapidly explore essential scattering data in one step, using a state-of-the-art CCD
camera. For many types of cast films (e.g. most spin-cast samples), the ordering is solely in
the direction parallel to the surface normal, hence a single image at grazing incidence would
provide the total scattering information obtainable in the diffraction regime.
Combining diffraction analysis with X-ray reflectivity will add tremendously to the power
of characterization of buried interfaces. Here the main benefit can again be expected mostly
from a small, well defined and first and foremost a well collimated beam. Relating structural
characteristics to device properties requires the structure to be investigated under realistic
conditions. The power of gaining insight into the structure of material is dramatically dimin-
ished if we cannot correlate it to other material properties. For example, the characteristics
of FET devices are strongly dependent on the properties of the semiconductor in the channel
region between the source and drain electrodes. As typical channel widths are of the order of
a few microns, a true microprobe beam would allow us to monitor the structural development
in the channel while a real transistor is operating.

6.3.3.5 Liquid surfaces and interfaces

The physics of liquid surfaces involves a wide variety of structural and dynamical properties,
including among all capillary waves (Gutt et al., 2003), surface layering (Magnussen et al.,
1995), surface freezing (Sloutskin et al., 2002), mixing/demixing, wetting, and the phase
behavior of Langmuir films (Magnussen et al., 1996; Kraack et al., 2002). They are inves-
tigated at the surface of simple liquids, liquid metals, alloys, molten salts and inter metallic
compounds.
Ideally, a dynamic range down to 10−10 should be accessible for these measurements, requir-
ing high flux. Since liquid surfaces often exhibit significant curvature, small vertical beam
size and divergence, i.e. high brilliance, are required. Furthermore, the possibility of high
flux / high energy measurements would allow to extend these studies to liquid-liquid inter-
faces, e.g., to liquid metal/electrolyte interfaces or model biomembranes.
Liquid surface research will require an additional tilting monochromator/mirror close to the
sample and a liquid surface setup on the diffractometer the HRXD beamline.

6.3.3.6 High resolution structural investigation on bulk crystals

The high brilliance of a PETRA III undulator will provide unique possibilities for the inves-
tigation of micro crystals, aperiodic compounds and for charge density studies.
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6.3. High Resolution X-Ray Diffraction Beamline 249

• Crystals of a large number of complex materials cannot be grown to large sizes since
the corresponding synthesis paths deliver only micro crystalline powders. Crystal
structure determination from powders is still limited to relatively simple compounds
and also limited in accuracy due to the unavoidable overlap of reflection profiles. How-
ever, most of the micro crystalline powders contain crystals from 1 to 10µm size which
is, depending on the exact composition and the radiation dose the crystals can suffer
without damage, sufficient for single crystal diffraction studies at a high brilliance
undulator beamline even for complex structures.

• Aperiodic crystals like incommensurately modulated crystals or quasi crystals show at
least in one dimension no translation symmetry despite the fact that they exhibit sharp
Bragg reflections. In general, the diffraction pattern consists of reasonably strong
main reflections and of satellite reflections with intensities 10−1 to 10−8 times weaker
than the main reflections. This large difference in intensity requires extremely intense
beams for a reliable determination of the satellite reflection intensities. Since these
satellite peaks can occur very close to each other or to the main reflections a paral-
lel beam is required in order to separate the different orders. Aperiodic crystals are
found in many material classes, e.g. many electronic materials exhibit at low temper-
atures phase transitions giving rise to incommensurate spin- or charge-density waves.
Only the accurate knowledge of the incommensurate structure will enable a thorough
understanding of the mechanism of the phase transition and of the physical properties.

• Accurate charge density studies allow to analyze the strength and kind of chemical
bonding and other interatomic interactions (Koritsánszky et al., 1998). The exper-
imental determination requires reflection intensities of very high accuracy and high
completeness up to a resolution of at least sin(θ)/λ = 1 Å

−1
or better up to sin(θ)/λ =

1.3 Å
−1

. Especially for more complex organic compounds like pharmaceuticals and
small proteins it is extremely difficult to achieve a sufficiently high resolution due to
the weak scattering power in this range even at the low temperatures (20–100 K) used
in order to minimize the thermal motion of the atoms. Therefore, the high brilliance of
an undulator is required for the reliable determination of the intensity of the high order
reflections (Jelsch et al., 2000). In many cases X-ray photon energies above 20–30 keV
are beneficial in order to reduce radiation damage and to minimize systematic errors
like absorption and extinction (see also Sec. 6.1.2.3).

6.3.4 Beamline optics and apparatus

The high resolution X-ray diffraction beamline can use a standard PETRA III undulator in a
high-β section of the storage ring and will operate in the energy range from 4 to 45 keV. Due
to the wide energy range and the necessity to reach energies as high as 45 keV, the beamline
can hardly be placed on a side station. No white or pink beam applications are planned.
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250 6. Beamlines and Experimental Stations

6.3.4.1 Beam conditioning optical elements

The first optical element of the beamline will be a fixed-exit double-crystal silicon monochro-
mator cooled to 120 K. The monochromator includes two pairs of crystals, with symmetrical
(1 1 1) and (3 1 1) reflections. The former pair can be used for preliminary monochromatiza-
tion in the energy range from 4 to about 25 keV, while the latter one can be best operated in
the higher energy range.
The double crystal primary monochromator is followed by a fixed-exit Bartels type double
channel-cut high energy resolution monochromator. A set of interchangeable channel-cut
Si crystals with (1 1 1), (1 1 0) and (3 1 1) surface orientations will allow a wide choice of
intense reflections. Depending on the combination of reflections employed, the divergence
of the beam can vary between 0.5µrad to the full 5µrad coming from the source. This
monochromatization system ensures an energy resolution ∆E/E ∼ 2 ·10−4−5 ·10−5 in the
whole energy range. Simultaneously, the same double channel-cut monochromator provides
a high angular collimation. Depending on the experimental requirements, the monochroma-
tor can be installed in the vertical or in the horizontal plane. In experiments which require
small beam cross-sections, the secondary monochromator should preferably be placed near
to the sample position.
The higher harmonics are suppressed by the same crystal arrangement (Fig. 6.3.2). As an
option for the lowest energy range, a set of two flat mirrors (two stripes, uncoated and Rh
coated, with the vertical deflection plane) can be used.

/2dλ

angle

3rd harmonic
rad10

3rd harmonic

Si (220)

µ

Si (111)

Figure 6.3.2: Suppression of higher harmonics by Bartels type monochromator. The DuMond di-
agram presents, as an example, a case of Si(1 1 1)/Si(2 2 0) reflection pair at 8 keV, with the third
harmonic at 24 keV. The higher harmonics are visible only in a narrow angular interval, marked by
the red spot. Already a minor detuning of crystals allows to suppress the harmonics by a factor of
10−4 or better. The dashed lines mark the angular interval, where the transmitted 8 keV beam will
pass without a loss of intensity.
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Figure 6.3.3: General beamline layout.

6.3.4.2 Experimental hutches

The proposed beamline includes two experimental hutches (Fig. 6.3.3).

• Ultra-high vacuum chamber hutch
Hutch 1 is dedicated to research in ultra high vacuum (UHV). The main element of
the equipment is an ultra-high vacuum chamber, directly connected via a differentially
pumped line to the monochromator. The chamber is equipped with a 3-circle sample
goniometer with precise sample rotation axis.
Due to the high beam collimation in both planes, the UHV experiments become very
tolerant to a possible misalignment of the diffracting planes. With the beam collimated
in one plane, a misalignment leads to information loss due to widening of the curves.
With the beam collimated in both planes, the misalignment leads to non-coplanar scat-
tering geometry, which can be easily accounted for at the data evaluation stage. Be-
cause of the high monochromatization, the experiment is also extremely insensitive
to the lattice mismatch between the sample and monochromator. Independent of the
material under investigation and the chosen reflections, the measurements can be car-
ried out effectively in non-dispersive mode. The UHV experimental chamber will
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252 6. Beamlines and Experimental Stations

be equipped with an energy-dispersive electron detector, mass spectrometer and sam-
ple heating appliance. The X-ray experimental chamber is directly connected via an
in-vacuum sample transfer line to an external UHV sample preparation and characteri-
zation facility. The facility can be operated independently from the experiment. It will
include a comprehensive set of equipment for different film growth (MBE, HPCVD,
MOVPE) and surface analysis (LEED, RHEED, STM, etc) techniques. The samples
are delivered to the X-ray experimental chamber through an in-vacuum transfer line.
This combination enables complex studies of interface processes. Focusing elements
as refraction lenses and Fresnel plates can be inserted between the UHV experimental
chamber and the monochromators for better localization of the experimental area.

• Diffractometry hutch
The high resolution diffractometry hutch is designed for two separate diffractometers:
one precise 6-circle diffractometer and one heavy-load diffractometer. The exit win-
dow of the high-vacuum part of the beamline will be made of polished Be or diamond
to preserve the beam coherence. As an option, windowless layout could be realized in
future.
At the first stage, only the precise spectrometer will be installed. The sample rota-
tion stages of the spectrometer will provide four degrees of freedom, with a precision
on the main rotation axis better than 0.5µrad. The opened Eulerian cradle will allow
installation of light sample chambers to control the sample environment during exper-
iments. The possibility to use non-coplanar diffraction schemes will be provided by
a detector arm with two degrees of freedom. The detector arm will rotate in a wide
angular range and can be additionally equipped with an analyzer crystal setup or a 2D
detector.
For liquid surface experiments, the precise spectrometer will be used for installation of
an additional monochromator for beam inclination. The high precision and availability
of multiple degrees of freedom will allow continuous incidence angle variation with
fixed beam spot at the sample. A vibration-free user appliance for liquid samples will
be provided additionally.
As in the UHV hutch, an optical bench for focusing optics and/or Bartels-type double
channel-cut monochromator can be placed in the front part of the hutch.

The monochromator and experimental hutches will be built on a vibrationally isolated foun-
dation. The temperature in this hutch will be kept stable within 0.5K.

6.3.4.3 Further experimental equipment

• Optical and mechanical elements, media supplies.
The standard beamline equipment consists of Fresnel and refraction lenses, slits, and
precise translational stages. A set of pumps and power supplies will be available.
Cooling water, helium and nitrogen gas supplies as well as a cabinet for gas flasks
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6.3. High Resolution X-Ray Diffraction Beamline 253

with possibly short connection lines to the sample will be integrated into the hutch
layout.

• Detectors
Ionization chambers, scintillation counters and PIN- and avalanche photo-diodes will
be available for X-ray registration. For energy dispersive measurement, the beamline
will be equipped with Si(Li) and/or multi-pixel silicon drift detectors. For 2D mapping
and for crystallographic data collections an accurate, fast readout 2D CCD camera,
diode or pixel array detector will be available.

• Electronics, computers and software
The beamline will be operated locally, including a possibility to vary the undulator
gap during the measurements. The electronics in modular NIM standard will allow the
most fast and flexible way to optimize the data acquisition for any user experiment.

• Beamline control room and workshop
The beamline control room will be built adjacent to the diffractometry hutch. A general
purpose workshop can be shared with several other beamlines. A separate vacuum
workshop is needed.

• Cryogenics
A variety of cryostats will be available including lq.-N2 and He cryo-streamers for low
temperature experiments.

6.3.5 Research and development challenges
In the optical and mechanical parts, all proposed components have already been tested in
numerous applications and can be built and operated routinely.
Some very limited R & D effort is necessary to construct an in-vacuum optical bench for
interchangeable double channel-cut monochromator, switchable between vertical and hori-
zontal diffraction planes. Test experiments can be carried out to ensure the high harmonic
suppression in combination with angular stabilization operation.
The bottleneck for high resolution diffraction experiments - just as for most modern SR tech-
niques - will the problem of fast signal detection, especially the lack of fast high-resolution
2D imaging detectors. Their development requires a coordinated effort of the whole syn-
chrotron radiation community.

6.3.6 Capital investment and personnel
The beamline will be staffed with 2–3 scientists/postdocs and 2 technician/engineers.
The estimated total capital investment of this experimental endstation amounts to about
1900 ke.
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6.4 Micro- and Nanotomography

Author :

F. Beckmann GKSS - Research Center Geesthacht, Germany

6.4.1 Introduction

Microtomography (µCT) using synchrotron radiation became a valuable tool for the non-
destructive three-dimensional investigation of specimens in fields of e.g. medicine, biology
and materials science. Employing highly brilliant and collimated X-rays of second and third
generation synchrotron sources new contrast techniques including phase, fluorescence and
enhancement by diffraction were developed. Existing schemes were optimized to yield more
sensitivity to structural changes at less burden afflicted to the specimen.
At DORIS III absorption- and phase-contrast µCT techniques were developed and applied
at photon energies in the range of 8 to 150 keV. At the wiggler-beamlines BW2, W2, and
BW5 the present user experiment for microtomography makes use of the large, intense,
and incoherent X-ray source. The present setup is optimized for performing absorption-
contrast microtomography on large samples. Due to the divergence of the source the spatial
resolution, which can be achieved in the tomogram, is limited to about 2µm. At PETRA
III the excellent X-ray source will allow for new absorption- and phase-contrast techniques
which make use of the coherence of the X-ray beam. Furthermore the spatial resolution will
be increased into the 50 nm regime.

6.4.2 Current state of the scientific field

The standard application of microtomography at current third generation synchrotron radi-
ation facilities makes use of the low divergence and high intensity of the source to record
parallel 2-dim. projections of samples using monochromatic X-rays. By rotating the speci-
men, typically in steps of 0.1 to 1 degree, and repeating the measurement over the range of
0 to π the tomographical scan is performed. The tomographical reconstruction then yields
the 3-dim. spatial description of the projected property of the sample. Several different
absorption- and phase-contrast techniques were developed in recent years (Bonse & Busch,
1996).

6.4.2.1 Methods

The experimental setup consists of a 2-dim. X-ray detector and a high-precision sample
manipulator. The distance between detector and manipulator can be changed not only to
allow to introduce sample environment or an X-ray interferometer, but also to exploit the
coherence effects of the X-ray beam of 3rd generation sources.
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detector
monochromatic

beam

sample

Figure 6.4.1: Schematic setup for absorption-contrast µCT.

Absorption-contrast µCT

To perform absorption-contrast µCT radiograms are taken at a minimal detector-sample dis-
tance. A single projection is obtained by recording the primary intensity I0(x, z) and the
attenuated intensity I(x, z), where x denotes the horizontal and z the vertical dimension (see
Fig. 6.4.1). The attenuation projection P (x, z) can be determined by

P (x, z) =

∫
µ(x, y, z) dy = − ln

[
I(x, z)

I0(x, z)

]
. (6.4.1)

Using the atomic number Z, photon energy E and mass density ρ the attenuation coefficient
µ except close to absorption edges can approximately be expressed by

µ ∝ Z4

E3
· ρ . (6.4.2)

The photon energy E is matched to the sample characteristics in order to obtain sufficient
contrast in the tomogram. Therefore only the structure of the most absorbing material of the
specimen can be investigated well by absorption-contrast µCT.

Phase-contrast µCT

X-rays are not only attenuated by the specimen, they are also shifted in phase. This behavior
is described by the complex index of refraction

n = 1− δ − iβ , (6.4.3)

where the real part δ corresponds to the phase shift due to refraction and the imaginary part
β to the absorption. Depending on the type of the X-ray source different phase-contrast
imaging techniques were developed which are suited for different types of sample compo-
sition. At incoherent X-ray sources of second generation synchrotron radiation facilities
multiple crystal reflections or X-ray interferometer have to be used. At third generation
sources phase-enhancement can be achieved by varying the sample-detector distance (Sni-
girev et al., 1995; Cloetens et al., 1996) due to the partial coherent X-ray beam. In Fig. 6.4.2
the coherent image formation of a transmission image is shown. Using sample dimension d
and wavelength λ four regions of sample-detector distance y can be distinguished:
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incident
plane wave

absorption
near
field

Fresnel
region

Fraunhofer
region

y

y=0y<d²/ly~d²/ly>d²/l

d

object

Figure 6.4.2: Coherent image formation with partially coherent X-rays depending of the object-
detector distance y, sample dimension d and wavelength λ.

y = 0 absorption The intensity is a pure absorption image.

y < d2/λ near field Contrast is given by sharp changes in
the refractive index, i.e. at interfaces.

y ∼ d2/λ Fresnel region The image loses more and more resemblance
with the object.

y > d2/λ Fraunhofer region The image intensity is the Fourier transform
of the object transmission function.

Phase-enhanced µCT

Using a partial coherent beam, images are taken in the near field (s. fig. 6.4.2). Rotating the
sample and performing a tomographical scan emphasizes the sharp changes in the refractive
index of the sample. This is called phase outline contrast (Raven et al., 1996; Spanne et al.,
1999).

detector

analyser crystal

monochromator
crystal

monochromatic
beam

sample

Figure 6.4.3: Setup for diffraction-enhanced imaging. A monochromator and analyzer crystal is
used to record images at different positions of the rocking curve of the analyser crystal.
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6.4. Micro- and Nanotomography 257

detector

analyser

splitter

monochromatic
beam

sample mirror

interferometer

phase rotor

Figure 6.4.4: Experimental setup for interferometric phase-contrast. A monolithic X-ray interferom-
eter is used to divide the monochromatic beam into two coherent beams. The phase rotor introduces
a defined phase shift and the direct phase projection can be obtained.

A more sensitive technique makes use of multiple crystal reflections. In Fig. 6.4.3 the
schematic setup is shown. Images at different positions of the rocking curve of the two
crystals are recorded. From these images an absorption image and a phase enhanced image
can be obtained (Bravin, 2003; Pagot et al., 2003). Using this as the contrast method in
tomography again results in mapping of borders of changes in the refractive index.

Interferometric phase-contrast µCT

To be able to obtain the refractive index in the tomogram, phase projections of the sample
have to be measured. A direct technique makes use of an X-ray interferometer which allows
for the measurement of a phase projection modulo 2π. The principle setup is shown in
Fig. 6.4.4. For one phase projection interference patterns, with and without the sample, are
obtained at different overall phase shifts introduced by the phase shifter (Momose, 1995;
Beckmann et al., 1997; Momose, 2002). Using the electron density σ, the phase shift φ is
given by

φ ∝ σ

E
. (6.4.4)

Holotomography

An indirect method to measure the phase projection makes use of the partial coherence of
third generation SR beams. By varying the sample-detector distance and recording images
different spatial frequencies in the projected phase images vanish (Talbot effect). The so-
called holographic reconstruction procedure then determines the phase projection. (Cloetens
et al., 1999)

X-ray imaging detector

The different microtomographic techniques described in the previous paragraphs make use
of a 2-dim. X-ray detector. This device consists of a single crystal fluorescent screen and a
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detector

sample

horizontal focusing
KB mirror

vertical focusing
KB mirror

monchromatic
beam

new source

Figure 6.4.5: Experimental setup for cone-beam nanotomography. Two KB mirrors are used to
produce a divergent X-ray beam. Depending of the distance source-sample-detector the magnification
of the system can be altered. A spatial resolution in the tomogram in the order of the source size is
possible.

lens-coupled CCD-camera. In standard applications a spatial resolution of about 0.7µm is
achievable.

Nanotomography

To increase the spatial resolution to the nanometer regime, X-ray magnifying techniques
have to be applied. One approach is to magnify the transmission image behind the sample
and performing tomography in parallel beam geometry. For this purpose asymmetric crystal
reflection (Stampanoni et al., 2002) or compound refractive lenses (Rau et al., 2001; Schroer
et al., 2002b) can be used. A different approach is given by generating a divergent X-ray
source and performing cone-beam tomography (see Fig. 6.4.5), which is a standard technique
for microtomography at conventional X-ray tubes. Currently a source size of about 100 nm
can be achieved by the use of Kirkpatrick-Baez (KB) mirrors.

Pink- and white-beam µCT

For very high spatial resolution the exposure times of the detector are in the seconds range.
By the use of a multi layer as a monochromator the resulting larger bandwidth and intensity
allows for a faster µCT. In some special application the use of pink- or white-beam is also
reasonable.
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6.4. Micro- and Nanotomography 259

6.4.2.2 Applications

The described imaging techniques are not all available as a standard user application. Only
the setup for absorption-contrast µCT and phase-outline µCT fulfill the requirements for be-
coming a user experiment. One approach to setup a high-throughput x-ray µCT system was
done by a group at the Advanced Photon Source (Wang et al., 2001). In the following section
a few current examples of application of µCT at different synchrotron radiation facilities are
given.

Medical science

First applications of µCT using synchrotron radiation in the field of medical science were
the investigation of bone. Here, mainly the structural parameters and the comparison to
conventional methods were of interest (Bonse et al., 1994; Delling et al., 1995). Current
applications put emphasize on the process of regrow and remodelling of bone.
Many experiments were performed to characterize new biocompatible materials which can
be used as an implant for bone defects (Müller et al., 2002; Weiss et al., 2003; Schiller
et al., 2004). Furthermore, phase contrast techniques were applied to soft tissues to find new
techniques for tumor detection (Takeda et al., 1998; Beckmann et al., 1999).

Materials research

In materials research the microstructure of a variety of different types of samples are studied.
Starting from low absorbing carbon-carbon composites (Coindreau, Vignoles & Cloetens,
2003) up to high absorbing metal foams and concrete samples (Maire et al., 2003).
The behavior of materials under compression can be studied (Salvo et al., 2003). Further-
more by tracking marker particles in Al alloys, the measurement of the plastic displacement
gradient component in three dimensions becomes possible (Nielsen et al., 2003). Another
application is the study of the interaction of short fatigue cracks with the grain boundaries in
cast Al alloys (Ludwig et al., 2003).

6.4.3 Science at PETRA III

The extraordinary source characteristics of PETRA III will allow for all the different tech-
niques described in the previous section. Furthermore, these techniques will be combined
to simultaneously map different features of specimens. This will give new impact to the
understanding of the 3-dim. composition and behavior of samples from a variety of different
research communities. Therefore it is necessary to provide for a user experiment allowing
for an automatic scanning and data evaluation.
In combination with the tomography setup at DORIS III the following beamlines will be
available for users at DESY:
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260 6. Beamlines and Experimental Stations

DORIS III Petra III
BW2 HARWI II 100 m beamline 200 m beamline

energy range 6–24 keV 20–250 keV 6–150 keV 6–150 keV
beam width 10 mm 80 mm 5 mm 10 mm
beam height 4 mm 8 mm 1 mm 2 mm

coherent image no no yes yes
spatial resolution 2 µm 3 µm 0.7 µm / 50 nm 0.7 µm / 50 nm

Exploiting the characteristics of the different beamlines for tomography the types of samples
investigated at PETRA III can be divided into:

• large samples: Ø >> 5 mm, typical 20-150 keV
In combination with the knowledge of a coarse tomography, region of interest tomog-
raphy can be performed (sample larger than size of the beam).

• medium-size samples: Ø ≈ 3 mm, typical 8-60 keV
This type of sample will become the standard application of performing absorption-
contrast and phase-enhanced µCT showing a spatial resolution of about 0.7 µm.

• small samples: Ø < 1 mm, typical 6-30 keV
For very small samples, a spatial resolution of ≈ 50 nm can be achieved by applying
cone-beam nanotomography.

Furthermore a variety of different sample environments and combination with other tech-
niques e.g. diffraction experiments is foreseen.

6.4.4 Beamline description
The standard user experiment for microtomography at PETRA III will require a large mo-
noenergetic, parallel and intense beam. The photon energy range will be from 6 to 150 keV
with a beam size of about 5 x 1 mm2. The schematic beamline layout is shown in Fig. 6.4.6.

6.4.4.1 Insertion device and monochromator

As insertion device a tunable standard undulator at a low β section will be used. Inside the
optics hutch the standard monochromator will be installed. Mirrors can be added to suppress
higher harmonics especially for low photon energies. To be able to select photon energies in

experimental hutch I experimental hutch II
optics hutch

32m 38m 50m 100m62m 88m

Figure 6.4.6: Schematic layout of the beamline for micro- and nanotomography.
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6.4. Micro- and Nanotomography 261

the total energy range of 6 to 150 keV different sets of crystals are foreseen. To achieve a
smooth beam profile, the beamline will have as few optical elements as possible.

6.4.4.2 Experimental hutch I and II

The experimental hutches will allow for a variable sample detector distance up to 10 m.
Experimental hutch II will house the user experiment for absorption-contrast and phase-
enhanced microtomography. The experiments in hutch I will focus on nanotomography
applications. There different optical elements, e.g. KB-mirrors, CRLs, asymmetric Bragg-
magnifier, will be added to achieve a X-ray magnified image of the sample. Using KB-
mirrors, a nanometer divergent X-ray source will allow for performing cone-beam nanoto-
mography.

6.4.4.3 Environment

To provide for a user experiment for tomography, laboratory space for sample preparation
is required. Furthermore an automatic sample changer will allow to effectively exploit the
assigned beamtime. Gigabit ethernet infrastructure is needed to process and backup the
expected data.

6.4.5 Capital investment and personnel
Two different setups specialized for microtomography (hutch II) and nanotomography (hutch
I) are needed.
The total investment costs for these experimental stations account for 2130 ke.
The costs for central data backup and computer power to provide for on-line reconstruction
are not included in this estimate.

The beamline for micro- and nanotomography will be run as a user facility for short term
and very fast experiments. New experimental and data evaluation techniques have to be de-
veloped. Furthermore the user operation requires continuous improvement and maintenance
of the beamline hardware and software. Therefore two scientists, one software engineer, one
mechanical engineer, and one technician should be employed on a permanent basis.
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262 6. Beamlines and Experimental Stations

6.5 Inelastic Scattering
Authors:
H. Franz DESY, Hamburg, Germany
M. Krisch ESRF, Grenoble, France
M. Müller Universität Kiel, Germany
H. Requardt ESRF, Grenoble, France
R. Röhlsberger DESY, Hamburg, Germany
Yu. V. Shvyd’ko Universität Hamburg, Germany
H. Sinn Advanced Photon Source, Argonne, USA

Consultant:
A. Q. R. Baron SPring-8, Harima, Japan

6.5.1 Current state of the scientific field
One of the most successful areas in science which has emerged from the advent of third-
generation synchrotron radiation sources is inelastic X-ray scattering (IXS) with meV energy
resolution. Starting from the pioneering work performed at HASYLAB in the 1980s (Dorner,
Burkel & Peisl, 1986; Dorner et al., 1987), the technique is now established and has proven
to be a powerful spectroscopic tool in the study of lattice dynamics, complementing the
previously unique inelastic neutron scattering (INS) technique. The impact and the maturity
of the technique is documented by numerous high-level publications in fields of research
ranging from materials science over geophysics to biology, see, e.g. (Sette et al., 1998;
Burkel, 2000) and references therein. IXS constitutes the perfect complement to INS in
areas where INS is difficult, and often impossible, to apply:

1) The study of collective excitations in disordered systems, where well defined exci-
tations are typically only existing up to momentum transfers Q of a few nm−1. In
particular for disordered systems with a high speed of sound (> 2000 m/s), the low-
energy and low-momentum transfer regime, it is difficult, or even impossible, to access
by neutron scattering due to kinematic limitations (Sette et al., 1996; Burkel, 2000).

2) The small source size and beam divergence of modern synchrotron sources opens the
possibility to study materials available only in small quantities down to 10−5 mm3.
This is of particular interest for the study of matter under high pressure, since it allows
one to employ diamond anvil cell techniques, and therefore access pressure regimes
up to 100 GPa and beyond.

The extensive IXS studies on liquid water are probably the best example for the wealth
of new insights which could be gained in its mesoscopic dynamics (Ruocco et al., 1996;
Ruocco & Sette, 1999), but as well the large body of studies performed on other liquids
and glasses has allowed one to answer many open questions related to the nature of the
high-frequency excitations, relaxation phenomena and the interplay between structural and
dynamical properties (Sette et al., 1998). A more recent emerging field is high pressure
research, where studies on single crystals are currently performed up to 400 kbar ( Occelli
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6.5. Inelastic Scattering 263

et al., 2001; Raymond et al., 2002; Loa et al., 2003), and the megabar regime has been
entered using polycrystalline samples (Fiquet et al., 2001). The determination of sound ve-
locities and, in the case of single crystals, of the full elasticity tensor as a function of pressure
is one of the key inputs for geo- and planetary science, but of course not restricted to this
specific field of research. More generally, the possibility to map out the phonon dispersion
allows one to evidence pressure-induced anomalies, thus gaining detailed insight into pre-
cursor effects and the nature of phase transitions. As for the very high pressure studies, IXS
is unique in the study of small sample quantities, and we cite as examples here the work on
highly correlated electron systems (Astuto et al., 2002; Shukla et al., 2003; Fukuda et al.,
2003; Manley et al., 2003; Wong et al., 2003).
At present there are four IXS beamlines operational: ID16 and ID28 at the ESRF (Verbeni
et al., 1996; Masciovecchio et al., 1996; Sette et al., 1998), 3-ID at APS (Sinn et al., 2001;
Sinn et al., 2002), and BL35XU at SPring-8 (Baron et al., 2001b), and at least two further
projects are in progress. All operating beamlines are heavily overbooked, and a large amount
of excellent science proposals have to be rejected.

6.5.2 Science at the inelastic scattering beamline at PETRA III
The PETRA III project provides the opportunity to build a scientifically unique IXS beam-
line, extending the existing possibilities worldwide and responding to the high demand of
the international user community. The outstanding brilliance of undulator radiation will al-
low for the combination of high-resolution inelastic X-ray spectroscopy with microfocusing
techniques. This has a major impact in the following areas:

a) The radiation can be focused to dimensions of a few µm, so that sample volumes in the
range of 10−6 mm3 become accessible. As a result, the vibrational behavior of single
crystallites in polycrystalline materials can be investigated. In this sense, the polycrys-
tals of today will become the single crystals of tomorrow. Moreover, materials can be
studied where the growth of large single crystals is not possible like certain kinds of
quasicrystals or superconductors. The use of high photon energies allows one to study
high-Z materials. This is particularly interesting for the study of electron-phonon in-
teractions in new materials like high-Tc superconductors or heavy-fermion systems.
The application of microfocused beams allows one to study phonons in confined ge-
ometries and at surfaces.

b) A small beam size at the monochromator position allows for a very effective im-
plementation of sub-meV spectrometers. This applies in particular if multi-bounce
monochromators are used to achieve a very steep resolution function. Since the cor-
responding optics relies on the utilization of highly asymmetric reflections, a small
vertical beam size allows one to keep the size of the monochromator crystals small.

The design goal for this beamline is an energy resolution of the inelastic spectrometer of
0.5 meV. Together with the above mentioned features, this will open new experimental pos-
sibilities in many areas of condensed matter research. A few of these exciting applications
will be highlighted in the following sections.
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264 6. Beamlines and Experimental Stations

6.5.2.1 Disordered materials

In contrast to crystalline systems, disordered materials are characterized by the absence of
translational order. The discrete inter particle distances are replaced by a correlation function
that describes the topological disorder. It is obvious that dynamical properties are strongly
influenced by the type and degree of the disorder. Moreover, the disorder leads to additional
degrees of freedom like diffusion and relaxation in liquids and melts as well as hopping
and tunneling processes in glasses. The interplay of these phenomena on different time and
length scales introduces a rich phenomenology of dynamical properties. Due to kinematical
limitations of neutron scattering, a comprehensive picture of the high-frequency collective
dynamics in disordered materials is still missing. In particular, the following questions on
the mesoscopic dynamics are still to be answered:

• How do the collective excitations observed in glasses relate to the anomalous thermal
conductivity observed at low temperatures ?

• What is the relation between the structural properties and the spectrum of excitations ?
How do the different atomic species of a multi-component melt contribute to these
excitations ?

• What is the origin of the excess specific heat at low temperatures and the excess density
of vibrational density of states ?

• How are short wavelength excitations affected by relaxation processes compared to
those at long wavelengths and how is the high-frequency dynamics affected in the
vicinity of the glass transition ?

Vibrational spectra of disordered materials are dominated by a very strong elastic line. An
unambiguous resolution of low-energy spectral features requires an energy resolution of the
spectrometer that is in the range of 0.5 meV.

6.5.2.2 Collective excitations in low dimensions

Phonons are a good example for quasi particle excitations that can be significantly modified
by interfaces and multilayered structures. Since the functionality of future micromechanic
devices will depend on phase transformations and their underlying dynamics, the tailoring of
phononic spectra to specific purposes will be of increasing importance in the future. In this
field, basic research and applications are intimately related. Key roles are anticipated for the
following fields of materials physics:
Functional materials like shape memory alloys are based on structural phase transitions,
which allow the material to modify its domain structure. The underlying physics of these
phase transitions is intimately related to lattice instabilities with soft phonon modes (Shapiro
et al., 1989). In the future, materials with new transformation behavior based on strongly
modified dispersion relations will emerge. Fig. 6.5.1 shows different types of such phonon
anomalies for a hypothetical material. Structural distortions associated with ferroelectric
phase transitions can be used to generate actuator effects in conjunction with the permanent
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Figure 6.5.1: Phonon branches of a hypothetical material that exhibits soft phonon modes associated
with lattice instabilities (Krumhansl & Barsch, 1992). Phonon anomalies of type I and II can be
observed in ferroelectric and ferroelastic transformations, respectively. Phonon anomalies of type III
and IV are typically found in shape memory materials and amorphous metals. TO and TA denote
transverse optical and transverse acoustical branches, respectively.

electric polarization. The ferroelectric transition depends on the phonon behavior, which
has already been demonstrated to exhibit unexpected strong modifications in thin films (Aki-
mov et al., 2000). The envisaged application of nanostructured ferroelectric materials in
high-integration on-chip devices (Xu et al., 1999) will necessitate detailed basic research on
ferroelectric transitions in thin films and dots in particular (Alexe et al., 1999).
Moreover, critical phenomena at surfaces (Binder, 1983) are a topic of basic research cur-
rently receiving a lot of attention from the theoretical point of view (Pleimling, 2002). X-ray
techniques in grazing incidence geometry are very surface–sensitive, however, the scattering
volume is greatly reduced. The high flux and the microbeam at the PETRA III IXS beam-
line would allow to experimentally investigate the modification of lattice excitations at the
surface.

6.5.2.3 Quasicrystals and amorphous metals

Quasicrystals and amorphous metals have in common that electronic correlations play an
important role to stabilize their structure. For example, quasicrystalline phases are found
to be stable when 2kF ≈ kp where kF is the Fermi wave number and kp is the value of
the structure factor maximum. In amorphous metals, electronic Friedel oscillations around
the atoms give an important contribution to the pair potential. The total energy of the sys-
tem is minimized if the atoms are effectively bound in the minima of the Friedel potential.
It seems to be a generic feature of disordered metals that the electron-electron interaction
leads to a strong enhancement of these oscillations (Kroha, 2000). This mechanism has im-
portant implications for the vibrational dynamics of non-crystalline materials. Around the
wavenumber kp of the structure factor maximum one finds energetically low-lying vibra-
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266 6. Beamlines and Experimental Stations

tional excitations (Suck et al., 1983; Häussler, 1992). This is similar to the roton-like mod-
ification of the phonon dispersion in quantum liquids, comparable to the type-III phonon
anomaly in Fig. 6.5.1. The energy ω0 of these excitations scales with the inverse of the struc-
ture factor, i.e., ω0 ∼ 1/S(kp). Therefore, upon transition into the crystalline state, these
modes approach zero energy. This transition is particularly interesting to be observed near
a (quasi) crystalline-amorphous transition. To reveal the nature of these low-energy excita-
tions, investigations with sub-meV energy resolution in the presence of a strong elastic peak
are necessary.
Also quasicrystalline order leads to new kinds of collective excitations like phasons and other
non acoustic localized modes at very low energies (Bak, 1985). Many quasicrystalline sys-
tems cannot be studied by inelastic neutron scattering because single crystals are available
only in very small sizes or they contain elements that are detrimental to neutron scattering.
Amorphous metals very often can only be produced by vapor quenching in the form of thin
films. Therefore, the proposed IXS beamline at PETRA III with 0.5 meV energy resolution
and the option for a microfocused beam will be ideally suited for the study of such systems.

6.5.2.4 High-pressure studies

As already mentioned before, the small source size and beam divergence of modern syn-
chrotron sources opens the possibility to study materials available only in small quantities
down to 10−5 mm3. This is of particular interest for the study of matter under high pres-
sure, since it allows to employ diamond anvil cell techniques, and therefore access pressure
regimes up to 100 GPa and beyond. For disordered and polycrystalline materials orienta-
tionally averaged information is obtained, whereas the use of single crystals allows to map
out the full dispersion scheme of the acoustic and optical branches. Recent examples are the
phonon anomalies in Cesium metal (Loa et al., 2003) and SmS (Raymond et al., 2002). Fur-
thermore, the complete set of elastic moduli can be straightforwardly determined from the
initial slope of the acoustic branches, therefore allowing to study elasticity under pressure
(Antonangeli, 2004). Current challenges lie in the preparation of these tiny single crystals
(with a typical diameter of 50 mm and a thickness of 20 mm or less), and the preservation of a
sufficient crystal quality to high pressures. The coupling of high pressure with low/high tem-
peratures is a natural extension, and the corresponding instrumentation such as cryostats and
heaters is well developed. The highest attainable pressure is intimately linked to the sample
volume, and therefore continuous efforts have to be made in order to match the lateral beam
dimensions with the sample size. In this respect the expected performances of PETRA III
promises to further reduce the minimum sample volume needed, or to record IXS spectra
more rapidly (in cases where extreme conditions of temperature and/or pressure can only be
maintained for a few hours).
Another important field of research concerns the determination of sound velocities in ma-
terials under geophysical conditions. This necessitates the use of anvil cells that allow for
pressures in the Mbar range and temperatures up to 2000 K. For that purpose a laser heating
system has to be installed at the beamline. Such systems allow one to selectively heat the
samples in diamond anvil cells. Interesting systems are metallic melts under high pressure
at high temperatures as they are extremely relevant to understand the properties of planetary
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6.5. Inelastic Scattering 267

cores, for example. In these studies, an important quantity to be derived from the data is the
velocity of sound. Under conditions of high temperature and high pressure, this is hardly
possible with any other method. However, an accurate determination of sound velocities is
only possible if the excitation spectrum can be measured at low momentum transfers and low
energy transfers, i.e., very close to the elastic line.

6.5.3 Beamline description

The main components of the spectrometer for inelastic X-ray scattering are a monochro-
mator selecting hard X-rays with a spectral width of ∆E < 1 meV and an analyzer perform-
ing energy analysis of the inelastically scattered X-rays. The required momentum resolution
∆Q < 0.5 nm−1 limits the solid angle (∆α)2 from which the scattered photons can be col-
lected. Typical values are ∆α < 10 mrad. To obtain sufficiently high count rates in these
energy/momentum intervals, a very high incident photon flux is mandatory. The design goal
at this beamline is to exceed a flux of 1010 photons/s/meV at the sample position. Therefore,
the beamline proposed here is located at the position of the 20-m undulator.
The operating energy has to be above ∼ 22 keV where the Darwin width of Si-Bragg reflec-
tions is below 1 meV. The use of high photon energies has significant advantages. First, one
obtains access to strongly absorbing samples or samples in strongly absorbing environments.
Further important aspects are the fact that photo absorption along the beam path is low and
radiation damage in the sample becomes much lower at higher energies.
A very high energy resolution is mandatory to study collective excitations at low energy-
and momentum transfers in disordered materials. For the study of lattice dynamics in single
crystals, however, the requirement for high energy resolution can be relaxed. For that rea-
son, the beamline should host two different instruments that are specially designed for these
applications. The instrument for 0.5 meV energy resolution requires a long distance between
the sample and the analyzer (10 – 15 m). This instrument is operated in a horizontal scatter-
ing plane covering a moderate range of momentum transfers up to 60 nm−1. Investigation of
single crystals requires the access to high momentum transfers (100 – 200 nm−1). Thus, the
analyzers should be mounted on a vertical spectrometer arm so that high scattering angles
can be reached without suffering from the polarization factor. In the following we describe
how these design goals can be met in the beamline proposed here. The general layout of the
beamline is shown in Fig. 6.5.2. The individual components are described in the following
sections.

6.5.3.1 Undulator

In order to surpass the performance of present IXS instruments, the highest possible bril-
liance has to be achieved. The optimum device in this respect is the 20 m undulator being
located in a high-β section of the storage ring. The choice of the undulator period is strongly
dependent on the choice of working energies. The greatest flexibility in choosing the working
energy is achieved by an PETRA III undulator with a fundamental in the range of 3–7 keV,
as described in Sect. 4.1 of this report. Energies up to 35 keV are then reached in the 5th har-
monics. This approach, however, imposes a significant heat load on the first optical elements
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268 6. Beamlines and Experimental Stations

so that a very efficient cooling scheme has to be implemented. Otherwise, the high heat load
may be detrimental for the overall stability of the whole beamline. On the other hand, a
short-period undulator with a fundamental at the desired energy could be used that leads to
a significantly lower heat load and increased stability. This, however, goes on the expense of
the tunability of the working energy. Thus, the ideal solution would be the combination of
both schemes in a revolver-type undulator.

6.5.3.2 Passive optics

These components comprise X-ray beam monitors and high-heatload slit systems which can
cope with the high incident heatload of the undulator beam. In particular, high-resolution
X-ray beam monitors are indispensable for the reliable and reproducible operation of the
beamline, considering that stability at the µm level has to be achieved.

6.5.3.3 Beam transport and hutches

In order to optimize the efficiency of the inelastic spectrometer, various collimating and/or
focusing elements have to be installed along the beam path. The first element of this type
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Figure 6.5.2: Layout of the proposed beamline for inelastic X-ray scattering at PETRA III. The
optics hutches OH1 and OH2 contain the heat-load monochromator (HLM) and the high-resolution
monochromators (HRM), respectively. The experimental hutches EH1 and EH2 contain instruments
for various inelastic spectrometers as explained in the text. The height of the hutches EH1 and EH2
(partly) is raised to about 6 m to accommodate the operation of top-loading cryostats and a spectrom-
eter with a 4.5 m vertical arm in EH2. The CRL in the front end focuses the beam to the position of
the HRM.
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6.5. Inelastic Scattering 269

should be a focusing compound refractive lens (CRL) that is installed half-way between the
center of the undulator and the high-resolution monochromator. This preserves the low diver-
gence of the undulator beam while providing a small beam cross section at the first crystal.
As a result, highly asymmetric reflections can be used while keeping the size of the crystals
small. The proposed location of the CRL is within the front end of the beamline.
To achieve micron-size focal spots on the sample, we propose the use of Kirkpatrick-Baez
(KB) mirror optics. To allow for sufficient flexibility selecting the focal spot size (which
determines the beam divergence on the sample), there should be enough room in front of the
sample for placement of the focusing optics.
To accommodate the experimental needs and to allow for a high flexibility, we propose an
arrangement of hutches as sketched in Fig. 6.5.2. The optics hutches OH1 and OH2 contain
the heat-load monochromator and the high-resolution monochromators, respectively. The
first experimental hutch EH1 is a hutch that is devoted to the test of optical components, de-
velopment of new experimental schemes, testing of equipment etc. Hutch EH2 contains two
inelastic spectrometers that are centered around the same sample position that coincides with
the focus of the KB mirror optics. One spectrometer has a vertical arm for IXS with medium
energy resolution in the range of 2–3 meV, while the other one is a horizontal spectrometer
for sub-meV inelastic scattering.

6.5.3.4 Heat-load monochromator

The first monochromator has to be capable to absorb the high power density of the undulator
beam and to preserve the brilliance. A suitable solution for this purpose is the use of two
diamond (111) reflections that comprise a fixed-exit double-bounce monochromator. At the
expected power loads of about 500 W/cm2 a cryogenic cooling scheme is recommended,
even though the proper mounting of diamond crystals under these conditions still has to be
developed.

6.5.3.5 High-resolution monochromators

The basic layout of an IXS beamline is significantly determined by the high-resolution
monochromator. Presently, there are two approaches realized at existing instruments. The
original design uses a backscattering reflection from a single Si crystal where the energy is
tuned by a temperature scan of the crystal with mK precision. It is currently implemented at
the IXS beamlines of the ESRF and SPring-8. Another approach is the use of multi-bounce
high-resolution monochromators, as they are employed at the IXS beamline of the APS. The
energy can be scanned very fast by the motion of a single stage that is equipped with a nano
radian angular encoder. While the first approach requires a transfer tube for the white beam
that extends all along the beamline to the back reflecting crystal, the monochromator in the
second case is mounted in-line and just introduces a parallel offset of the beam. Here we
propose to implement the latter design with an in-line 4-bounce monochromator in (+ – – +)
arrangement as shown schematically in Fig. 6.5.3a. Such a design is characterized by a
higher throughput compared to the (+ + – –) monochromators (Ishikawa et al., 1992; Mooney
et al., 1994) or (+ +) monochromators (Chumakov et al., 1996; Toellner et al., 1997) of the
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270 6. Beamlines and Experimental Stations

same energy resolution, which are routinely used presently. Moreover, a much higher energy
resolution can be achieved (Yabashi et al., 2001; T. S. Toellner, priv. commun.). Another
approach is the use of a double-backscattering monochromator, as shown in Fig. 6.5.3b.
In contrast to a single backscattering reflection, the in-line design offers a number of advan-
tages:

• The intensity in the tails of the resolution function is significantly reduced. This is
crucial for the extraction of weak low-energy modes in disordered materials like amor-
phous metals where the elastic line is typically very strong.

• Energy scans are performed by the movement of a single motor and can thus be
done very fast, if required. Consequently, energy regions without any structure in the
phonon spectrum can be scanned with a larger step size. Such a flexibility is hardly
possible in a thermal scan.

• The beamline is not obstructed by the white-beam transfer tube that extends all the way
to the backscattering monochromator. An in-line monochromator does not impose any
constraints on the design of the sample environment. Moreover, one can still use
the beam from the high heat-load monochromator for convenient adjustment of the
analyzer and the sample, where even weak reflections can be monitored.

Due to the low divergence of undulator beams from PETRA III, very efficient in-line mono-
chromators can be employed. To achieve energy resolutions in the sub-meV range, the op-
erating energy should be above 25 keV. These energies are determined by the back reflection
analyzers as discussed in the next section.
An important aspect to be considered is the heat-load that is imposed by the eV beam from
the heat load monochromator. At present sources this amounts to total powers in the range
of 100 - 200 mW. The thermal gradients induced by this power may strongly deteriorate the
performance of the high-resolution monochromator. A way to alleviate the thermal problems
is cryogenic cooling of the monochromator crystals at 123 K where the thermal expansion of
silicon is zero. In addition, the throughput increases due to the increase of the Debye-Waller
factor with decreasing temperature, especially for high-order reflections. (However, it should
be noted that the energy resolution degrades due to the enlarged Darwin width at low temper-
atures.) This concept has been successfully realized by the APS group (T. Toellner, E. Alp)
recently. They achieved a vibration-free operation by cooling with He gas flowing through a
lq. N2 heat exchanger.
Besides these schemes, there is a recent proposal for reaching sub-meV resolutions in the
range of 5–10 keV (Shvyd’ko, 2004). This idea relies on the wavelength dispersion in
highly asymmetric back reflection. The basic layout is sketched in Fig. 6.5.3d. It con-
sists of three crystals acting as collimator (C), dispersing element (DE) and wavelength
selector (WS), respectively. The relative spectral bandpass of this configuration is given
by ∆E/E = ∆θ/ tan η, where ∆θ is the angular emittance of the collimator and η is the
asymmetry angle of the dispersing element. Although this approach is not compatible with
the in-line design as pursued here, it offers a number of advantages : The absolute bandpass
∆E scales linearly with the photon energy E, in contrast to the monochromators discussed
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6.5. Inelastic Scattering 271

before. Moreover, ∆E can be simply changed via the asymmetry angle η without affect-
ing the angular acceptance and the throughput of the arrangement. Finally, the demands for
temperature stability and angular control are not as serious as at high photon energies. To
convert this approach into an in-line monochromator, one could envisage an arrangement as
in Fig. 6.5.3b with the back reflecting crystals being cut highly asymmetrically. The corre-
sponding energy analyzer that relies on the same principle is shown in Fig. 6.5.4b.

6.5.3.6 Inelastic spectrometer

The analyzers for the scattered radiation will be spherically-bent silicon pixel analyzers made
from dicing of Si wafers. The scattering geometry introduces an additional broadening of
the resolution function of such a spectrometer. This contribution is given by ∆E/E =
(a2 + p2)/L2, where a is the size of the illuminated area on the sample, p is the pixel size
of the analyzer, and L is the distance between sample and analyzer. For the horizontal
spectrometer one should aim at L ≈ 10 m to allow for sub-meV resolution around 25 keV.
To enhance the efficiency of this spectrometer, multiple analyzers of this kind are foreseen.
In case of the vertical spectrometer that is planned for the study of phonons in new materials,
we aim at an energy resolution of 2–3 meV. To reach this goal, a long arm with L > 4.5 m
has to be implemented, hosting a single Si pixel analyzer. This arm can be constructed in a

2 mm

(a)

5 cm

(c)

1 m

(b)

(d)

C

DE

WS

η

Figure 6.5.3: Possible schemes for high-resolution in-line monochromators to achieve sub-meV
energy resolutions at photon energies above 20 keV. a) In this four-bounce arrangement, the two sets
of crystals are mounted on a weak-link mechanism (shaded areas) for ultra precision motion control
(Shu, Toellner & Alp, 2001), sometimes referred to as ’artificial channel-cut’. Similar schemes in
combination with cryogenic cooling allow for a high-throughput monochromator at 25.7 keV with an
energy bandwidth of 0.7 meV (T. S. Toellner, priv. commun.). b) A very compact optical design for
Bragg reflections near backscattering (Baron et al., 2001a), using a very thin coupling crystal within
a backscattering channel cut. c) Double - backscattering monochromator. This design combines a
high throughput with narrow tails of the resolution function, as already successfully tested (H. Sinn,
priv. commun.) d) The wavelength dispersion in highly asymmetric back reflection can be exploited
to design monochromators with sub-meV resolution in the 5–10 keV range (Shvyd’ko, 2004).
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272 6. Beamlines and Experimental Stations

lightweight manner were the counterweight is replaced by a driving mechanism to move the
arm to the desired momentum transfer. Such an instrument would be unique worldwide to
complement the experimental programs at facilities like APS and SPring-8.
For the Si pixel analyzers there are presently no demonstrated alternatives for energy reso-
lutions in the range of 1 meV. However, an improvement of the existing analyzer schemes
can be realized by employing exact backscattering (Shvyd’ko, 2004). Due to the large an-
gular acceptance in this geometry, larger pixel sizes compared to the conventional scheme
are possible. This allows for an easier fabrication and enhances the analyzer efficiency. On
the other hand, to realize this scheme, a ring-shaped detector has to be developed. This is
sketched schematically in Fig. 6.5.4a. On the first sight, a disadvantage of this concept is
the excitation of multiple reflections due to the high symmetry of the Si crystal structure,
reducing the efficiency of the analyzers. This can be lifted by the use of crystals with lower
symmetry like sapphire or silicon carbide. Presently, however, the quality of these crystals
does not allow for the construction of large-scale analyzers. Nevertheless, their development

Dispersive
Element

Rl

h

Sample

Mirror

Detector

Collimator

Analyzer

Ring Detector

Analyzer

Sample

(a)

(b)

Figure 6.5.4: Schematic layout of a new backscattering analyzer for inelastic X-ray scattering
(Shvyd’ko, 2004). a) Si-pixel analyzer working in exact backscattering geometry. The detector has a
ring-shaped geometry so that the scattered radiation at a certain momentum transfer can pass through.
Typical values are l = 0.3 m, h = 3 mm, thus selecting a 10-mrad interval of scattering angles. b) Two-
crystal arrangement with a highly asymmetric reflection very close to backscattering. This design has
the potential to reach sub-meV resolution in the range of 5–10 keV.
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6.5. Inelastic Scattering 273

should be pursued during the R&D process for this beamline. Another way to enhance the
efficiency of Si backscattering analyzers is the use of reflections that are less degenerate than
the widely used ones. While the (13 13 13) back reflection at 25.7 keV is a 26-beam case
and the (15 15 15) back reflection is a 56-beam case, other cases like the Si (2 2 20) and the
Si (10 12 18) back reflection are only 6-fold degenerate, respectively.
Accordingly, a very small illuminated spot size on the sample allows for a larger pixel size at
a given value for ∆E. This is another argument for using a microfocused beam. Moreover,
in this case it will also be possible to illuminate thin films in grazing incidence geometry
while maintaining a sufficiently small spot size on the sample.

6.5.3.7 Sample environment

For the investigation of single crystals or for adjusting samples in grazing incidence ge-
ometry, a goniometer with four circles is required. The goniometer should as well support
heavy equipment such as cryostats. It is also desirable to have considerable free space at the
sample position. For quick checks of sample orientation and/or quality, the mounting of a
two-dimensional CCD detector behind and close to the sample has to be foreseen.

6.5.4 Capital investment and personnel
For the development of the scientific program at the beamline, two researchers are required
who run independent activities to accommodate a wide scientific community.
The special crystal optics for the high-resolution monochromators and the analyzers should
be made in-house. The performance of these devices crucially depends on an engineer that
is dedicated to such developments. In particular, experience in nano-radian motion control
is required. For installation of the beamline components and their maintenance, two tech-
nicians are needed, whereby one of them is specialized in mechanical problems, including
operation of the analyzer fabrication, and the other one is specialized on electrical installa-
tions, including motor control and data acquisition.

The total capital investment for these experimental stations is 4060 ke.
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6.6 Nuclear Resonant Scattering
Authors :

H. Franz DESY, Hamburg, Germany
R. Röhlsberger DESY Hamburg, Germany
R. Rüffer ESRF, Grenoble, France
B. Sepiol Universität Wien, Austria
Yu.V. Shvyd’ko Universität Hamburg, Germany
M. Sladecek Universität Wien, Austria
G. Vogl Universität Wien, Austria
G. Wortmann Universität Paderborn, Germany

6.6.1 Current state of the scientific field
Nuclear resonant scattering (NRS) of synchrotron radiation was first demonstrated at HA-
SYLAB in Hamburg almost 20 years ago now (Gerdau et al., 1985). First experiments were
done at a bending magnet beamline (F4 at DORIS III). But only the advent of high energy
third generation synchrotron sources like ESRF and APS has allowed to turn this method
into a routine technique. Due to the sharpness of the nuclear resonances (typically some
neV to µeV) NRS experiments are extremely flux hungry. For the same reason they require
sophisticated monochromatization with a resolution in the meV or even sub-meV region.
This is why NRS would profit most from the planned 20 m ID. Already now, ID18 at ERSF
uses the equivalent of a 5 m long device, optimized for the 57Fe transition at 14.4 keV. This
reflects the fact that 57Fe is the working horse for NRS due to it’s favorable transition energy
and life-time. However several other isotopes (161Dy, 151Eu, 61Ni, 149Sm, 119Sn,....) are used
for investigations mainly in the field of magnetism.
Experiments using NRS can be divided into three classes:

• Hyperfine spectroscopy via elastic NRS. In this field NRS has been used to study mag-
netism in thin films (Röhlsberger et al., 2003), high pressure (Lübbers, Wortmann &
Grünsteudel, 1999) and biophysical applications (Trautwein & Winkler, 1999). Quasi-
elastic forward scattering gives information about jump–diffusion (Vogl & Sepiol,
1999), structural relaxation in disordered (bulk and confined) systems (Sergueev et al.,
2002; Asthalter et al., 2001) and also spin relaxation (Shvyd’ko et al., 2001).

• Vibrational spectroscopy via nuclear inelastic scattering (NIS). In experiments on thin
films (Ruckert et al., 2000), protein dynamics (Parak & Achterhold, 1999) NIS has
proven to be superior to inelastic neutron scattering, be it due to the small beam size,
the element specifity or the larger scattering cross-section (0.13 Mbarn).

• Synchrotron radiation-based perturbed angular correlation SRPAC. This new tech-
nique (Sergueev et al., 2003) can be used to gain information about rotational dynamics
in systems which display a vanishing Lamb–Mössbauer–factor.

NRS experiments take advantage of the large cross–section of nuclear resonances. Thus in
spite of the narrow bandwidth the signal from the sample may be rather strong. In addition
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6.6. Nuclear Resonant Scattering 275

the isotope selectivity and the time discrimination help to reduce the background to a level
close to zero. Sample environments like high pressure cell, cryostats, furnaces or matrices
do not contribute to the measured signal. That is why in NRS minute amounts of sample
material is sufficient. Of course, also the small beam at third generation SR sources helps
to minimize the sample volume. This is often a big advantage compared both to neutron
scattering and conventional Mössbauer spectroscopy.

6.6.2 Science at the NRS beamline at PETRA III

In the following we will sketch some scientific fields where we expect NRS at PETRA III to
deliver a unique contribution.

6.6.2.1 Magnetism and dynamics of low-dimensional structures

The investigation of nanoscale structures by means of advanced X-ray scattering techniques
will be an important contribution of PETRA III to the field of artificially structured materials.
In particular, elastic and inelastic nuclear resonant scattering will offer unique opportunities
for the investigation of magnetic and dynamic properties that lie at the heart of novel func-
tional materials. Due to the use of hard X-rays, buried interfaces will be accessible, for which
currently no alternative technique is available.

Lattice dynamics with nanoscale spatial resolution
Propagating excitations like phonons can be significantly modified by interfaces and artificial
superlattices. The tailoring of phononic spectra to specific purposes will be of increasing im-
portance in the future. Since only a fundamental understanding of vibrational properties un-
der the influence of interfaces will ensure full tunability, basic research and applications will
be intimately related. Due to its isotopic specifity, NIS opens the possibility to selectively
obtain the vibrational properties of nanoparticles and thin films that contain the resonant iso-
tope. There is no need to discriminate against inelastic signals from surrounding materials.
The sensitivity of the method to thin films has been proven already in a number of experi-
ments (Röhlsberger, 2001). However, the statistical quality of the data that can be obtained
at present-day sources is not sufficient to allow for investigations of single monolayers. On
the other hand, flux estimates for the 20 m undulator beamline at PETRA III indicate that a
vibrational spectrum from a single monolayer of 57Fe can be obtained in a few hours. This
opens the possibility to selectively introduce isotopic probe layers in the sample and obtain
vibrational properties with atomic resolution. It is a distinct advantage of this technique that
such probe layers do not disturb the chemical integrity of the system.
A very interesting research area are low-energy excitations in nanoparticles and clusters
(Fultz et al., 1997). The nature of these modes is far from being understood. NIS at PETRA
III will allow one to selectively probe, e.g. different parts of such structures to locate their
spatial origin (grain boundaries, surface or core). The application of focusing techniques will
allow one to probe smallest amounts of material and thus facilitate, for the first time, exper-
iments on thin films in high-pressure cells, for example. Such investigations are mandatory
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276 6. Beamlines and Experimental Stations

to pinpoint the origin of the anomalous dynamical properties in low dimensions.

In-depth speckle metrology of magnetic thin films
Ultrathin probe layers can be employed to determine the in-depth magnetic structure of strat-
ified media (Röhlsberger et al., 2002). At PETRA III, this technique can be combined with
the outstanding coherence properties of the beam to perform a new type of speckle metrol-
ogy. In this case one records the delayed resonant photons that are diffusely scattered from
the magnetic domain structure within the probe layer. With probe layers placed in various
depths of the sample, an in-depth image of the domain structure in the film is obtained. There
is currently no other technique available through which such information can be obtained.
This method requires the use of a 1D or 2D detector with the capability of ns temporal gat-
ing. Such a development based on APD arrays is underway and should be available when
PETRA III becomes operational.
It is the virtue of nuclear resonant scattering, that elastic and inelastic spectroscopy can
be performed in basically the same experimental setup. Thus, in a direct combination of
both spectroscopic methods one can envisage detailed studies of the magnetoelastic coupling
in magnetic nanostructures. While such investigations have been performed recently for
FeO single crystals (Struzhkin et al., 2001), it would be very interesting to extend such
experiments to magnetic nanostructures as well. This is particularly interesting in the case
of metal/oxide heterostructures where unexpected magnetic properties resulting from the
coupling of metal and oxide have been found (Beach et al., 2001). The comparison with
previous experiments at existing sources shows that only the estimated flux delivered from
the 20 m undulator beamline at PETRA III will allow for systematic studies in this field.

∆x

Fe57

D

ϕ

scattering
plane

Figure 6.6.1: Use of an ultrathin probe layer of 57Fe to determine the depth dependence of magnetic
and dynamical properties in thin films by transverse displacement ∆x of the sample.
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6.6. Nuclear Resonant Scattering 277

6.6.2.2 Magnetism and lattice dynamics at extreme conditions: high pressure and
high temperature

The knowledge about the properties of matter under extreme conditions, here high pressure
and high temperature, is of utmost importance for solid state physics, material science and
geophysics. Using diamond anvil cells (DAC), ultra-high pressures up to 4 Mbar (400 GPa),
which compares with 3.5 Mbar at the Earths inner core, can be reached. Since the size of the
pressurized samples above 1 Mbar is in the 1 - 10µm range, such high pressure experiments
benefit from the high brilliance of third-generation synchrotron sources as well as from the
recent developments of focusing optics. Both NFS and NIS techniques have been already
used for studying magnetism and lattice dynamics in the Mbar range, for instance the sup-
pression of Fe band magnetism in RFe2 Laves phases (Lübbers, Rupprecht & Wortmann,
2000) and the lattice dynamics in the hexagonal high-pressure phase of iron (Lübbers et al.,
2000; Mao et al., 2001). Future NFS and NIS experiments at higher pressures and smaller
samples will profit from the increased brilliance and flux of the envisaged NRS beamline
at PETRA III enabling also experiments which combine two extreme conditions, e.g. high
pressure and high temperature, possible for instance with Laser heating, or, as mentioned
above, high pressure/low temperature experiments on nano-scaled magnetic systems (e.g.
layers).

Magnetism at extreme conditions
Beside iron magnetism which is already investigated routinely at high pressures and high/low
temperatures (Lübbers, Rupprecht & Wortmann, 2000; Rupprecht et al., 2002), the rare-
earth magnetism at extreme conditions is a wide field with new challenges, which can be
tackled with sensitive Mössbauer resonances like Sm149, Eu151 and Dy161, all of them al-
ready employed successfully for various problems. Eu(II)-chalcogenides are presently stud-
ied with an enormous variation of the magnetic ordering temperature, for instance in EuS
from 16 K (0 GPa, NaCl-phase) to 280 K (77 GPa, CsCl-phase)(Lübbers, Rupprecht & Wort-
mann, 2000; Rupprecht, Ponkratz & Wortmann, 2003). In Eu and Sm systems, magnetism
and valence transitions are often closely related, as demonstrated recently by a study of SmS
(Barla et al., 2004). Of current interest are strongly correlated 4f- and 5f-systems (Heavy
Fermion systems) exhibiting magnetism and superconductivity with pressure as an impor-
tant parameter. Here probe atoms like Sn were used successfully (Barla et al., 2002). Future
work at PETRA III may approach new frontiers in 4f magnetism, for instance delocalization
of 4f-electrons in Sm and Dy metal at ultra-high pressures. A related topic is, as for Fe in
magnetic layers, the investigation of the phonon-magnon coupling in systems with strong 4f
magnetism, e.g. SmCo5 and DyFe2, by using NIS.

Phonon spectroscopy at extreme conditions
The actual geophysical interest in the hexagonal high-pressure phase of iron as the most
relevant phase of the Earths solid inner core has triggered the first high-pressure phonon
studies of this phase (Lübbers et al., 2000), reaching 1.53 Mbar in a second attempt (Mao
et al., 2001). At ESRF, recent progress in the focusing optics (compound refractive lenses
and K-B mirrors) allow to concentrate the whole monochromatized beam to a spot of less
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278 6. Beamlines and Experimental Stations

than 10µm diameter and to record a NIS spectrum of iron at 130 GPa in 12 h with a much
better statistical accuracy and spectral resolution than in the first studies (Giefers et al., 2002).
The texture in the pressurized sample, here ε-Fe, is used to extract from the NIS spectra
the phonon density-of-states (DOS) as seen in different crystallographic directions. This
allows for a mode-specific analysis of the phonon spectra, for instance an identification of
the two optical modes and provided the first experimental proof of an anisotropy in the sound
velocity parallel and perpendicular to the hexagonal c-axis (Giefers et al., 2002). It should
be remembered that the observed anisotropy of the sound velocities in the Earths core is
attributed to highly textured ε-Fe in the core (Creager, 1997), the reason for this texture is
presently discussed with various models (Jephcoat & Refson, 2001; Steinle-Neumann et al.,
2001; Buffet & Wenk, 2001).
To approach the inner Earths conditions, one needs beside high pressure also high temper-
ature. The thermodynamic properties of iron at ultrahigh pressures and temperatures are
therefore of utmost geophysical interest; the same holds for the minerals building up the
upper and lower crust, all containing iron, e.g. the olivine (Mg, Fe)SiO3. Their dynamic
properties and phase transitions at high pressures and temperatures, also sound velocities,
can be sensitively monitored by measuring the phonon DOS at the Fe sites. Temperatures
up to 1000 K can be easily reached with ”intelligent” diamonds (diamonds with integrated
heaters) or with simple ovens (Rupprecht et al., 2002), temperatures up to 3000 K can be
reached with resistance heatings of the gasket, even higher temperatures up to 4000 K with
Laser heating. Such NIS studies at elevated temperatures can prove (or disprove) recent the-
oretical predictions about the temperature dependence of the anisotropy of elastic parameters
and sound velocity in ε-Fe (Jephcoat & Refson, 2001; Steinle-Neumann et al., 2001; Buf-
fet & Wenk, 2001). The option to compare thermodynamic parameters derived at elevated
temperatures with the ones at ambient temperature to improve estimates of important prop-
erties such as melting temperatures beyond the Mie-Grüneisen approximation is one more
reason for combined high-p,T NIS experiments.

6.6.2.3 Glass dynamics

The narrow bandpass makes NRS an ideal tool to study dynamics. In time resolved mode the
nano- to µ-second region is accessible. This is the relevant time scale to study the glass tran-
sition in the light of mode-coupling theory (Bengtzelius, Götze & Sjölander, 1984; Sergueev
et al., 2002). In particular the recent advances using single nucleus scattering (SRPAC) al-
lows one to study the range from fast β-relaxation (several 10 ps) to the α-relaxation even
below Tc (Sergueev et al., 2003). Following the pioneer-experiment at ESRF a systematic
study of glass-formers of different strength will help to unravel the mechanism underlying
the glass transition. In particular the option to separate translational and rotational motion by
NFS and SRPAC will shine light on the origin of discrepancies found when combining re-
sults from different techniques like dielectric relaxation, light scattering or inelastic neutron
scattering.
In the energy resolved mode even faster dynamics in the ps-time scale are accessible. This
is the domain of phonons. In this area the so called boson peak is still a puzzle waiting to
be solved. The boson peak is an excess density of states found in the vibrational spectra of
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6.6. Nuclear Resonant Scattering 279

all disordered systems around several meV . The following question may be addressed with
inelastic scattering experiments:

• are the excess exitations propagating or localized

• if they are propagating, how does the dispersion look like, is it of acoustic or optic type

In combination with non-resonant inelastic scattering nuclear resonant experiments with very
good energy resolution (below 0.5meV ) can help to get answers to these points.

6.6.2.4 Diffusion

Diffusion plays a key role in the kinetics of structural changes that occur during the process-
ing of metals, alloys, ceramics or semiconductors. The atomic migration in crystalline solids
consists of jumps of individual atoms. The variety of atomic jump mechanisms is closely
connected with defects.

Diffusion in solids is usually investigated on a macroscopic scale following the inter-penetra-
tion of two atomic species across an interface (tracer technique). This method deduces
atomic events from macroscopic effects as, for instance, the concentration gradient of dif-
fusing isotopes. In contrast to this macroscopic, classical methods diffusion can be studied
at the microscopic level also. I.e. in a way which can reveal the jump vectors and the jump
rates of the atoms. Nuclear resonant scattering of synchrotron radiation is one of the most
successful methods for this kind of dynamics studies (Sepiol & Vogl, 2003; Vogl & Sepiol,
1999).

Scattering of X-rays in grazing incidence geometry has become an established technique for
studying the structure of thin films and multilayers. The special goal of this method is the
depth profile analysis. Combining grazing-incidence reflection with nuclear resonant scat-
tering results in the depth-selective investigation of diffusion and of the hyperfine parameters
of resonant nuclei. Combination of diffusivity studies with ab-initio calculations will allow
the quantitative estimate of the diffusion rates and mechanisms at surfaces and in thin films.
This is a challenging project, but should now be within the reach of the most performant
synchrotron sources and ab-initio simulation tools.

Recently we have indeed gained the first preliminary results on diffusion in iron layers close
to the surface (Sladecek et al., 2001) and in ultrathin iron films on a tungsten (110) surface
(Sladecek et al., 2003), see Fig. 6.6.2. In the most challenging case a sub-monolayer is
scanned for diffusion and relaxation. Until now these studies suffer from the limited bril-
liance of presently available sources. Higher brilliance as expected from PETRA III will
enable to perform such studies in decent measuring time and thus result in detailed under-
standing of the kinetics of phase formation and transformation in thin films and multilayers
by in-situ investigation.
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280 6. Beamlines and Experimental Stations

Figure 6.6.2: NRS spectra of an iron sub-monolayer on W(110) substrate. The quantum beats are
a result of a quadrupole interaction. At higher temperatures the beat period increases and the beats
disappear completely at about 670 K. This reversible effect is explained by a relaxation of the EFG.
The inset shows the diffusion coefficients estimated from increase of the beat period.

6.6.2.5 Time domain interferometry

Besides the established and widely used resonant techniques where a “Mössbauer” isotope
is needed as part of the sample, the increased spectral flux available at PETRA III could
make time-domain interferometry (TDI) (Baron et al., 1997) a more widespread technique.
TDI uses resonant filters, for example stainless-steel foils, as nuclear monochromators and
analyzers. This offers the option to investigate also samples without resonant isotopes and
to vary the momentum transfer in the scattering process by changing the scattering angle.
Using APD-pixel detectors currently developed in different laboratories will open the way
to study the q-dependence of relaxations in a very efficient way.

6.6.2.6 Metrology

The ”Physikalisch Technische Bundesanstalt” (PTB) has expressed their interest to maintain
an experiment at the nuclear resonance beamline at PETRA III. The scope of the project
is to define a new length-standard based on the Mössbauer radiation from 57Fe (Shvyd’ko
et al., 2000). Using a combined visible – X-ray Fabry–Perot interferometer (Shvyd’ko et al.,
2001) the wavelength of the Mössbauer radiation can be directly (without the use of a transfer
standard) measured in units of a well define laser line. The latter is usually a iodine stabilized
He-Ne laser achieving a reproducibility of the wavelength of 3 parts in 1011. Compared to
this the uncertainty of the lattice constant of Si is orders of magnitude larger (some 10−8).
The main advantage of the Mössbauer wavelength standard is the independence of the wave-
length on temperature or pressure. Even if the chemical environment and hence the hyperfine

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



6.6. Nuclear Resonant Scattering 281

interactions are not known the relative uncertainty of the 57Fe transition energy is of the order
10−11. If a chemically well defined sample is used, the uncertainty is two orders of magni-
tude better. The stability of the Mössbauer line is even higher, 10−15, comparable only to the
Cs atom fountain clock.

6.6.3 Beamline layout

The following layout and the specifications of a NRS beamline are discussed under the as-
sumption that it will be a user friendly beamline for highest performance of dedicated ap-
plications. These comprise hyperfine spectroscopy and dynamics under extreme conditions
as high pressure, high and low temperatures, external magnetic fields and confined geom-
etry. Confined geometry comprises nanostructured material, thin films, surfaces etc. In all
applications highest brilliance and a proper timing mode are mandatory.

6.6.3.1 X-Ray source

In order to be competitive or even surpass the performance of existing synchrotron radiation
sources highest brilliance is mandatory. In general this can be achieved with an undulator
operating in the fundamental with smallest magnetic gap. In practice this will not always
be possible. Therefore, taking the envisaged machine parameters into account, the 20 m
undulator option with a revolver like system would be beneficial in order to optimize the flux
in two energy regimes. (1) 57Fe seems to be still the most important isotope. It would require
an optimized magnetic structure of the undulator for 14.4 keV in the fundamental. This
choice would give highest brilliance as well as less heat-load which would also be beneficial
for the overall stability. (2) The second magnetic structure should be optimized for X-rays
between 21.5 keV and about 30 keV in the third harmonics for the other Mössbauer isotopes
which would cover in the fundamental also Tm and Kr. The Ta resonance at 6.2 keV would
not be accessible.

6.6.3.2 High heat-load optics

High heat-load monochromator:
Due to the distinct energies of the Mössbauer transitions a scanning option for the high heat-
load monochromator (HHLM) is not necessary. However, long term stability is mandatory.
Here the ESRF design has proven to be the most simple and stable choice. A big offset
of the crystals is beneficial for space considerations and heat-load from scattered radiation.
Preferably the X-ray beam should be scattered up in order to leave the synchrotron radiation
orbit avoiding the cone of the Bremsstrahlung. The downstream crystal is by definition the
more stable one as it does not see ’real’ heat-load. It also should become the most stable one
with respect to the mechanics. The optics should be located in a separate hutch with beam
shutter to allow for a continuous and stable operation of this unit. The angular resolution
needed is 0.5 · 10−6 rad, the size of the tank must be large enough to cover an energy range
of 6–70 keV with Si (111). Of course lN2 cooling is mandatory.
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282 6. Beamlines and Experimental Stations

Compound refractive lens:
A compound refractive lens (CRL) is required upstream of the HHLM in order to collimate
the beam for best performance of the HHLM. Especially at higher energies a better matching
of the beam divergence and the crystal acceptance is achieved.

Beam position and intensity monitors:
A beam position monitor as the first element, i.e. before any optical element will be benefi-
cial. Furthermore, intensity monitors are required after each optical element.

Slit systems:
The estimated high power of the synchrotron radiation will need a high power slit system
upstream of the HHLM. A beam defining slit system downstream of the HHLM should be
highly precise and easily scanable.

6.6.3.3 Focusing

Focusing optics are mandatory for most of the applications in NRS. There are two options:
(1) a moderate focus (e.g. 100µm × 100µm) utilizing CRLs for vertical and horizontal fo-
cusing; (2) for e.g. a 10µm × 10µm or smaller focal spot utilizing a Kirkpatrick-Baez (KB)
optics system based on graded multilayers. Option (1) has the advantage that the beam stays
straight and the focal length is big allowing for large sample environment and a permanent
set-up somewhere in the beamline. Furthermore the alignment is very simple. Option (2)
has a shorter focal length (approx. 500-700 mm) and deflects the beam out of the straight,
i.e., the sample environment has to be chosen accordingly and the optics has to move to the
corresponding experimental station. The alignment is more challenging.

6.6.3.4 High energy resolution optics

The high resolution monochromator (HRM) is the ’main’ monochromator in NRS applica-
tions. It needs most development and alignment efforts. So far HRMs for the energy regime
up to about 30 keV have been developed on the basis of multi-bounce arrangements. At least
two HRM mechanics should be foreseen, one hosting the crystals for the 57Fe resonance
energy and one hosting alternative crystals for other isotopes. If one cannot afford more
systems right from the beginning, space should be provided for at least two to four other sys-
tems. Collimating CRLs upstream of the HRM should be foreseen in order to ease the design
and to improve the performance of the HRM. Options for HRMs which also cover higher en-
ergies should be considered as ’true’ back-scattering arrangements. Permanent stations for
monitoring the resonance up- and downstream of the HRM would ease the operation.
Further space should be kept for polarization shifter and further upgrades or new ideas e.g.
the nuclear lighthouse effect. The HRM optics will be located in a highly temperature and
mechanical stabilized hutch with a separate beamshutter. This ensures low-vibrational noise
to maintain a good short- and long-term stability.

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



6.6. Nuclear Resonant Scattering 283

The HRM will be preferably a four bounce type with fixed exit. Recently good results
have been obtained with (+,−,−+) monochromators (Yabashi et al., 2001; Toellner &
Shu, 2001; Toellner et al., 2002). The energy range will cover the Mössbauer transitions
between 7 keV and 30 keV. We will aim for a very good energy resolution in the sub-meV
range (0.5 meV or better) for NIS and reduced load on the detector for NFS. The required
angular resolution and stability is 20 nrad. Requirements for thermal stability are 0.01 K.
Alternatively new setups can be used with three or four independent crystals (see Fig.6.6.3).
Some of these new ideas are discussed in Sec. 6.5.3 (for a thorough review of high resolution
monochromators see (Shvyd’ko, 2004)).

undulator

x-rays

bandwidth
100 eV

cooled
monochromator

bandwidth
1 eV

in-line
high-resolution
monochromator

bandwidth
0.1 - 1 meV

inelastic
(D2)

forward
(D1)

timing
detectors

Dn

bandwidth
< 1 eV

samplecollimating
optics

focusing
optics

Figure 6.6.3: NRS beamline with resolution optics base on an advanced design with four indepen-
dent crystals.

6.6.3.5 Detectors

Detector requirements can be divided in three classes: (1) monitoring, (2) main detectors and
(3) auxiliary detectors.

(1) Monitors are mandatory for surveying beam intensity and beam position. There are
various designs available, e.g. ionization chambers, PIN diodes, etc.

(2) In the case of the main detector a fast detector system (ps to ns resolution) with wide
dynamic range, high efficiency and big area for NIS would be the detector of choice.
So far detector systems based on APDs are used in NRS applications. Experience
shows, however, that there is a need for further development. Further, for several
applications a 1D or 2D fast detector system would improve the scientific output.

(3) Auxiliary detectors are e.g. image plates which are readily available.

It has been proven that separate hutches for each of the various sample environments make
the operation much more efficient and reliable. Therefore, at least three independent experi-
ments hutches are proposed (see Fig. 6.6.4).
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284 6. Beamlines and Experimental Stations

Figure 6.6.4: Schematic layout of the proposed NRS beamline.

6.6.3.6 Sample environment

Four types of sample environments will be used in NRS experiments at PETRA III.

(1) A cryo-magnet system for nuclear forward scattering (NFS) and nuclear reflectometry
(NR), hyperfine spectroscopy and small-angle scattering

(2) A UHV system for NR, hyperfine spectroscopy and dynamics

(3) Cryo-systems and furnaces for hyperfine spectroscopy and dynamics

(4) High pressure cells.

Cryo-magnet system
A cryo-magnet system (specifications see below) is used in NFS geometry mainly for high-
pressure work (hyperfine spectroscopy and diffraction) and in NR geometry for surface in-
vestigations (hyperfine spectroscopy and small-angle scattering). Other investigations which
need low temperature and external magnetic fields are possible as well. An option for in-situ
X-ray diffraction would be an asset. This could be accomplished in the simplest case by
an image plate detector or a separate 2Θ detector system. Of course much more efficient
would be an on-line 2D detector. The cryo-magnet system will be top-loading and sufficient
vertical space is required (approx. 5 m).

Requirements for the cryo-magnet system
We should head for a temperature range from 1.5 - 500 K with an additional option to achieve
mK temperatures. The horizontal magnetic field will have a maximum value of about 10 T.
The sample volume will be at least (50 mm)3 delivering enough space for high pressure cell
and thin film samples. It turned out that the sample holder needs to be vertical motorized with
position feedback on the sample, a rotation around the vertical axis will also be provided.
The entire set-up will be mounted on a two circle element for Bragg and tilt angle align-
ment. For the translational (vertical and horizontal) alignment of the samples µm resolution
is mandatory. The system will allow in-situ pressure calibration and change of pressure.
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6.6. Nuclear Resonant Scattering 285

UHV environment
There are two options for an UHV system: (1) UHV chamber with a load-lock system to
carry out NRS experiments and a characterization option (LEED, AES, ...) in order to mon-
itor the sample quality, (2) UHV chamber for preparation, characterization and NRS experi-
ments.
In both cases a vertical Θ / 2Θ geometry for small angles (Θ < 5◦) is needed. The operation
temperature regime should cover at least lN2 temperature to highest temperature. This will
allow for hyperfine and phonon spectroscopy as well as for diffusion studies. Specialized
staff is needed to operate the system and keep it functional at high performance level.

Cryo-systems and furnaces
These systems are employed for temperature dependent studies in NIS, SRPAC or NFS e.g.
diffusion studies. Typically the systems are small in size and easily movable, i.e. they can be
exchanged as needed. Furthermore, the same hutch might be used for ’unforeseen’ set-ups.
There are different user friendly solutions to reach He-temperatures, i.e. closed-cycle cryo-
stats, flow cryostats or bath cryostats with cold finger. Since some set-ups, e.g. for the deter-
mination of isomer shifts and inelastic scattering with resonant energy analysis, are highly
sensitive to vibrations, vibrational damping and mechanical stability will be guaranteed. For
the high temperature range a mirror-furnace will be available.

6.6.3.7 Infrastructure

For an efficient operation of the instruments discussed above the following infrastructure
would be desirable.

High pressure
Provided the users bring their own high pressure cells the necessary high pressure infras-
tructure can be kept low. However, minimum equipment to load high pressure cells (e.g.
DAC), to change and to determine pressure (e.g. Ruby fluorescence) is mandatory. De-
pending on the choice for the position sensitive detector for diffraction work the necessary
infrastructure should be provided. This equipment should be closely located to the beamline.

UHV environment
From the scientific point of view it is clear that a full UHV system with preparation option is
the proper choice. Preparation of samples is the most crucial part which needs experienced
personnel and sufficient test and preparation time. Therefore, the system should also be kept
operational in a separate laboratory outside the actual beamtime.

Control cabin
In order to ease the operation of the experimental stations and to make it efficient as pos-
sible, control cabins attached to each experimental station are mandatory. They should be
organized such that independently to the other stations set-up and operation is possible. Oth-
erwise the down time of the beamline will become unacceptable.
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286 6. Beamlines and Experimental Stations

6.6.4 Capital investment and personnel
The beamline will be staffed with 2–3 scientists and 1–2 engineers.
The total costs for the nuclear scattering beamline amounts to about 2400 ke.
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6.7 High Energy Materials Science
Authors:

F. Beckmann GKSS - Research Center Geesthacht, Germany
T. Lippmann GKSS - Research Center Geesthacht, Germany
K.-D. Liß Technical University Hamburg - Harburg, Germany
R.V. Martins GKSS - Research Center Geesthacht, Germany
J. Metge GKSS - Research Center Geesthacht, Germany
A. Pyzalla Vienna University of Technology, Vienna, Austria
A. Schreyer GKSS - Research Center Geesthacht, Germany

6.7.1 Current state of the scientific field
6.7.1.1 Introduction

Diffraction methods are well established in Materials Science and Engineering. From the
1930s on X-rays from laboratory sources have been used for non-destructive characteriza-
tions of the phase composition of various materials (Hauk, 1997). One of the early and
still important applications regarding phase analysis in engineering materials is the deter-
mination of the retained austenite content in steels, which has a strong influence on steel
properties (e.g. Wang et al., 2003a).
Texture analysis by diffraction enables the determination of the orientation distribution of
the crystallites. Important technical applications of texture analysis, for instance, are op-
timizations of the directional properties of semi-finished material for forming processes,
e.g. sheet materials, and optimizations of the directional properties of components (e.g.
Juul Jensen & Kjems, 1983).
The development of methods for the analysis of residual (internal) stress by neutron diffrac-
tion started in several groups in parallel (e.g. Allen et al., 1981). The residual stress state of
materials and of components is of high importance, since their stress state under working
conditions is a superposition of the load and the residual stress state. Thus, for instance, in
case of fatigue loading, in most cases compressive residual stresses in the component’s near-
surface zone proved to be beneficial while tensile stresses were detrimental for the com-
ponent’s lifetime. Reflection profile analysis reveals additional information about residual
micro-stresses and, in general, about inhomogeneities of the crystal lattice (e.g. twinning,
stacking faults). Engineering applications of profile analysis include e.g. the determination
of solute nitrogen in high nitrogen steels and solute carbon in case-hardened steels as well as
the determination of the effective depth of surface treatments such as shot peening.

6.7.1.2 Neutron diffraction

Neutrons have been widely used for phase, texture and residual stress analysis, applying well
established techniques. Compared to laboratory X-rays the essential advantage of neutrons is
their higher penetration depth. This enables phase, texture and internal stress analyses in the
bulk of materials and components. For instance the three-dimensional residual stress state of
the matrix and the particles of composite materials can be determined non-destructively (e.g.
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288 6. Beamlines and Experimental Stations

Al - Si, Ti + SiC, Al + SiC) (e.g. Fiori et al., 2000). The application of neutron diffraction in
materials science suffers from the comparatively low neutron flux and the high divergence
of neutron beams. Due to the low flux the gauge volume element has a minimum size of
app. 1 mm3, which limits the achievable spatial resolution. Furthermore, the necessary data
acquisition times, which are usually in the range of minutes, restrain the application of neu-
tron diffraction for in-situ experiments. In addition, the high divergence of the neutron beam
often leads to blurred volume element boundaries. This has also a strong influence on the
reflection profiles and, thus, often rules out an accurate reflection profile analysis. Neverthe-
less, well established and standardized techniques are commonly used for texture and strain
analyses and several dedicated instruments exist at various neutron sources. The comple-
mentarity of these techniques to X-ray diffraction techniques is of particular interest for the
proposed project due to the vicinity of the neutron source at GKSS, Geesthacht.

6.7.1.3 Synchrotron X-ray diffraction

The availability of synchrotron radiation has opened up a broad new field for the application
of diffraction techniques in materials science (e.g. Liss et al., 2003). This is due to the
extremely high photon flux, the high parallelism and the large range of photon energies
available.
The high parallelism of the synchrotron radiation has opened up the possibilities to deter-
mine phase composition, texture, lattice defects, and strains / stresses in new materials such
as nano-crystalline materials, nano-composites, and crystalline fractions of partially amor-
phous materials. Due to the high photon flux strain and texture scanning as well as in-situ
experiments are possible. Within the area of materials science and engineering a distinction
between experiments using monochromatic low and medium energy (<40 keV), monochro-
matic high energy, and white high energy synchrotron radiation is useful.

Monochromatic low and medium energy synchrotron radiation
As a result of the low penetration depth bulk investigations with low and medium energy
radiation are limited to materials with low absorption such as polymers (e.g. Swartjes et al.,
2003; Terry et al., 2003) or thin samples. An example from the field of energy storage is
the in-situ investigation in transmission geometry of thin battery electrodes under operation
(Morcrette et al., 2002a).
In the case of highly absorbing bulk materials, characterizations of the very-near-surface
zone (penetration depths of a few hundred nanometers, e.g. in multi-layer-systems) and in
the near-surface zone (penetration depths of a few hundred µm, e.g. in surface treated com-
ponents) are commonly performed. Various techniques addressing these questions were de-
veloped in the past (e.g. Van Acker et al., 1993; Ruppersberg, Detemple & Krier, 1989;
Genzel, 1994; Leverenz, Eigenmann & Macherauch, 1996).
A technique for three-dimensional structural microscopy with sub-micrometer resolution has
been developed by Larson and co-workers (Ice & Larson, 2000; Larson et al., 2002). It is
based on the Laue technique, the use of polychromatic low energy radiation and a scanning
approach. It allows a micro structure and strain mapping in the near surface zone (Larson
et al., 2003). Another method is due to Wroblewski and co-workers (Wroblewski et al.,
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6.7. High Energy Materials Science 289

1999). It uses an 8 keV synchrotron beam and the setup consists of a 4 - circle diffractometer
and a micro-channel plate in front of a CCD. The micro-channel plate serves as a 2D array of
collimators. This so-called MAXIM setup provides extended maps with a reported resolution
of 12 µm, e.g. of the position of various fine-grained phases (Pyzalla et al., 2001b) or the
strain state (Wroblewski, 2002).
A number of so-called micro-focus beamlines, working at low photon energies, exist today.
The focusing to 0.1–1 micrometer is achieved by a variety of optical components, such as
focusing multi-layers (Ice et al., 2000), zone-plates (Tamura et al., 2000; MacMahon et al.,
2003), refractive lenses (Snigirev et al., 1996; Lengeler et al., 1999b; Schroer et al., 2002a),
and waveguides (Pfeiffer et al., 2002).

Monochromatic high energy synchrotron radiation
Due to the high photon flux and the penetration power of hard X-rays bulk investigations
are commonly done in transmission geometry. The sample thickness ranges from several
centimeters in case of Al samples to several millimeters in the case of samples containing
large amounts of heavy elements like Ag, W or Pb. Three main fields where hard X-rays
are used for the macroscopic characterization of materials can be identified. The first one
is a powder diffraction approach where an average, macroscopic information about the full
specimen is obtained. The works reported comprise e.g. the structure solving from polycrys-
talline specimens (Schmidt, Poulsen & Vaughan, 2003), high temperature powder diffraction
(Kramer et al., 2002), and the processing of bulk metallic glasses (Yavari et al., 2002). A sec-
ond field is the investigation of the local texture, initiated at HASYLAB (Garbe, Poulsen &
Juul Jensen, 1996; Mishin et al., 2000) which later has led to a dedicated setup there (Wcis-
lak et al., 2002). Thirdly, high energy X-rays have been applied by numerous groups for
the characterization of the local strain state, mostly in transmission geometry, hereby in-
tegrating over the sample thickness or defining a fixed volume element for depth resolved
investigations (e.g. Withers et al., 2002; Webster et al., 2001; Hanan et al., 2002).
The development and implementation of micro-focusing optics for hard X-rays (Lienert
et al., 1998; Lienert et al., 1999) has opened the gate for the bulk characterization of the
micro structure, texture, and strain on the mesoscopic length scale. Combined with optical
elements such as a conical slit cell (Nielsen et al., 2000) or a spiral slit small gauge volumina
down to 1.2 x 6 x 250 µm3 are realized. 2D CCD detector systems provide in combination
with the high photon flux a fast data acquisition (about one image acquisition cycle per
second). Dynamic studies of the local texture and strain state in torsion samples during de-
formation were reported (Martins et al., 2002), using a slit imaging technique (Lienert et al.,
2000) with a microfocused beam in combination with a conical slit cell and a large area CCD
with fast readout. Non-destructive depth resolved phase and strain characterizations, e.g. of
friction stir welds (Martins & Honkimäki, 2003), are possible with setups comprising a spi-
ral slit and a large area detector. The development of the 3 Dimensional X-Ray Diffraction
(3DXRD) microscope (Lienert, Poulsen & Kvick, 1999) has paved the way for investigation
of mesoscopic phenomena such as e.g. the kinetics of individual bulk grains during recrys-
tallization (Lauridsen et al., 2000), in-situ observation of the rotation of deeply embedded
individual grains (Margulies, Winther & Poulsen, 2001) or the in-situ determination of the
strain tensor in individual bulk grains (Margulies et al., 2002). The 3DXRD method is based
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290 6. Beamlines and Experimental Stations

on a ”tomographic” (meaning here a data acquisition at a series of different angular sample
positions) approach in combination with a microfocused beam and area detectors. The use of
high resolution detectors and appropriate data reconstruction routines leads to a spatial res-
olution down to 5 µm. The data acquisition in the ”tomographic” approach is considerably
faster than in other 3D techniques, based on ”scanning” approaches. A fast data acquisition
is the basis for the in-situ observation of dynamic processes.
A first experiment combining diffraction and a tomography data (acquired at two different
beamlines), was reported by Preuss and co-workers (Preuss et al., 2002). In this combined
experiment the progressive fragmentation process of a single SiC fibre embedded in a Ti-
6Al-4V matrix was studied.

White high energy synchrotron radiation
In contrast to experiments with monochromatic X-rays, where the intensity of the diffracted
photons is measured as a function of the Bragg angle (i.e. angle dispersive), the experiments
using white radiation are energy dispersive. Usually an energy dispersive point detector
with a sufficient energy resolution is placed at a fixed Bragg angle and the intensities of the
energy spectrum are recorded. Residual stress analyses using white high energy synchrotron
radiation were first reported by Reimers and co-workers (Reimers et al., 1999). Due to
the short data acquisition times, in the order of seconds, in-situ investigations of particle
reinforced Al alloys under tensile load at elevated temperatures became feasible (Pyzalla
et al., 2001a). Another common application is the residual strain analysis of ceramics, e.g.
of thermal barrier coatings (e.g. Gnäupel-Herold et al., 2000).

Limiting factors
Limitations in the applications up to now depend on the length scale the experiments are
aiming for.

In the case of investigations on the macro scale, which usually means a powder diffraction
approach, the limitations are given by the graininess of the material. To achieve a high
spatial resolution parallel to the incident X-ray beam, slit systems are usually inserted in
the diffracted beam and the incident beam has to be confined or focused horizontally and/or
vertically. In the case of a coarse grained sample micro structure, macroscopic information is
not ensured, because only a few grains are illuminated. (Due to the larger sampling volumes
this problem usually does not occur in neutron diffraction experiments.) To maintain the high
spatial resolution along the beam the samples can be, in some cases, oscillated or rotated
perpendicularly to the beam to obtain a better grain sampling.
In the case of investigations on the mesoscale, i.e. on a level, where the aim is to obtain
information about individual grains, the problems are different. The aim here is to observe
simultaneously as many individual (possibly nano sized) grains as possible, in certain cases
(e.g. grain boundary mapping) with a high spatial resolution. This is until now hampered
by diffraction spot overlap, detection limit, and low detector resolution. Solutions to these
problems are ,e.g. the development of detectors with higher spatial resolution (i.e. much
better than 5 µm), a smaller beam size (<1 µm), new experimental approaches, and modified
or new reconstruction algorithms. In-situ observations are up to now mostly limited to model
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6.7. High Energy Materials Science 291

cases. Characterizations of complex and highly dynamic processes are still limited by factors
such as data acquisition rate and photon flux.

6.7.2 Science at PETRA III
Synchrotron radiation has gained an increasing interest in the materials science commu-
nity within recent years. It has been shown that substantial new insight into material and
component structures and relations between structures and properties can be obtained us-
ing synchrotron radiation. In particular materials science with hard synchrotron X-rays has
been developing fast during the last 5 years and shown to be promising for investigations of
bulk materials and components. Most experiments so far have been carried out at the ESRF
(beamlines ID11, ID15A, ID15B, ID30, and ID31), at HASYLAB (beamline BW5 and PE-
TRA II), and at the APS (beamline 1IDB). In principle, both angle and energy-dispersive
measurement setups with monochromatic and white radiation, respectively, are possible.
The materials science beamline at PETRA III will initially focus on angle-dispersive setups
and take advantage of the small beamsize achievable there. The realization of an energy-
dispersive setup will be highly emphasized at the HARWI-II beamline, projected by GKSS
Geesthacht at the DORIS III storage ring (Beckmann et al., 2003). The HARWI-II beamline
avails of the large beam size provided by the wiggler source (e.g. tomography).
The experiments performed up to now in materials science were, to a large majority, focusing
on two fields: The investigation of engineering materials and components and fundamental
studies in the field of metallurgy and crystallography. In both areas in-situ studies became
more and more established. These studies were mostly comprising the (in-situ) investigation
of thermally activated processes and / or the material behavior under different basic deforma-
tion modes such as tension, compression, shear, and torsion.
The experiments projected for the new beamline will focus on three main topics, which are
partly intersecting and for which the instruments will be optimized for (discussed in detail in
the following subsections):

• Experiments targeting the industrial user community which will be based on well es-
tablished techniques with standardized evaluation routines.

• Applied research such as the investigation of power systems (e.g. fuel cells) or process
optimization (e.g. manufacturing processes).

• Fundamental research where engineering, metallurgy, physics, chemistry, biology etc.
are merging.

Large scientific progress in these fields will be ensured by three particular and unique features
of the new beamline:

• Emphasis on complex in-situ studies, e.g. of highly dynamic processes

• Submicron spatial resolution at high energies for high resolution bulk investigations

• Merging of different analytical techniques such as diffraction, tomography, and small
angle scattering
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292 6. Beamlines and Experimental Stations

Figure 6.7.1: Overview of the main beamline features, analytical techniques, and research topics
projected. (see subsections for details)

Fig. 6.7.1 summarizes the main beamline features, analytical techniques and research topics
projected.
By providing the possibility to use this large range of different analytical techniques in par-
allel, this beamline will be the first one fulfilling one of the main requirements for future
research in materials science as expressed in the European White Book on Fundamental
Research in Materials Science (Rühle et al., 2001).

6.7.2.1 Industrial user community

The intention is to respond to the increasing demand for ”full service” measurements. In
other words, the industrial user wishes to send his samples and to receive the results in form
of a report, without the need to have a deep understanding of the experimental details and the
data evaluation. Moreover, industrial users often prefer measurements to be performed for
a large number of samples. These investigations could concern, e.g. a process optimization
or a process quality control. This type of experiment will be optimized for high sample
throughput. It requires dedicated setups with fast data acquisition based on well established
and robust experimental techniques for phase, strain, and texture analysis, and standardized
online data analysis routines. They will be complying with the VAMAS standards (Versailles
Project on Advanced Materials and Standards). Another type of industrial experiments is the
non-destructive investigation of complete structural components or components in operation.
This can be, e.g. the strain mapping in critical components of an engine in operation. The
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6.7. High Energy Materials Science 293

new beamline will provide the necessary infrastructure for heavy load sample and sample
environment positioning (up to 1 t) and the operation of ”specimens” (e.g. dedicated air outlet
for an engine investigated in-situ; cooling).

6.7.2.2 Applied research

The experiments in this field will e.g. focus on the in-situ investigation of liquid / solid pro-
cesses such as the melt spinning of bulk metallic glasses (e.g Yavari et al., 2002) or welding.
These experiments will benefit from the high flux in combination with ultra-fast detector
systems. In the field of power system development and optimization, which partly reaches
into the field of electrochemistry, experiments of high importance are the investigation of the
strain field and interface kinetics of operating Solid Oxide Fuel Cells (SOFC) or the in-situ
phase monitoring of battery electrodes (Morcrette et al., 2002a).

The rapidly advancing miniaturization of components and the development of nano-materials
will require powerful tools for the optimization of interface-engineering processes. Exam-
ples are the non-destructive micro structural analysis of nano-grained metals and ceramics or
high resolution strain maps in functionally graded materials. These applications will benefit
from the sub-micrometer focusing and the nano-detection capabilities of the new beamline.
Furthermore, ”classic materials” (e.g. steel, Al-alloys), ”advanced materials” (e.g. metal ma-
trix composites, Mg base alloys, TiAl), and new materials such as ”smart materials” (e.g.
materials with embedded strain monitoring devices or ”self healing” materials), can be in-
vestigated. These investigations will excel in the new parallel design of the experiments. It
enables e.g. the monitoring of the crack propagation by tomography and the development of
the strain field by diffraction within a self healing component or a fiber reinforced material
under thermo-mechanical loading. In addition, the installation of the proposed flight tube
permits to characterize by small angle scattering for the first time at high energies and simul-
taneously to diffraction e.g. polymers, precipitates, voids, and phase separation (e.g. Fratzl,
2003; Kostorz, 1991) in bulk materials and complex components under thermo-mechanical
loading. The use of high energy radiation will permit to perform these investigations in bulk
samples of several millimeters to centimeters thickness of technologically important mate-
rials such as steel, Ni-base, and Al-base alloys. On a nanometer scale the technique will
also allow to gain information on the internal grain microstructure (Fratzl, 2003) which is
then directly related to the diffraction data from this specific volume element (cf. 6.7.2.3).
Diffraction experiments employing different strain scanning techniques will allow to exam-
ine the complete strain state of a sample, from the very-near-surface region down to the
bulk. Sample environment for thermo-mechanical loading will cover uni-, bi-, and triaxial
deformation modes. The infrastructure will allow an easy accommodation of user provided
equipment (e.g. for the in-situ monitoring of processes like friction stir welding). A unique
feature of the projected beamline will be an external materials testing laboratory which will
contain mechanical testing devices, furnaces, cryostats etc. so that samples during long-term
mechanical, thermal and thermo-mechanical testing can be frequently studied using high
energy synchrotron radiation.
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294 6. Beamlines and Experimental Stations

6.7.2.3 Fundamental research

A large number of experiments will be related to metallurgy and the investigation of poly-
crystalline materials. The macroscopic properties of polycrystalline materials crucially de-
pend on the behavior and interaction of the individual grains along the complex network of
interfaces. The grain boundaries are the glue that hold polycrystalline materials together.
Three-dimensional X-ray diffraction (3DXRD) microscopy provides a means for non de-
structive characterization of the internal structure of polycrystalline materials (Poulsen et al.,
2001, Schmidt, Poulsen & Vaughan, 2003). The method is illustrated in Fig. 6.7.2. A
monochromatic point-focused beam selects a local gauge volume that contains a sufficiently
small number of grains for individual observation. Rotation about the ω axis is used to ex-
cite multiple reflections from each individual grain, from which the orientations of all grains
in the gauge volume can be determined. Measuring the same reflection spot at different
distances of the 2D detector, the position of the grains can be determined by backtrack-
ing. Finally, a complete map of the grain boundaries within the volume can be reconstructed
(Lauridsen et al., 2001, Poulsen & Fu, 2003). The types of grain boundaries in a material and
the way in which they are connected affect a wide range of material properties. The tailoring
of these properties has triggered the emerging technology of ’grain boundary engineering’.
Fundamental research in this field is essential to specify and produce the desired micro struc-
tures. High-energy X-ray microbeams provide a unique opportunity for the determination of
internal structures. A scientifically very active area is the study of grain growth. The final
micro structure of a material, for example, depends on the grain growth during thermal pro-
cessing. For a direct engineering it is essential to understand the driving forces behind the
change in grain size. The instrument proposed here offers a unique capability to access all

Figure 6.7.2: Grain mapping of a polycrystalline material by 3DXRD (courtesy H.F. Poulsen)
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6.7. High Energy Materials Science 295

quantities to study grain boundaries and their dynamics (Poulsen & Schmidt, 2003). The
development and numerous applications of 3DXRD have shown that a tremendous insight
into mesoscale phenomena is possible with high energy X-rays. Up to now most of these ex-
periments were related to model materials such as pure Cu or Al. Moreover, each experiment
was focusing on one phenomenon at a time (deformation induced lattice rotation or plastic
strain or elastic strain etc.). The aim is to fully characterize samples non-destructively in one
experiment, i.e. to analyze all the aspects of deformation induced phenomena in parallel ex-
periments, hereby merging different techniques (plastic strain measurement by tomography;
elastic strain and lattice rotation measurement by diffraction, using a large area detector;
grain mapping by diffraction, using a high resolution area detector; precipitation and void
characterization by small angle scattering; spectroscopy (in the limits of the instrumentally
given energy range) e.g. on single intermetallics or precipitations). The availability of a sub
micrometer focus combined with high resolution detectors and optical elements like spiral
and conical slits (see Fig. 6.7.3) will push this kind of non-destructive in-situ investigations
to the subgrain and nano crystalline level.
The beamline will provide the necessary infrastructure to perform experiments in the field of
physics under extreme conditions (high pressures, high magnetic fields, low / high tempera-
tures) to investigate e.g. phase transitions at high pressure or extreme temperatures. This is
of particular interest in the field of high temperature superconductors.
Furthermore, the beamline design permits an easy accommodation of sample environments

Figure 6.7.3: Schematic of setup with spiral slit system for non-destructive depth resolved phase
and strain investigations. The inset visualizes the principle of the beam path which leads to the spatial
resolution.
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296 6. Beamlines and Experimental Stations

and optical components (e.g. monochromator) provided by the user, such as e.g. setups for
the investigation of solid / solid and solid / liquid interfaces and diffuse scattering from binary
systems (Reichert et al., 2000; Reichert et al., 2001). The beamline will be a powerful tool
for analyses in rapidly emerging fields like biomimetics. Biomineralization and synthesis
processes (e.g. nano crystalline bone material) can be investigated on a nanoscale due to the
high resolution capabilities and low detection limit. The future development of new materials
and materials processing will largely benefit from the high flexibility of this beamline.

6.7.3 Description of the beamline
The beamline layout as proposed at the moment is shown in Fig. 6.7.4. Characteristics valid
for the whole beamline are:

• Temperature stability: experimental floor: 1 K, hutches: 0.1 K

• Beam height: 1.4 m above floor in order to accommodate heavy sample environments

• Pits with elevators in the experimental hutches to accommodate large diffractometers,
samples, and sample environment

• Hutch height: experimental hutches: 5 m (cryostat), optics hutch 4 m

• Access to experimental hutches from the roof

• Manual cranes (> 1.5 t) below the ceiling in every hutch

• Media: biologically clean cooling water (15 ◦C), dry N2, compressed air, He recovery
line
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Figure 6.7.4: Schematic layout of the high energy materials science beamline.
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6.7. High Energy Materials Science 297

• Special air outlet for engines (cf. 6.7.2.1), for experimental hutches only

• Decoupling of all hutches from PETRA hall floor

• Large hutch doors without barriers on the floor

• Network and power connections in every hutch

Besides the beamline itself, 40 m2 for laboratory plus a storage area are needed. The lab has
to be located in the direct vicinity. Office space for 4 scientists, 1 technician, and several
students and postdocs is needed.

6.7.3.1 Insertion device

The insertion device has to meet the following three high priority requirements of the beam-
line (discussed in detail below):

• Main energy of 120 keV

• Source suitable for sub-micron focusing at high energies

• Minimized heat load for optical elements

With an energy range between 50 and 300 keV the accessible energy range for hard X-rays
will be substantially larger than for most of the existing beamlines. The X-ray energy is a
compromise between the penetration depth necessary for bulk studies in most engineering
materials (Al-, Fe-, Ni-, Co-base alloys) and the scattering angle respectively the angular
resolution. Therefore, a main energy of 120 keV is proposed for the design of the insertion
device.
The sub-micron focusing requires mainly a small source size, a small source divergence.
Therefore the insertion device should have a source size below 57 x 10 µm2 (H x V) FWHM
(incl. source broadening) and a source divergence below 88 x 5 µrad2 (H x V) FWHM.
A high flux is desirable for this device, but is of lower priority than the main energy, the
source size, and the low heat load.
Typically a primary beam of about 1 mm2 will impinge on the focusing optics, but in partic-
ular for fast grain mapping applications and tomography a primary beam with a substantially
larger width (about 3mm) is favored.
Studies will be undertaken to examine the feasibility of a superconducting device.
Experiments using energies below 50 keV have to be performed at other beamlines.

6.7.3.2 Beamline optics

Filters are foreseen to strongly suppress the energies below 50 keV and thus reduce heat-load
problems on the optics. They will allow to operate all monochromators in air ambiance.
A unique specialty of the proposed beamline at PETRA III will be the high flexibility in
shaping the high-energy X-ray beam, depending on the particular needs of the experiment.
The beam type will range from a sub-micron focused pencil beam (e.g. for the investigation

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



298 6. Beamlines and Experimental Stations

of individual nanosized grains), over a line focus (e.g. for fast grain tracking) to box shaped
beams with a homogeneous beam profile (e.g. macroscopic texture and strain analyses, to-
mography), hereby benefitting from the high photon flux, the small source size, and the very
small beam divergence.
Beam focusing will be achieved with conventional bent monochromator and bent multilayer
setup and with X-ray lens systems such as refractive X-ray lenses. The development of
lens systems is currently progressing strongly and focusing spot sizes smaller than 1 µm
are envisaged for hard X-rays. An important feature will be the availability of a fixed-exit
focusing monochromator, thus allowing e.g. phase analyses with high spatial resolution using
a conical slit cell. Compound Refractive Lenses (CRLs) that improve the parallelism of the
beam will be installed in the front end, close to the source. For large beam sizes the shaping
of the beam will be performed using slit-systems.
Optical elements that are part of the setups in the experimental hutches are conical and spiral
slit cells, glas capillary arrays, and micro-channel-like plates made from tungsten. They
ensure a high spatial resolution, within the sample, parallel to the beam (better than 50 µm).
Further developments in this area are expected. Furthermore, refractive lenses can be used
as analyzers in the diffracted beam.
Such a comprehensive system of beam types, slits and lenses for the different applications in
materials science is so far not available at a single high-energy beamline.

Summarizing, several optics have to be considered:

• Slit optics: This is the simplest either in a white beam or through a monochromator
setup.

• Scanning fixed-exit monochromator: The second crystal defines the incident beam
condition by rotation to the appropriate Bragg angle only. The first crystal rotates
and moves on a long translation stage and is fed back to the maximum transmitted
intensity, thus eliminating the influence of rotational errors of the first crystal. The
fixed-exit monochromator tunes through the whole energy range as defined above. Due
to the small scattering angles, reflection condition is in asymmetric Laue geometry. A
simple rotation of the inclination switches from the (111) to the (311) and eventually
more reflections.

• Scanning fixed-exit focusing monochromator, maintaining focus size and position over
a range of several keV, realized with bent Laue crystals.

• Several sets of crystals will be available such as perfect or oxygen precipitated and
bent crystals. Different monochromators, placed besides each other, can be moved
into operation by lateral translation.

• Single-bounce monochromator: This monochromator type in horizontal geometry will
be foreseen for special purposes and the monochromatic beam will only go to the white
beam hutch (experimental hutch I), allowing a high flexibility in the arrangement of
the experimental setup in the hutch space as well as in focusing.
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6.7. High Energy Materials Science 299

• Space will be foreseen for compound refractive lenses in the front-end, improving
beam parallelism.

• For focusing purposes compound refractive lenses will be foreseen after the monochro-
mator.

6.7.3.3 Experimental hutch I

The first experimental hutch will be a white beam hutch with a space of 5×8 m2. It will
permit the installation of user provided monochromators, increasing the flexibility for beam
focusing and experimental setup design. All experiments using white beam can be carried
out here. The main components of this hutch are:

• 3DXRD microscope.

• Additional focusing optics close to the 3DXRD microscope.

• A cooled beam stop at the end of the hutch.

• Beam available from single-bounce monochromator (see optics hutch).

• Space e.g. for a “user monochromator” and for user provided setups.

The single-bounce monochromator (situated in the optics hutch) will be operated in horizon-
tal geometry. Its distance to the beam shutter has to be small in order to reduce the size of
the horizontal shutter opening. The experiment itself can be set up in the first experimental
hutch.
Even if the white beam hutch is initially not built at once, it has to be foreseen in the design
for the static load for the whole beamline since from experience at the ESRF for safety
reasons a radiation shielding thickness of at least 50–200 mm Pb is necessary which results
in a significant floor loading. Preferential to the Pb shielding would be a concrete shielding
of the white beam hutch, but the concrete shielding requires more space.

6.7.3.4 Experimental hutch II

The second experimental hutch will have space for four experiments:

• A heavy load diffractometer which can carry a load up to 1000 kg for big samples and
different sample environments (cryo magnet, press, tensile testing machine, furnace,
etc).

• A smaller high precision diffractometer for micro beam applications.

• Space for user supplied experimental setups.

• A tomography setup which goes preferably to the end of the hutch using the largest
possible beam size. The possible implementation of the flight tube (see fig. 6.7.4 and
6.7.3.5) will, therefore, also be of great advantage for these applications.
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300 6. Beamlines and Experimental Stations

The heavy load goniometer will be optimized for materials science investigations. For anal-
ysis with a spatial resolution in the sub-µm range a high precision translation and rotation
system will be installed. Until now (2003) there is no such instrument available at a syn-
chrotron beamline. This device is supposed to enhance the precision in movement for larger
samples and especially for large sample environments such as furnaces, devices for mechan-
ical testing and thermo-mechanical testing. A further unique feature will be the combination
of the synchrotron radiation laboratory with the above mentioned external materials testing
laboratory (mechanical testing devices, furnaces, cryostats etc. ).
The second hutch will be at least 12 m long in order to achieve high angular resolutions
and to accommodate all experiments. At the very end of the hutch 2-dim position sensitive
detectors will be mounted. A novel multi-detector concept will enable simultaneous data
collection for different diffraction angles.

6.7.3.5 Flight tube

A unique and particular feature of the projected beamline will be the possibility to perform
small angle scattering experiments at high energies on bulk samples, simultaneously with
diffraction experiments. The feature distances in the micro structures to be investigated
by small angle scattering typically range from 1 to 1000 Å (e.g. porous media, polymers,
precipitates). To achieve a minimum angular resolution at 120 keV the area detector needs
to be placed at least 200 m away from the source, i.e. at a distance of about 150 m from the
first possible sample position. The detector chamber will be connected to the experimental
hutch by a flight tube (see Fig. 6.7.4). Because of the resulting space constraints outside the
experimental hall the beamline should occupy the third or fourth position in the experimental
hall. Even if the flight tube is not part of the first construction phase the space required
outside the experimental hall should be taken into account when decisions are made on the
position inside the experimental hall.
With the option to perform on the same sample and the same volume element, parallel to
diffraction experiments, in particular cases analyses by small angle scattering, tomography,
and spectroscopy, the proposed beamline will be the first, where the boundaries between
these analytical techniques are gradually disappearing.

6.7.3.6 Detectors

The wide variety of experiments for this beamline is reflected in the particular need of various
special detectors. In most cases the use of area detectors will be favored to realize the high
data acquisition rates required for dynamic in-situ studies and to fully benefit from the high
photon flux. Mainly three different types of area detectors for diffraction experiments can be
distinguished:

• Large area detectors, allowing the monitoring of complete Debye-Scherrer-rings at
large sample-detector distances (at least 2000 mm) for ultra fast strain and lattice rota-
tion analyses.

• Array of large area wire-detectors which can be translated over a long range along the
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6.7. High Energy Materials Science 301

beam for high angular resolution, comparable to the HARWI II setup. In contrast to
the other large area detector they can only monitor sections of Debye-Scherrer-rings.

• High resolution detectors (around 1 µm resolution) which, as a consequence, are placed
close to the sample, e.g. for subgrain mapping.

For the small angle scattering experiments area detectors with an efficiency optimized for
high energies are required Standard point detectors are required in case of spectroscopy
analysis. Improvements in the field of detector development are expected within the next
years.

6.7.3.7 Redundant-beamline concept

The beamline will be equipped based on a ”redundant-beamline concept”, meaning that criti-
cal spare parts or a complete replacement exist for all crucial components of an experimental
setup in case of failure. This concept relates to components such as critical sample translation
and rotation units, detectors, fast beam shutters, sample environment, electronics etc. This
spare pool does not necessarily need to be exclusively accessible to this one beamline. How-
ever, many of the critical parts will certainly be beamline specific such as detectors for high
energy X-rays. The financial investment will be low in comparison to the loss of beamtime,
considering the amount of lost manpower for several months of experiment preparation.

6.7.3.8 Beamline control and data collection

To attract user communities, especially from the engineering sector, who are not familiar
with synchrotron radiation, the concept for instrument control software and data evaluation
will strongly involve the aspect of user-friendliness. Measurement techniques and analysis
routines according to the VAMAS standards will be implemented, which will be of particu-
lar interest for industrial users. For scientists familiar with the techniques interfaces between
the basic instrument control and data acquisition will be provided for the development of
novel measurement and evaluation techniques. The use of SPEC as beamline control soft-
ware is strongly favored. It ensures an easy compatibility of software and will facilitate the
collaboration on this sector with other synchrotrons, e.g. the ESRF.

6.7.4 Capital investment and personnel
6.7.4.1 Capital investment

The total investment costs for this beamline sum up to 5350 ke.

6.7.4.2 Personnel

The projected beamline will be highly versatile in its application, merging different analytical
techniques. This necessitates and justifies the employment of four scientists, one software
engineer, one mechanical engineer, and one technician on a permanent basis.
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302 6. Beamlines and Experimental Stations

Ideally the scientists are complementary in each others competences. Particular skills and
knowledge are required in the fields residual strain analysis, texture analysis, powder diffrac-
tion, tomography, and high-energy X-ray optics.
A software engineer is a prerequisite for the smooth and efficient operation of the beamline.
Most experiments carried out will highly rely on complex software for high-speed data ac-
quisition and on-line data analysis. Furthermore, the beamline control requires a continuous
improvement and maintenance.
The continuous improvement of beamline hardware, development and realization of new
components and setups will be carried out by the mechanical engineer together with the
technician, in close collaboration with the scientists.
The technical staff might be part of a pool for beamline software and hardware support.
However, particularly in the start up phase of all the beamlines it is clear that these pools
have to be sufficiently large (one engineer and technician per beamline) to avoid bottlenecks.
It is emphasized here that dedicated PETRA groups of significant size will be highly appre-
ciated for optics, metrology, detector support, computing, and beamline specific engineering
tasks.
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6.8 Powder Diffraction
Authors and Consultants :

H. Ehrenberg Darmstadt University of Technology, Germany
Th. Wroblewski DESY, Hamburg, Germany

6.8.1 Current state of the scientific field
The low divergence of synchrotron radiation (SR) together with its high intensity permits
powder diffraction (PD) with much higher angular and time resolution than at conventional
laboratory X-ray sources. The resolution function of a powder diffractometer operated in
parallel beam geometry is given by the sum of three angular dependent terms which are
proportional to the acceptances of monochromator, receiving slit or analyzer crystal and the
divergence of the incident beam, respectively (Wroblewski, 1991). At a powder diffractome-
ter situated at a bending magnet of a 2nd generation synchrotron source, for example the B2
powder diffractometer (Knapp et al., 2003), the latter term is dominant due to the high diver-
gence of the radiation from DORIS. To reduce this divergence a collimating mirror must be
used, limiting the accessible energy range (Knapp et al., 2001). At a PETRA III undulator
all three terms will be in the same range of a few µrad yielding an instrumental resolution
function with two orders of magnitude smaller half widths without collimating elements.

In contrast to single crystal diffraction in PD the reciprocal space is projected from three
dimensions to one dimension frequently leading to severe overlap of reflections. Additional
information can be obtained by measurements at different temperatures because of a partial
peak separation due to anisotropic thermal expansion. High resolution is, therefore, essential
for the structural characterization of polycrystalline materials.
The refinement of crystal structures by the Rietveld method is a very well established stan-
dard technique in PD (Rietveld, 1969; Young, 1993; McCusker et al., 1999) and with the ad-
vantages of synchrotron radiation now even applied in protein crystal structure analysis (von
Dreele, 2003). However, the most significant progress in crystallographic applications of PD
over the last decade was the improvement of structure determination strategies (David et al.,
2002). Although structure solution from PD data is not yet a routine task, further progress in
available software packages will allow their use for an expanding scientific community and
push the successful application to more complex structures (David, 2003). Present limita-
tions are radiation damages, especially in beam-sensitive organic samples, and the availabil-
ity of beam time at appropriate experimental stations to collect data with sufficient counting
statistics over a wide enough range of diffraction angles at several temperatures.

Crystal structure analysis on polycrystalline samples is a complementary tool to diffraction
from microcrystals (Harding, 1996; Serda, Grochowski & Duddeck, 2004). The advantages
of microcrystal diffraction in general are a more straightforward unit-cell determination and
structure solution. In both cases the accuracy of the final structure model is limited by the
restricted amount of diffraction data that is possible to record. It depends on the specific sit-
uation whether PD or single-microcrystal diffraction is the method of choice. PD is the only
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304 6. Beamlines and Experimental Stations

applicable method whenever not even microcrystals are available or reconstructive phase
transitions or chemical reactions prevent single-crystal techniques. This is by far the most
frequent case for applications in materials science, where structural analyses of inhomo-
geneities and anisotropies of multi-phase and composite materials are requested over a wide
range on length scale from nano-size domains, crystallites and grains up to micro devices.
The properties of many materials result from the anisotropy of individual crystallites, their
locations and orientations. High-resolution PD does not only provide bulk-representative
averages; more and more sophisticated methods have been developed during the last years to
separate the effects of grain size and residual strain but also to analyze the effects of disloca-
tion densities or inter-growth distributions (for example in ceramic superconductors) on the
profile shape (see for example the Size-Strain III conference, Trento, 2001 or (Mittemeijer
& Scardi, 2004)). This progress in data evaluation entails a further increased demand for
high-resolution PD data.

Especially the response of materials to external fields and the changes during aging and fa-
tigue are in the center of interest of materials science. Such investigations require dedicated
sample environments, which allow conditions of real operation mode compatible with PD.
At present, about 90% of all diffraction experiments at the high-resolution PD beamline B2
at HASYLAB are performed in flexible sample environment with at least one variable pa-
rameter. The recent development of a new position sensitive detector for highly efficient data
collection (Knapp et al., 2004) allows for sample environments with higher absorption and
smaller beam or sample size (Knapp et al., 2003).

The demand for powder diffraction using high-energy SR with low divergence will further in-
crease in the next years because of qualitatively new opportunities offered by dedicated sam-
ple environments for in-situ characterization of polycrystalline materials and the expanded
capabilities of established methods at enhanced radiation sources. The existing and already
planned experimental stations cannot serve the expected beam time request.

6.8.2 Science at the high-energy powder diffraction side station

Dedicated high-resolution PD beamlines belong to the working horses at all synchrotron
facilities operating in the hard X-ray regime. The following applications are proposed for a
side station with a fixed photon energy of about 56 keV.

6.8.2.1 Crystal structure determinations from PD data

In cases where no suitable single crystals are available, crystal structure solution and re-
finement depends on high-resolution PD. The use of high-energy SR (> 50 keV) is of pri-
mary importance: Radiation damage in beam-sensitive materials like organic, biological or
pharmaceutical samples, is significantly reduced. Furthermore shorter exposure times will
reduce the effects of secondary processes, following the primary radiation damages, that
lead to further degradation of the structure. The high intensity of the primary beam will
allow for time-efficient data collection at different temperatures. Compounds with heavy el-
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6.8. Powder Diffraction 305

ements can be studied in capillary mode due to the much smaller absorption of high-energy
SR. The temperature dependent formation of complicated superstructures in ordered inter-
metallic compounds from disordered alloys is an example for new opportunities. Such phase
diagrams, especially of air-sensitive systems with intermediate phases, are very often incom-
plete. The application of halogen-mirror furnaces offering temperatures up to about 2200◦C
is often limited by the lack of appropriate sample holders. In addition to solid ceramics or
powders in Al2O3- or MgO-tubes also air-sensitive samples, sealed in welded for example
Pt/Rh-tubes, can be studied with high-energy SR.

Another set of novel experiments is based on newly designed in-situ cells for the investigation
of polycrystalline materials under real operation conditions. Hereby, the high penetration ca-
pability of high-energy SR through pressure-stable shieldings and the smaller exit windows,
sufficient for short wavelength diffraction, are exploited.

6.8.2.2 In-situ studies of chemical reactions

Besides investigations of temperature induced phase transitions there is an increasing de-
mand for in-situ studies of crystalline phases during chemical reactions with gases or liquids
and as solid catalysts for heterogeneous catalysis (Norby, 1997; Andersen et al., 1998; Parise,
Cahill & Lee, 2000; Chupas et al., 2001). Examples for reactions of interest are oxidation
or reduction processes in dilute oxygen and hydrogen atmospheres, respectively (Rodriguez
et al., 2002); for example the latter reaction is used for preconditioning of noble-metal cata-
lysts to remove inactive oxide layers from surfaces (Campbell, Daube & White, 1987). Other
examples are dehydration processes using dry noble-gas atmospheres (Reisner et al., 2000)
and gas-solid reactions like the adsorption of molecules into zeolites and their thermal sta-
bilities under real catalytic conditions. An example for diffraction studies on solids within
liquids is the ion exchange in zeolites (Lee et al., 2000).

Such experiments require controlled and well defined atmospheres at elevated temperature
and pressure in mechanically stable reactors. High-intensive and high-energetic SR with
sufficient penetration capability is essential for time-resolved diffraction studies under these
conditions. Both the degradation and intermediate states of catalytic active materials can
be investigated, providing information about the optimum working point and the underlying
processes like amorphization, crystal growth or phase transitions. The expected results will
elucidate the working mechanisms and help to improve heterogeneous catalysts, components
in low-temperature membrane and high-temperature solid oxide fuel cells and catalysts for
automobile exhausts. A possible extension in future might be the investigation of reactions
under supercritical conditions, but at present it is not clear how supercritical in-situ condi-
tions can be realized.

6.8.2.3 Electrochemical intercalation in battery materials

Rechargeable batteries, especially for notebooks and mobile phones, are often based on the
reversible exchange of lithium between two electrodes. In the charged state lithium atoms
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306 6. Beamlines and Experimental Stations

are situated in the anode host material, most commonly graphite, and in the discharged state
as lithium ions in a cathode host like Li(Co,Ni)O2 or LiMn2O4. The lithium transfer is
possible via an electron insulating but Li-ion conducting electrolyte. The high economical
interest in secondary batteries has triggered numerous research activities including in-situ
diffraction (Richard, Koetschau & Dahn, 1997; Bergström, Gustafsson & Thomas, 1998;
Cras et al., 1998; Mukerjee et al., 1998; Meulenkamp, 1998; Morcrette et al., 2002b; Braun
et al., 2003; Li et al., 2003). An in-situ cell for user’s applications is already in operation
at beamline B2 (Baehtz et al., 2004). This design is shown in Fig. 6.8.1 on the left hand
side and allows experiments with sample rotation in transmission mode. Diffraction data
are collected simultaneously with the electrochemical characterization of the battery, shown
in Fig. 6.8.1 on the right. Hereby, phase transitions have been studied during charging and
discharging, resulting in phase diagrams for Li1−xMn2O4, Li1−x(Co,Ni)O2 and MgxMo3S4.

Aluminium

Steel

TeflonTrovidur

Kapton Foil

Lithium Foil

Cathode

Spring

Beam

O-Rings

Separator

Figure 6.8.1: Schematic drawing of the available in-situ cell for characterization of battery materials
(left). The corresponding cyclovoltamogram of more than 6 charge and discharge cycles of LiMn2O4

(right) proofs the correct electrochemical behavior.

The long-time stability of capacity is the crucial criterion for applications, and in-situ stud-
ies are needed after more than 1000 charge-discharge cycles to reveal information about
degradation mechanisms. All existing in-situ cells are designed to minimize absorption ef-
fects from current collectors, electrode materials, electrolyte, separator and shieldings. As a
consequence, the cells are not perfectly sealed and fail after about 10 cycles. Furthermore,
the active electrode areas are rather small so that much higher current densities are used
for in-situ studies than in actual technical applications. Both limitations are overcome with
high-energy SR as electrode stacks in ideally closed shieldings can be used.

6.8.2.4 Piezoelectric ceramics with applied external fields

A significant drawback in the investigation of PZT ceramics by X-ray diffraction is the huge
absorption of lead. For energies below 20 keV only surface-near regions can be studied
(linear absorption coefficient µ > 50 mm−1) instead of the representative response of the bulk
material. High-energy synchrotron radiation (e. g. µ ∼ 3.4 mm−1 for 55 keV) is of primary
importance for significant progress in this field. Bulk experiments in transmission geometry
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6.8. Powder Diffraction 307

with sputtered electrodes on both sides will become feasible with a sample oscillation for
better statistics of crystallite orientation. In addition to DC fields in-situ studies with AC
fields appear possible. The synchronization of a chopper or the detector electronics with
the applied alternating field will allow to sum up data from successive periods in the same
polarization state of the piezoceramic. For such stroboscopic studies the time structure of the
PETRA ring (7.7 µs in single bunch mode) might be of interest. Temperature and frequency
dependent studies can provide information about domain wall dynamics and the effects of
sintering conditions, doping, ageing and fatigue. High-resolution PD data are essential for a
sophisticated profile analysis, especially for samples near the morphotropic phase boundary,
where different crystal structures can coexist.

6.8.2.5 Shape-memory alloys under external load

Behavior under mechanical stress is a common scientific problem for constructional materi-
als and becomes particularly interesting in relation to smart materials, actuators and sensors,
such as piezoelectrics or shape memory materials, and most importantly in relation to fatigue
in any material. In the international scene, beamlines for materials research with mechani-
cal loading frames have been constructed for neutrons and synchrotrons. In particular, the
SMARTS neutron beamline at LANL has been constructed around a loading frame equipped
with a graphite heater to achieve 2000 K (Bourke, Dunand & Ustundag, 2002), similar, but so
far without heater is the new ENGIN-X beamline at RAL. At ESRF, ID11 is equipped with a
5 kN loading frame, and the beamline has the capability of investigations of single grains in
the polycrystalline matrix and of 2D mapping of the microstructure (Margulies, Winther &
Poulsen, 2001). The main advantage of the synchrotron, and in particular of high-energy
synchrotron beam lines is the capability of true sub-mm space resolution (i. e. combine the
advantage of spatially resolved information (Schmahl et al., 2004) with bulk information
(Sittner et al., 2002; Sitepu et al., 2003). Most important, a synchrotron experiment is able
to follow the stress state of selected single crystallites in a polycrystalline matrix (Gundlach
et al., 2004), a capability with enormous potential for understanding the mechanical strength
of materials.

These are only selected examples for advanced characterization techniques of polycrystalline
materials under real operation conditions. The exploration of materials response with respect
to a more dimensional parameter space, e. g. with respect to combinations of temperature,
pressure, stress, frequency and amplitudes of external fields, etc., is the key issue for a newly
established high-resolution PD beamline.

6.8.3 Beamline description

From the above mentioned instrumental and experimental demands the following character-
istics of beamline and instrumentation can be deduced :

The beam should be highly parallel in the vertical direction. In the horizontal direction, how-
ever, a more divergent beam is required. This results from the demand of having sufficient
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orientational statistics of the grains in a powder. To achieve random orientation the sample is
usually filled in a capillary and rotated. Nevertheless, the illuminated region of the capillary
should be as long as possible to increase the number of diffracting grains. The photon en-
ergy will be fixed to about 56 keV. In this case the powder diffractometer could be operated
at a ’side station’. For highest resolution analyzer crystals must be used. This should be
done with a multiple analyzer stage to reduce the measuring time. This circle should have
a reproducible resolution of 0.0001◦ in 2Θ, matching the resolution function. For experi-
ments not needing ultimate resolution a one-dimensional position sensitive detector (PSD) is
needed, which can be mounted in a fixed position, facing the analyzer arrangement. A two-
dimensional PSD in the low-angle region with flexible sample-detector distance is needed
for texture analyses and orientation-resolved diffraction.

The operation with fixed photon energy imposes only minor restrictions, because most of the
proposed experiments benefit from higher energies (limited by the monochromator specifi-
cations for high-resolution PD). The overall demand for resonant diffraction studies is rather
low and can be served elsewhere. On the other hand, a significant improvement in efficiency
can be obtained by optimizing the detector systems for a small energy range. The standard
detector systems for synchrotron powder diffraction, scintillation counters, image plates and
CCDs, are working over a wide energy range with similar good performance. By restriction
to a narrow energy window the detector efficiency can be improved considerably by opti-
mization for this specific energy.
For the various in-situ studies appropriate sample environments (furnaces, cryostat, in-situ
cells, etc.) must be available, which can be easily changed. Operation at fixed energy will
ensure better compatibility between different set-ups.

A special environment is that for high pressure studies. It employs the anvil-type of high
pressure apparatus. This option does not require bulky equipment, whereas it makes it possi-
ble to generate the largest pressure range and provides large variety of experimental options.
The high pressure environment includes diamond anvil cell, large-volume Paris-Edinburgh
cell, sapphire-anvil Kurchatov Institute cell. The cells can be combined with cryostats for
low temperature studies as well as with the laser heating system to achieve high pressure
- high temperature conditions. The small sample volume due to the high pressure and/or
laser heating requires a micro beam. It is therefore recommended to have a kind of table top
experiment at a micro focus beamline instead of a high-resolution PD beamline.
The powder diffractometer will be operated at a low beta (high divergence to obtain a broad
beam) section. No mirror will be used because of the required high energies. Depending
on whether the whole wavelength range will be used or only a fixed wavelength a double
(cryogenic Si 111 or Si 311) or single crystal monochromator (Diamond 111) is needed.

6.8.4 Capital investment and personnel

An important component is a high precision diffractometer including encoder, multi analyzer
stage and control system. The PSD should have a spatial resolution of 0.1 mm correspond-
ing to the projection of a thin capillary. The readout time should be in the millisecond range.
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6.8. Powder Diffraction 309

Possible electronic detectors matching these specifications are diode arrays, strip detectors
or CCDs (spectroscopy mode), covering an angular range of ≈ 30◦. For certain applications
modified commercial detectors applied in non-destructive testing may be applied. (In this
field even detectors covering a wide angular range are available. Presently, however, no de-
tector covering this angular range is available from the shelf. Detector development is, there-
fore, as for many other beamlines, of paramount importance. Open questions are whether
a curved detector is needed or a linear one is sufficient and whether it must be monolithic
or can be composed of several elements (blind areas between elements). It should also be
investigated whether relatively cheap detectors as they are used in check-in applications at
airports can be applied.
Various sample environments like cryostat, furnace, in-situ cells are foreseen.

The total cost of the powder diffraction station will be about 1200 ke.

Two scientists and two engineers will be needed during construction and commissioning.
After commissioning one engineer may be sufficient provided that there is support from cen-
tral services (computing, electronics, workshops).
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6.9 Unfocused ASAXS Beamline
Author :

G. Goerigk IFF, FZ Jülich GmbH, Jülich, Germany

6.9.1 Abstract
Due to the low emittance of PETRA III the beam parameters at a high-β section are in a
high degree suitable for the design of an unfocused Small-Angle X-ray Scattering (SAXS)
beamline with high q-resolution. Additionally the energy spectrum covered by a PETRA III
standard undulator will allow one to make use of the element-selective Anomalous Small-
Angle X-ray Scattering (ASAXS) technique and to extend the classical energy range of this
technique (5–35 keV) up to energies of about 90 keV. The extension to higher energies will
give access to the K-absorption edges of the heavier elements (Z > 53). The energy range in
combination with the high flux of a 3rd generation source offers the opportunity to address
numerous challenging scientific objectives in solid state physics, catalyst research, chemistry
and biology, which are not accessible by the existing state of the art (A)SAXS-experiments.

6.9.2 Current state of the field
Small-Angle X-ray Scattering experiments average over a large sample volume and give
structural and quantitative information of high statistical significance on a mesoscopic length
scale between one and hundreds of nanometers, which can be correlated with macroscopic
physical and chemical parameters of the analyzed materials (alloys, semiconductors, glasses,
macromolecules in solution, metal nanoparticles, composites).
In the past Synchrotron Radiation (SR) provided the SAXS-technique with four major im-
provements:

1. The photon flux, which is many orders of magnitudes higher compared to classical
X-ray sources allows one to study samples, which show only weak small-angle X-ray
scattering.

2. The continuous energy spectrum of SR allows for the energy tunability of the tech-
nique. Beside the possibility to adapt the X-ray energy to the sample under investiga-
tion (e.g. thinning of samples with internal stress is limited and SAXS analysis should
be done at higher energies to minimize absorption) the further advantage is the energy
tunability in the vicinity of the K- and LIII-absorption edges of most of the elements.
This technique - known as Anomalous Small-Angle X-ray Scattering (ASAXS) – is
based on the anomalous variations of the atomic scattering factors near the absorption
edges and allows for the element-specific characterization of the samples under inves-
tigation on the mesoscopic length scale. After the exploratory studies of the 1980s
(Stuhrmann, 1985; Simon, Lyon & de Fontaine, 1985), ASAXS became a standard
technique, which is nowadays used to address numerous challenging scientific objec-
tives in solid state physics, materials science, catalyst research, chemistry and biology
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6.9. Unfocused ASAXS Beamline 311

(Goerigk et al., 2003), where classical SAXS experiments (with fixed energy) are not
able to provide decisive information. As a consequence it appears desirable to design
a SAXS beamline at a 3rd generation source with an unfocused, energy tunable beam,
with the goal to fully exploit the scientific potential of this technique. For this reason,
this proposal addresses the more general subject of an unfocused ASAXS beamline.

3. The very small beam divergence in both the horizontal and vertical directions. The
spatial resolution of a SAXS experiment depends strongly on the beam parameters
and benefits crucially from low divergence and high collimation. This determines the
size scale of the topological or chemical inhomogeneities, which can be observed.

4. The extension of the X-ray spectrum to energies higher than 30 keV at the 3rd genera-
tion sources with sufficient machine energy (ESRF, APS, SPring-8).

In Europe, three beamlines have been optimized for the ASAXS technique: JUSIFA at HA-
SYLAB, D2AM at ESRF and D22 at LURE (the latter being upgraded and reinstalled at
the French synchrotron radiation source SOLEIL). Two of these beamlines (JUSIFA and
D22) are using fixed exit double crystal monochromators, which turned out to allow far eas-
ier operation compared to focusing optics (at D2AM). As a consequence, an “easy-to-use“
ASAXS beamline should abandon focusing optics if possible (Goerigk et al., 2003).
Scientific examples for key applications of the ASAXS technique are :

• Polyelectrolytes with counter ion distributions (Guilleaume et al., 2001; Guilleaume
et al., 2002; Goerigk et al., 2004; Das et al., 2003),

• amorphous semiconductor alloys (Goerigk & Williamson, 1998; Goerigk & Williamson,
2001a),

• metal nanoparticles (for instance used as catalysts) (Polizzi et al., 2001; Rasmussen
et al., 2000; Bota et al., 2002; Haubold et al., 2003),

• membranes from biology (Richardsen et al., 1996) and from technical applications
(Prado et al., 2003).

Three examples are shown in Figs. 6.9.1–6.9.3. The examples have in common, that only the
ASAXS technique is able to provide the essential information.

Numerous materials were analyzed by ASAXS in the last decade and the concerned fields
of research are solid state physics (amorphous alloys, glasses, semiconductors, bulk metal-
lic glasses, ceramics), materials science (membranes in fuel cell techniques, nanostruc-
ture caused by welding processes in alloys), catalyst research (metal nanoparticles on vari-
ous support structures, zeolites), chemistry (polyelectrolytes) and biology (liposomes, pro-
teins, DNA). The samples under investigation are solids, liquids, gels, aoregels, compound-
materials, powders, crystals or thin layers studied under various process parameters (gas
flow, gas mixture, temperature, external electric or magnetic field, electrolytes of different
mixture, pressure).
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312 6. Beamlines and Experimental Stations

Figure 6.9.1: This first example shows results from ASAXS measurements obtained from amor-
phous hydrogen containing Silicon-Germanium alloys, which are used in solar cell techniques. The
ASAXS-measurements were carried out in the energy range of the K-absorption edge of Ge at
11.1 keV and the specific scattering, originating from Ge-containing inhomogeneities was separated
(triangles) from the scattering of other inhomogeneities, mainly hydrogen containing voids. The
solid line passing through the separated scattering curve is a fitted model function, representing a
two-phase mixture (right side), one phase covering 90% of the volume with a correlation length of
about 20 nm surrounded by a second phase with reduced density and reduced Ge-concentration and
a correlation length of about 1 nm (Goerigk & Williamson, 2001b). From the analysis of extended
ASAXS measurements at 16 X-ray energies in combination with densitometric measurements the vol-
ume fractions, densities and Ge-concentrations of the inhomogeneities were deduced and correlated
with the materials opto-electronic properties.

Future scientific objectives for ASAXS studies at a 3rd generation source will be the anal-
ysis of the conformation of polyelectrolytes and other macromolecules in solution, DNA
with counter ion condensation, membranes from biology, colloids, characterization of metal
nano particles, catalysts on various support structures, time-resolved measurements on cat-
alysts with in-situ cells under process parameters, membranes from fuel cell techniques,
bulk metallic glasses, amorphous semiconductors alloys, crystalline semiconductors, quan-
tum dots, porous glasses, magnetic alloys and others. Additionally to the fields of research
many classical SAXS studies (at fixed energies) will use a SAXS beamline with unfocused
beam.

Beside the ASAXS applications mentioned above additional scientific objectives, which
make use of the anomalous dispersion corrections but employ different experimental tech-
niques, may use the unfocused beam. Such a technique is (anomalous) grazing incidence
small-angle X-ray scattering (GISAXS) on magnetic multilayers (Laidler et al., 1996), for
example. Using a diamond phase retarder, optional applications are, especially at the X-
ray energies of the L-edges (up to 22 keV) : magnetic anomalous grazing incidence X-ray
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6.9. Unfocused ASAXS Beamline 313

scattering and magnetic anomalous small-angle X-ray scattering (MASAXS) with circular
polarized X-rays (Fischer et al., 1998).

6.9.3 Design of the beamline

Beam parameters and location : The large majority of (A)SAXS studies need a suit-
able beamsize, high photon flux and a suitable X-ray energy (range). Sometimes a high
q-resolution is required. PETRA III will meet this requirements at a high-β section.
Beam size : As already mentioned in the beginning, SAXS experiments average over a
large sample volume. This is a big advantage, when comparing for instance with TEM
or other microscopic methods. Especially when dealing with ASAXS, suitable beam sizes

Figure 6.9.2: Metal nanoparticles play an important role e.g. in fuel cell technology and catalysis or
in the development of novel synthetic pathways to nanostructured metal colloids (1-50 nm). Further
objectives are to organize these materials into 2- and 3-dimensional arrays (e.g. by using organic
spacer molecules) and to examine potential applications in catalysis and material science. Employing
the ASAXS-technique the specific scattering contribution of the metal colloids can be separated from
those of the spacer molecules or other support structures. The Figure summarizes results obtained
from ASAXS-measurements on platinum nanoparticles with organic spacer molecules in the energy
range of the Pt-LIII-absorption edge at 11.56 keV. The separated scattering curve of the Pt-particles
(blue squares left diagram) is shown in more detail plotted on linear scales in the central diagram.
The solid line represents a model function of Pt-particles with a size distribution around 1 nm (right
diagram) and a correlation distance between the particles of about 2 nm (Vad et al., 2002).
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314 6. Beamlines and Experimental Stations

Figure 6.9.3: Polyelectrolytes are highly charged macromolecules. The density of charges along
the polymer chain may cause a wide variety of conformations. A large variety of polyelectrolytes is
found in nature, where the role of electric charges is essential for the proper functioning of nucleic
acids, the numerous enzymes and proteins. The Figure summarizes the results obtained from ASAXS
measurements on Na-polyacrylate (NaPA) surrounded by Sr-counter ions in aqueous solution. Dif-
ferent ratios of the concentration of SrCl2 /[NaPa] reveal dramatic changes in the scattering curve. At
the lower ratio (left) the scattering curves indicate a coil like behavior, while at the higher ratio (right)
the scattering curves are contracted to smaller q-values, caused by the collapse of the NaPA coil to
pearl-like subdomains. The separation of the pure resonant scattering contribution (red circles) yields
the form factor of the distribution of the Sr-counter ions around the polymer chains, which shows a
lot of structural details like a maximum at 0.1/nm and a maximum at 0.3/nm. The solid line passing
through the red circles is the model function of a pearl necklace model (Goerigk et al., 2004).

are necessary (not smaller than 100µm) because otherwise the transmission measurement,
which represents one of the most crucial parameters in the ASAXS technique, is strongly
influenced by the local structure of the sample. For most applications a beam size between
300 and 800µm appears desirable. At 10 keV a beam size of about 800µm (horiz.) times
500µm (vert.) can be achieved with an unfocused beam at a distance of about 40 m at a high-
β section. Tab. 6.9.1 summarizes the beam size for different energies at a high β-section at a
distance of 40 m (without monochromator).

Energy [kev] 5 (Ti) 10 (Zn) 15 (Rb) 20 (Mo) 90 (Bi)
x [mm] 0.5 0.46 0.45 0.44 0.43
y [mm] 0.22 0.17 0.15 0.13 0.10

Table 6.9.1: RMS-beam size depending on the energy at a high-β-section at 40 m distance.
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6.9. Unfocused ASAXS Beamline 315

Photon flux : High flux is needed for SAXS studies on weak scatterers. The photon flux of
the 3rd harmonic (K=1.5) through a pinhole of 0.8 x 0.4 mm2 amounts to about 1013 ph/sec
for a bandwidth of 0.01% at 15.1 keV, which will reduce the measurement time for ASAXS
sequences on highly diluted solutions or amorphous alloys from several days to several hours,
with a clear improvement of the statistical significance of the data.
q-resolution : The q-resolution due to the beam divergence at a high-β section amounts to
∆q = 3 · 10−5 Å−1 (again at 10 keV). In comparison to this, with a distance of 10 m between
sample and detector at the 40 m location, the q-resolution calculated from the beam size at
10 keV is 1.9 · 10−4 Å−1, which corresponds to a length scale of 3.3µm. The q-resolution is
limited by the beam size and the smallest q-value is about a factor 6 larger compared to the
minimum q-value limited by the beam divergence. Though this resolution is hard to achieve
with a conventional SAXS equipment, in principle the vanishing beam divergence at the
high-β section will allow to improve the q-resolution up to this theoretical value in the future
(for instance at the expense of flux by reducing the beam size). Especially the SAXS studies
of highly correlated large particles (colloids > 100 nm ) will benefit from a high q-resolution.
Energy range : The classical energy range of ASAXS between 5 and 35 keV can be accessed
by harmonics up to the 7th order by tuning the K-parameter. In principle making use of the
7th harmonic a future option may be to extend the energy range up to the energy of 91 keV
giving access to the K-edges of the heavier elements like Ba, Nd, Os, Ir, Pt, Ta ... Bi. Barium
is an important counter ion in polyelectrolyte research. Neodymium is of high interest in the
research of amorphous alloys with magnetic properties. A lot of the heavier elements are
used for the development of electrode materials in fuel cell techniques. The access to the K-
edges of these heavy elements would offer to extend the ASAXS-technique to compact cell
structures of large thickness. This kind of in-situ experiments could be performed so far only
by small-angle neutron scattering experiments (SANS). The photon flux at 90 keV is between
2 and 3 orders of magnitude lower compared to 10 keV but is still considerably high. At
lower energies (< 5 keV) the fundamental and the 3rd harmonic provide considerable photon
flux giving access to the K-edges of Ca at 4.04 keV.
Beam stability : For the anomalous dispersion applications beam stability and precise en-
ergy calibration are of great importance. A beam stability of 1% with respect to the beam
size is required.
Monochromator and optics : The energy range between 5 and 35 keV can be assessed by
a Silicon (3 1 1) fixed exit double monochromator with flat crystals. For the energies up to
50 keV a Silicon (5 1 1) can be used. If the energy range is extended to energies beyond
50 keV a Laue monochromator must be employed. Due to the high flux and the very small
beam divergence at the high-β section no focusing optics are required. Higher harmonics
(3rd) are rejected by detuning of the 2nd crystal (JUSIFA). To reduce the heatload a cooled
pinhole with a variable size should be implemented before the 1st crystal. Only the central
cone is passing through the pinhole and the expected heatload of about 5 kW can be reduced
by more than 90%.
Vacuum : To avoid background scattering from air the secondary vacuum section of the
beamline is designed as a high vacuum beamline (p ∼ 10−4 mbar). The secondary vacuum
must be separated from the ultra high vacuum of the monochromator section by a beryllium
window.
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316 6. Beamlines and Experimental Stations

Slit system : A minimum of three slits are needed. The 1st slit is placed as an entrance
slit to the monochromator reducing the fluorescence background originating from upstream
components. The 2nd slit is located behind the 2nd crystal and the 3rd just before the sample,
with the distance between the last two slits of several meters.
Experimental setup : The experimental setup is expected to reproduce the JUSIFA standard
of fast, precise and automated change of detector position with sample detector distances
between 0.5 and 10 m. Larger distances should be attainable.
Sample environment : A sample chamber of sufficient size is needed, which can be eas-
ily accessed and will allow the easy adaption and the implementation of complex sample
manipulators (sample orientation by tilting and rotating) and complex sample environments
(heaters, cryogenics, electric and magnetic fields, electro-chemical cells, in-situ reactors ap-
plying special gas mixtures plus temperature, capillary systems).
Beam-detectors : Suitable beam monitors for beam alignment (before 1st monochromator
crystal and downstream the 2nd crystal), and further monitors for the precise measurement
of the primary flux coming to the sample (normalization) and transmitting the sample (trans-
mission measurement) must be implemented.
XAFS measurements : The reliable uncomplicated performance of XAFS measurements is
mandatory for an ASAXS beamline (JUSIFA).
SAXS-detectors : Probably a collection of different detector types will be needed for the
different applications. For applications requiring high position resolution CCDs or online
image plate scanners may come into operation for fast measurement sequences (membranes,
layers). Long term measurements on highly diluted systems (polyelectrolytes) or highly ho-
mogeneous alloys (bulk metallic glasses) will need devices with low noise. In the last years
pn-CCDs with energy resolution have been developed for X-ray astronomy. This detector
type would offer access to various materials, which so far are not accessible to the ASAXS
technique due to a strong fluorescence background from one of the elements in the mate-
rial. Examples are bulk metallic glasses of the composition Cu60Zr20Ti20 at the Zr-K-edge
at 18 keV, where the SAXS is superimposed by the Cu fluorescence or pressure reactor ves-
sel steel with Cu-carbides at the Cu-K-edge at 8.9 keV with a overwhelming fluorescence
from Fe. Though the size and the maximum count rate up to now are not sufficient (position
and energy resolution are already fully sufficient), future developments will improve these
devices and make it suitable for synchrotron radiation applications and open new horizons
especially for the ASAXS technique (Goerigk et al., 2002).
Measurement sequences : The measurement programs are expected to reproduce the JUSIFA
standards of highly automated, flexible and user-friendly (easy programming) algorithms,
which are able to process complex measurement sequences (including SAXS-pattern of the
samples, background measurements, energy dependent detector sensitivity, dark current, cal-
ibration and sample transmission at different energies, different samples, different sample
orientation). All measurements are calibrated into absolute units of macroscopic scattering
cross sections. Suitable reference standards for the different energy ranges must be calibrated
and can be assessed by the measurement sequences on a different sample holder.
Data processing : The data are subsequently processed by the fast JUSIFA data evaluation
algorithms (correction for background, dark current, detector sensitivity, transmission, cali-
bration into absolute units, combination of the scattering curves obtained from different q-
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6.9. Unfocused ASAXS Beamline 317

ranges, calculation of scattering curves at pre-defined q-bins). Today the JUSIFA algorithms
typically process several 100 2d-patterns into scattering curves within a few minutes.

6.9.4 Conclusion
An unfocused (A)SAXS beamline at a high-β section at PETRA III will combine the high
photon flux of a 3rd generation source with an exceptional low beam divergence, which of-
fers the possibility to improve the experiment to a very high q-resolution. Thus an expensive
focusing optic can be omitted with the result, that the beamline will be easy to use, especially
when dealing with the ASAXS technique, where a monochromator of sufficient energy res-
olution is mandatory, which can be operated fast and reliable over a large energy range. An
additional future option will be, to extend the classical ASAXS range to higher energies up
to 91 keV giving access to the K-edges of the heavier elements.

6.9.5 Capital investment and personnel
For the operation of the beamline a minimum of manpower of two scientists and two engi-
neers will be needed. Costs for infrastructure are not included.
The total costs for investment amounts to 1570 ke.
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6.10 A Microfocus Beamline for Soft Matter Science
Authors:

R. Gehrke DESY, Hamburg, Germany
M. Müller Uni Kiel, Germany
P. Müller-Buschbaum TU München, Germany
N. Stribeck Uni Hamburg, Germany
A. Meyer Uni Hamburg, Germany
O. Paris MPI Golm, Germany

6.10.1 Introduction
Small-angle and wide-angle X-ray scattering (SAXS and WAXS) are extremely important
tools in soft condensed matter science. Phase separation, aggregation, or nanostructuring
lead to ordered structures on various length scales ranging from a few up to several thousand
nanometers. Often these structures are hierarchically organized, i.e. structures formed on a
given length scale compose superior domains ordered on a larger length scale. At surfaces
and interfaces special structures can be formed which can be investigated by grazing inci-
dence scattering techniques while the bulk structures are observed in transmission geometry.
All SAXS techniques have common requirements concerning the incident X-ray beam at the
sample position. These are :

• Low Divergence
The divergence has to be as low as possible. The resolution in terms of the largest
electron density correlation distances which can be observed in a SAXS experiment
depends on this quantity.

• Small Beamsize
The beam cross section has to be sufficiently small. If the sample is homogeneous on
length scales far beyond the investigated correlation distances then the beam size could
be in the order of the sample size. In the case of hierarchically organized samples,
however, the beam size must not be larger than the domains which are investigated.
These domains can have dimensions down to the sub-micrometer range. Thus, a sub-
micrometer focus is required to selectively scatter from single domains or to scan
across different domains. Systems of this kind have increasingly become subject of
SAXS investigations during the last years. Important representatives are composite
materials and biological materials like wood, bones, or even biological tissue.

• High Intensity
The flux in the incident beam has to be as high as possible. Most samples in soft
condensed matter science are extremely weak scatterers. They contain mainly light el-
ements like hydrogen, carbon, oxygen, and nitrogen with small numbers of scattering
electrons, the phase contrast between the scattering phases is very often extremely low,
and finally the number of scattering entities in the irradiated volume is small. The latter
is especially true for experiments with very small focus size in relation to the size of
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6.10. A Microfocus Beamline for Soft Matter Science 319

the scattering units, and for investigations of surfaces and interfaces. In addition, many
experiments are carried out time resolved in-situ during structural changes caused by
the application of external fields or forces or by temperature changes. If these changes
take place on a time scale of a few seconds, then accordingly fast subsequent measure-
ments with proper counting statistics are necessary in order to get the desired temporal
resolution. For soft materials in combination with high photon flux radiation damage
can be an issue. Its influence depends strongly on the chemical and physical structure
of the investigated material and one has to address this problem in each type of exper-
iment individually. In many cases degradation takes place as a consequence of radical
formation, followed by diffusion controlled rearrangement of the structures. In many
cases the involved processes are slow compared to the data acquisition time, therefore
the measurement can be completed before significant changes occur. In some cases
sample cooling can reduce the degradation effects.

• Energy Tunability
The photon energy should be tunable. Energies around 10 keV are well suited for soft
matter samples, because the typical absorption coefficients of this kind of materials
lead to an optimum sample thickness in the order of a few millimeters at these energies.
However, if special techniques like anomalous scattering are going to be used, the
energy has to be tuned to the absorption edges of the interesting atoms.

• Coherence
For standard scattering experiments the coherence properties of the beam will not be
used. However, if a high degree of coherence is available at the sample position one
could record speckle patterns in a SAXS experiment to perform photon correlation
spectroscopy and study the dynamics of the sample. Moreover, oversampling tech-
niques could be applied to directly reconstruct the spatial shape of the scattering enti-
ties.

It is immediately obvious that high-brilliance undulator sources at 3rd generation synchrotron
radiation machines fulfill the above requirements by far better than all other X-ray sources
including wigglers presently used at DORIS III. Using an undulator at a high emittance ma-
chine leads to much better quality of conventional SAXS data which is essential for more
sophisticated data analysis techniques presently under development. More important, new
experiments become feasible which only can be done with undulators. These include mea-
surements using a focus of micrometer size and even below, thereby still maintaining a
good angular resolution and high photon flux. This part of the TDR proposes a versatile
SAXS/WAXS beamline at a PETRA III undulator for high resolution measurements using
incident beams with very small cross section in normal and grazing incidence. It supports
scanning techniques as well as time resolved measurements.
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6.10.2 Current state of the scientific field

6.10.2.1 Small- and wide-angle scattering (SAXS/WAXS)

SAXS experiments with moderate resolution below 100 nm, WAXS experiments and the
simultaneous combination of SAXS and WAXS have been performed at synchrotron radi-
ation sources for many years. They cover the time-resolved observation of crystallization
and melting processes in polymer materials as well as orientation processes upon elongation
of polymers (Stribeck et al., 2003; Barbi et al., 2003a; Barbi et al., 2003b) with tempo-
ral resolution down to the range of a few seconds. Other examples are phase separation
processes in block copolymers, phase transitions in liquid crystalline polymers and lipids
(Funari, Barcelo & Escriba, 2003), and gel formation in polymer systems.

6.10.2.2 Ultra small angle scattering (USAXS)

Ultra small-angle scattering using pinhole collimation is currently performed at the ESRF un-
dulator ID02 and at the HASYLAB wiggler BW4. Both instruments reach a maximum reso-
lution of about 500 nm, with a total photon flux of 1013 photons/s at ID02 and of 1011 ph/s at
BW4. Examples of present state-of-the-art experiments include the observation of the forma-
tion and orientation of nanostructures in polymer systems during elongation or thermal treat-
ment of the sample (Stribeck et al., 2002b; Stribeck et al., 2002a; Wang et al., 2003b). High
quality scattering data allow the application of new sophisticated data evaluation schemes.
An example of a USAXS experiment with an extremely weak scattering nanostructured sam-
ple is shown in Fig. 6.10.1. It addresses particle track etched polymer membranes which
serve as templates for the creation of nanotubes and nanowires. Thin polycarbonate films
were irradiated with argon ions, the particle tracks were etched to produce nanometer sized
pores which then could be filled with other materials like metals or polymers. The figure
shows scattering diagrams which reveal information about size and orientation distribution
of the formed nanotubes and wires (Hermsdorf et al., 2003). Fig. 6.10.2 shows the develop-
ment of USAXS during the formation of crazes upon elongation of a polycarbonate sample
(Karl et al., 1999; Minko et al., 1999; Lorenz-Haas et al., 2003). Information about craze
formation is important as crazes are the precursors of cracks which finally cause the breaking
of the sample upon elongation.

6.10.2.3 Grazing-incidence small-angle scattering (GISAXS/GIUSAXS)

Scattering experiments with grazing beam incidence and high resolution in reciprocal space
are at present carried out at the HASYLAB beamline BW4 (Müller-Buschbaum, 2003;
Müller-Buschbaum et al., 1998). A typical example is shown in Fig. 6.10.3 which illus-
trates GIUSAXS measurements on dewetting of thin copolymer films on a Si/SiOx surface
(Müller-Buschbaum et al., 2000). The out-of-plane intensity distribution parallel to the sur-
face (qy-scan) reveals information about lateral correlations. In contrast to transmission
SAXS the maximum resolution is not limited by the size of the primary beam on the de-
tector but mainly by the distance between sample and detector. Thus a maximum resolution
of more than 1000 nm can be achieved at BW4. With sufficiently high photon flux time
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6.10. A Microfocus Beamline for Soft Matter Science 321

resolved GISAXS measurements can be performed. This is illustrated in Fig. 6.10.4, where

Figure 6.10.1: Combined SAXS and USAXS measurements of particle track etched polycarbonate
membranes before and after filling of the pores with polypyrole (A2 and BW4 at HASYLAB).

Figure 6.10.2: Formation of crazes during elongation of polycarbonate. USAXS scattering patterns
obtained at different draw ratios λ (BW4 at HASYLAB).
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322 6. Beamlines and Experimental Stations

structural changes in a thin film of a copolymer on a Si/SiOx surface were followed which
were caused by application of a solvent vapor (Müller-Buschbaum et al., 2003a). The time
between two subsequent scattering patterns was 30 minutes in this experiment. The observa-
tion of significantly faster processes would require a higher photon flux in the incident beam
than available today.

Figure 6.10.3: GIUSAXS investigation of the dewetting process of a spin coated polystyrene-
polyisoprene block copolymer film on a Si/SiOx surface (BW4 HASYLAB).

6.10.2.4 Microfocus scattering (µWAXS, µSAXS, µGISAXS)

Position resolved diffraction and scattering using a microbeam is done presently at a few syn-
chrotron radiation facilities (Riekel, Burghammer & Müller, 2000; Müller, Burghammer &
Riekel, 2001). The microbeam setup at ELETTRA, Trieste, is located at a wiggler. It uses a
toroidal mirror and slit collimation and achieves a beam of 20 µm diameter. The maximum
resolution is 100 nm with a total flux of about 107 photons/s. The microfocus beamline ID13
at the ESRF is located at an undulator. With focusing mirrors and collimation a beamsize
of 10 µm can be reached with a photon flux of 1011 photons/s. The maximum resolution is
50 nm. With capillary optics this focus can be further demagnified down to 2 µm, the flux
decreases by one order of magnitude to 1010 photons/s and due to the increased divergence
the maximum resolution is now limited below 10 nm. By using a waveguide the beamsize
can be reduced to 0.2 µm in one direction, thereby reducing the usable flux to 109 photons/s
while keeping the maximum resolution still at 10 nm (Müller et al., 2000a). A typical appli-
cation for a 2 µm beam at ID13 is illustrated in Fig. 6.10.5. Wood represents a nice example
for hierarchically structured systems, it shows different structural ordering on a wide range
of length scales, starting with molecular composites in the nanometer range, followed by
lamellar and cellular structures in the micrometer range. In the experiment the orientation of
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6.10. A Microfocus Beamline for Soft Matter Science 323

the cellulose fibril helices in a wood cell wall was measured with spatial resolution (Licht-
enegger et al., 1999). A total area of 40 µm side length was scanned with a 2 µm focus,
and for each position a complete diffraction pattern was obtained. From the orientation of
the diffraction maxima the local orientation of the helix could be derived. Other typical ex-
periments investigate the internal structure of single thin fibers like cellulose fibers (Müller
et al., 2000b; Moss et al., 2002) or spider silk (Riekel, Müller & Vollrath, 1999). An exper-
iment of this kind is illustrated in Fig. 6.10.6 which addresses the cross sectional texture of
carbon fibers (Paris et al., 2001). A 12 µm thick single fiber was scanned laterally using a
3 µm beam. The intensity course of the (002) and (100) reflections was compared with the
theoretical one calculated for different texture models.
Using a 5 µm microbeam with a GISAXS experiment leads to a beam footprint of only
300 x 5 µm2 on the sample surface. This allows to obtain position resolved GISAXS data as
shown in Fig. 6.10.7. The experiment studies the formation of complex nanostructures in thin
polystyrene films on a Si/SiOx surface (Müller-Buschbaum et al., 2003b). At certain given
temperatures dewetting processes lead to a coexistence of large micrometer sized drops and
nanodroplets. With scanning GISAXS the different domains can be clearly distinguished.

Figure 6.10.4: Time-resolved GISAXS measurement of a nanostructured polystyrene-
polyparamethylstyrene block copolymer film on Si/SiOx during treatment with toluene vapor (BW4
HASYLAB).
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324 6. Beamlines and Experimental Stations

6.10.3 Scientific case for the proposed instrument

It should be noted that at PETRA III compared to the ESRF beamlines for each given focus
size a markedly higher maximum resolution at higher photon flux can be reached. This is
mainly caused by the smaller beam divergence at the PETRA III undulator. The state-of-the-
art experiments illustrated with the above examples form the basis of the scientific case for
the proposed new instrument. Present experiments in the field are limited by the beamtime
available at existing instruments and, more important, by technical restrictions in terms of
smallest achievable focus size and corresponding resolution and photon flux. Many scatter-
ing investigations utilizing a beam of small cross section will clearly benefit from having a
smaller focus and simultaneously higher resolution and flux than available today, and many
new experiments will only be possible with this. Generally, it will allow time resolved mea-
surements on a shorter time scale and/or spatially resolved scattering experiments using a
microfocus especially in hierarchical systems where the observation of structural domains
down to the 100 nm range is desired. Present attempts to reach this region suffer from flux
and/or resolution limitations and each step forward to improve this will be of great value.
Also data quality in classical SAXS and USAXS experiments can be markedly improved by
using a high flux microbeam with a high degree of collimation, because the measurements

Figure 6.10.5: Determination of the helical arrangement of cellulose fibers in the cell wall of wood
by means of scanning micro-diffraction using a 2 µm focus (ID13 ESRF).
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6.10. A Microfocus Beamline for Soft Matter Science 325

will be much less affected by the beam profile and therefore much better allow the applica-
tion of more elaborate data evaluation techniques developed recently.
New techniques are opened if the achieved maximum resolution becomes comparable to the
cross section of the incident beam. Instead of observing periodical electron density fluc-
tuations within the irradiated domain the formfactor of the irradiated domain itself will be
measured similar to single particle SAXS in dilute solutions. Additional experimental op-
tions are possible if the high degree of coherence in the source is maintained in the focus.
This is mainly a question of the quality of the optics, especially of the mirrors. Making use
of the coherence could help to solve the phase problem in this kind of scattering experiments.

6.10.4 Beamline layout

The proposed beamline uses a standard PETRA III X-ray undulator installed at a high-β
section. The first optical element is a fixed exit silicon (111) double crystal monochromator,
tunable from 4.5 keV to 20 keV. It can be placed as close as possible to the source. It is
not planned to use the white or a pink beam. Downstream of the monochromator there is a
pair of Kirkpatrick-Baez (KB) mirrors for subsequent vertical and horizontal focusing. The
standard photon energy is going to be 10 keV. The overall length of the instrument from the
source to the end of the experimental area is about 95 m. The focus is going to be at 85 m

Figure 6.10.6: Determination of the cross sectional texture in a single 12 µm thick carbon fiber by
means of scanning microdiffraction using a 2 µm focus (ID13 ESRF).
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326 6. Beamlines and Experimental Stations

behind the source. Finding the best positions for the two mirrors means to find an optimum
compromise between the desired focus size and the desired maximum resolution in terms of
the largest observable electron density correlation distances. Generally, decreasing the focus
size in a given direction by placing the corresponding mirror closer to the focus position is
accompanied with an increase of the divergence in that direction, thus causing a decrease of
the achievable maximum resolution. Aiming for a maximum resolution of at least 10000 nm
in the vertical and 1000 nm in the horizontal direction the source properties of the standard
undulator tuned to 10 keV lead to a focus size of 7 µm vertically and 40 µm horizontally
direction (FWHM). In this case the first mirror has to be placed 57 m behind the source and
the second one at 75 m. The beam divergence is then 13 µrad in the vertical and 120 µrad
in the horizontal direction (FWHM values). The layout of this arrangement is schematically
shown in Fig. 6.10.8. Ray tracing calculations for this setup result in a total photon flux of
3·1013 photons/sec at 10 keV in the 85 m focus point.

Figure 6.10.7: Investigation of heterogeneous surface structures formed by polystyrene on Si/SiOx

upon dewetting at low temperatures. Spatially resolved GISAXS measurement using a 5 µm incident
beam. The thickness of the oxide layer is 2.4 nm, with a 0.9 nm thick oxide layer the dewetting leads
to a homogeneous structure (ID13 ESRF).
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6.10. A Microfocus Beamline for Soft Matter Science 327

6.10.4.1 Layout of the experimental area

The focus provided by the KB optics allows for a maximum resolution in transmission SAXS
experiments of about 1800 nm in the horizontal and about 15000 nm in the vertical direction
using a focus to detector distance of three meters. This is the theoretical limit in terms of
largest observable electron density correlation distances and it gives sufficient leeway to per-
form high resolution scattering experiments from WAXS to SAXS within the angular range
required for present and future investigations.
The basis of all experimental setups is a 15 m long optical bench on which all necessary
equipment can be mounted and positioned in the beam. Looking downstream this bench
starts five meters before the focus position and extends to 10 m behind it. The sample
position is at the focus location. For normal transmission SAXS/WAXS measurements a
two-dimensional detector with about 200 µm spatial resolution and 2000 x 2000 pixel can
be used in a distance of up to three meters from the sample. If an experiment demands for
a particular high angular resolution, a detector with about 40 µm pixel size can be placed in
the focal plane with the sample position up to four meters in front of it. Another scenario
foresees simultaneous measurements in the WAXS and SAXS regime using the 40 µm pixel
size detector for the WAXS range and the 200 µm pixel size detector for SAXS.
Concerning the sample environment the design is very flexible. A variety of different sam-
ple holders will be provided including a universal goniometer, furnace chambers, stretching
devices, high pressure cells, temperature controlled cuvettes for liquid samples, etc. Sample
equipment already existing for measurements at A2 and BW4 can also be easily adapted to
the new instrument. Other, more specialized sample environments will be provided by the
users of the instrument if required.

KB-mirror 1

KB-mirror 2

Monochromator

Experimental hutch

x

Undulator

0

37m

57m

75m

85m

Focus

 

Figure 6.10.8: Sketch of a possible SAXS/WAXS setup in the PETRA III experimental hall. First
focusing mirror at 57 m, second at 75 m, focus at 85 m. The red rectangles indicate the optics hutches,
the blue outlines the microfocus hutch.
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328 6. Beamlines and Experimental Stations

For grazing incidence measurements a special goniometer will be installed which allows to
adjust the sample orientation and the position of the focus on the sample with very high
precision. The design shall allow to do scanning experiments along the sample surface. If
required, the distance between sample and detector can be increased up to 10 m to observe
lateral ordering on a very large length scale.
The focus produced by the KB mirror system can be used as a prefocus for additional focus-
ing elements to produce an extremely small focus down to the nanometer range. Depending
on the progress of various developments which are presently under way these elements could
be capillary optics, Fresnel lenses, compound refractive lenses, or waveguides. Calculations
for a glass capillary which uses the prefocus to produce a 100 nm size beam spot show that
a 100 mm long capillary with 4 µm entrance diameter could produce such a focus with a
efficiency of 4% . This implies a total flux of 9·1011 photons/s in a focus of 100 nm diameter.
The beam divergence would be around 2 mrad which still allows to perform SAXS measure-
ments with a resolution up to 50 nm. In general one can state that due to the properties of
the prefocus, i.e. small beam cross section and low divergence, it will be well suited for each
kind of subsequent nanofocusing optics. To use the nanofocus for scanning microdiffraction
applications a positioning unit has to be provided which allows to align the sample precisely
relative to the beam and to perform the scanning operation. The basic concept of alignment
is to define a position on the sample by means of an optical microscope and then to transfer
this point to the position of the nanobeam.

6.10.4.2 Stability issues

In order to make proper use of the small focus, its position must be fixed at least within
10% of its corresponding dimensions. Thus, special attention must be paid to thermal and
mechanical stability of the beamline and decoupling of vibrations from grounding, cooling
liquids and devices like pumping units etc. Stability considerations also serve as arguments
against the design of this instrument as a side station at a canted pair of undulators. The
monochromator has to be constructed as a compact unit to avoid independent motions of the
first and second crystal relative to each other. Therefore, a large distance of both crystals as
envisaged in the side-station concept will surely have a negative impact on the stability of
the focus. Finally, one should note that the planned top-up mode operation of the storage
ring will improve the overall stability of the experiment.

6.10.4.3 Infrastructure

Because the proposed instrument involves many different experimental options, sufficient
space must be available in the experimental hutch in order to keep the different experimental
modules in place and to facilitate changing from one setup to another in an efficient and fast
manner. Also user specific sample equipment like stretching devices, cryostats, etc. might
require larger space. Therefore, the width and height of the experimental hutch shall not be
significantly below five meters. Envisaging the frequent setup changes, sufficient laboratory
space in the vicinity of the experimental hutch is also required. An area of 16 m2 will be the
minimum.
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6.10. A Microfocus Beamline for Soft Matter Science 329

6.10.4.4 Detectors and data handling

Two area detectors shall be available at the instrument. A large one with 2000 x 2000 pixel of
200 µm2 size and a small one with 2000 x 2000 pixel with 40 µm2 or less. The pixels shall
be integrating with a signal to noise ratio of 104 or better and for time resolved measure-
ments the readout time shall be in the order of seconds. As a first approach CCD detectors
can be used which are already commercially available, but it would be highly desirable to
have semiconductor pixel detectors with parallel pixel readout. However, such detectors are
presently not available and would have to be developed outside the scope of the proposed
instrument.
The beamline shall be equipped with two PC workstations, one for the instrument control
and data acquisition, the other for data evaluation. The beamline control shall be performed
via VME electronics. The amount of data obtained in an experiment depends strongly on the
experiments. For instance, a typical scanning experiment using the nanofocus would lead to
30 x 30 scattering patterns each with up to 2000 x 2000 pixels and a depth of 24 bit per pixel.
This amounts to about 10 Gigabyte of data which are typically acquired within two hours.
Similar amounts of data could be generated in a typical time resolved experiment.

6.10.5 Capital investment and personnel
The many experimental options of the instrument require to construct and to operate it by a
team of two scientists who are full time in charge of this project. They shall be assisted by
two full time engineers, one with major skills in electrical engineering and electronics, the
other in mechanical engineering. The team should start working on the project about two
years before the beginning of the construction of the instrument in order to design and pur-
chase major components. Thereby, the construction of the experimental setup could start in
parallel to the construction of the beamline and after one year of construction work the main
parts of the setup could be ready for test operation. Another year later the major components
of all experimental setups can be finished. This amounts to a total main construction period
of four years. The work might be supported by postdocs and PHD students who take care of
the construction of user specific sample environments. They could be delegated by external
user groups, and they should start working on the project when it can be foreseen that they
can make practical use of their facilities within the time of their stay. As soon as the optics
and main parts of the experiments are going to be installed, an expert with skills in software
engineering and programming shall join the project for three years. The task of this person is
to design and implement software to control the instrument. This work shall be based on the
laboratory wide concept how to control various hardware components and shall implement
software which not only performs the task of moving motors and acquiring data but which
also assists the workflows of changing setups and adjusting the instrument in a user friendly
manner. The aim is to help to make setup changes as efficient and fast as possible.

The total investment cost for this beamline amounts to 1020 ke.
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6.11 Absorption Spectroscopy
Authors and Consultants :

M. Denecke FZK, Karlsruhe, Germany
R. Frahm Bergische Universität Wuppertal, Wuppertal, Germany
M. Fröba Justus-Liebig Universität, Giessen, Germany
J.-D. Grunwaldt ETH Zürich, Switzerland
D. Lützenkirchen-Hecht Bergische Universität Wuppertal, Germany
J. Röhler Universität zu Köln, Germany
E. Welter DESY, Hamburg, Germany

6.11.1 Current state of the scientific field
X-ray Absorption Fine Structure Spectroscopy (XAFS) is a well established method for
investigations of the local atomic and electronic structures of matter. Because absorption
edges are intrinsically element specific, XAFS yields unique insight into matter, especially
in small atom aggregates (clusters, nano-particles), surfaces and dilute systems. Thus it ex-
tends structural research beyond X-ray diffraction methods, and in combination with it in a
novel method named DAFS (diffraction anomalous fine structure) both methods join their
strengths. Synchrotron radiation based XAFS is nowadays routinely used in nearly all areas
of fundamental and applied research. More intense or more brilliant sources can shift the
limits to currently inaccessible applications.
While studies of the electronic structure using X-ray Absorption Near Edge Structure (XANES)
spectroscopy require a high energy resolution, better than 10−4(∆E/E), in a relatively nar-
row energy range of about 150 eV, studies of the local atomic structures by the Extended
Absorption Fine Structure (EXAFS) rely on a very high momentum transfer of the scattered
photoelectrons, corresponding to typically 1–1.5 keV - in special cases up to 3 keV - photon
energy above the edge. Both types of measurements need very high monochromatic photon
flux to achieve a high signal-to-noise ratio > 104, particularly in the case of dilute samples,
surfaces, µm-sized samples, or data collection in reflectivity or fluorescence modes. To cover
an appropriate energy range, a tapering of the undulator or gap scans of the untapered undu-
lator are mandatory. For XANES-measurements just a small tapering is necessary (if at all),
for EXAFS an energy range of typically 1.5 keV has to be covered for high quality data of
one absorption edge.
The high flux and brilliance of 3rd generation sources do open new horizons for XANES
and EXAFS experiments. Among the new possibilities are investigations of µm-sized sam-
ples, tiny samples confined in strongly absorbing environments, fast measurements of highly
diluted species and spectroscopic investigations with spatial resolutions down to the µm or
even nm scale. As a consequence all 3rd generation facilities run XAFS beamlines at un-
dulators. Tab. 6.11.1 lists the undulator XAFS beamlines at the three major high energy
3rd generation sources in the world. Except ESRF ID 24, that uses a very specialized dis-
persive set-up, none of the beamlines is exclusively dedicated to XAFS spectroscopy. Many
beamlines share an XAFS set-up with set-ups for X-ray fluorescence (beamlines dedicated
to geochemistry / environmental sciences) and/or X-ray diffraction (beamlines dedicated to
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6.11. Absorption Spectroscopy 331

Beamline Applications Energy range Spot Size Source
(keV) (µm H x V)

ESRF
ID24 Dispersive XAFS 5 - 28 20 x 200 tapered undulator
ID 21/22 µ-Fluorescence
ID26 High brilliance 3.2-30 200 x 80 scanable undulator

spectroscopy stepwise/continuous
APS
1ID Materials Science 4.2-30 6 x 2 scanable/tapered

Physics (with CRL) undulator
9ID Materials Science 3.1-22.5 scanable undulator
10ID Materials Science 4.8-32 5 x 5

Environm. Science (with KB)
11ID-D 4-50 (wiggler)
13ID Geoscience 4-45

Env./soil Science
16ID High pressure
18ID Biology 3.5-35 40 x 200
20ID Material Science 4 - 50 400 x 100 scanable undulator

Env. Science 1 x 1 with KB
32ID Material Science
SPring-8
BL10XU Material Science 6-35 500 x 1000 scanable undulator

Table 6.11.1: XAFS beamlines at ESRF, APS and SPring-8

material science).

The working range of these beamlines starts at E > 3.5 keV. Mirrors are used up to E ≈
30 keV for focusing and/or rejection of harmonics. This energy range comprises the most
important absorption edges for XAFS spectroscopy. The upper limit of the working range is
given by the mirrors which have to be operated at reasonable glancing angles of a few mrad.
A standard set-up with at least one focusing mirror achieves spots with diameters between
some 10µm and ≈ 200µm. At some beamlines smaller spot sizes (1 - 25µm2) are reached
by additional Kirkpatrick-Baez (KB) mirror systems which are placed close to the sample.
Alternatively, compound refractive lenses are used for µm-scale foci. The undulator beam
is monochromatized by a cryogenically cooled Si double-crystal monochromator with fixed
exit. In some cases (for instance 20 ID at APS) the monochromator is installed in front of
the first mirror.

All of the listed beamlines use scanable undulators to perform EXAFS scans covering an
energy range of 1000–2000 eV. The design parameters of these undulators are close to those
of the PETRA III spectroscopy undulator.
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332 6. Beamlines and Experimental Stations

6.11.2 Science at PETRA III

The experiments at the PETRA III undulator XAFS beamline will take advantage of the
unique properties of the source, namely the high brilliance, the high intensity and the wide
energy range extending into the very hard X-ray range. The high brilliance allows to focus
a large number of photons into a µm-sized spot. Many of the applications using an XAFS
beamline at PETRA III will come from fields which have successfully profited from XAFS
spectroscopy in the past. These are mainly condensed matter physics, physical chemistry,
catalysis research, material sciences, and environmental/geochemical sciences. Below some
proposals for future research at the PETRA III undulator XAFS beamline will be given.

6.11.2.1 Electronic and structural inhomogeneities in strongly correlated electron sys-
tems

In research on strongly correlated electron systems, a realization is growing that their “abnor-
mal” electronic structure - experimentally explored, e.g., by high resolution electron spec-
troscopy - is intrinsically connected to complex atomic structures on varying length-scales
from atomic to macroscopic. Most of the these metals are thermodynamically meta-stable
and exhibit non-stoichiometries of one or more atomic constituents. Many of the existing
techniques for studying a material’s structure quantitatively reveal only average properties
such as the crystal structure. What is needed in addition are bulk probes that provide quan-
titative information about deviations from this average picture, i.e. measurement of atomic
(or local) structures in disordered systems. Of particular interest are nano-phase separation
and multi-scale structures generally developing with the growth of the strongly correlated
electron system through carrier doping into a parent Mott insulator.
Nano-phase separation, however, requires new technical approaches to study intermediate
length-scale (100 nm) structures. Sub-micrometer focusing of the X-ray beam in an XAFS-
spectrometer at a high brilliance source will allow for a new imaging technique, revealing
different local atomic structures in the phase separated topology of strongly correlated elec-
tron systems. Another new possibility for research on strongly correlated electron systems,
which would be available using sub-micrometer focusing of monochromatic X-ray beams, is
EXAFS spectroscopy of sub-millimeter sized single crystals from strongly correlated elec-
tron systems. Due to their intrinsic electronic inhomogeneity even sub-millimeter sized “sin-
gle crystals” of these systems are usually multi-phased (Kaldis, 2001).

6.11.2.2 Tomography and reaction engineering

Solid materials and heterogeneous catalysts are presently characterized in situ by X-ray ab-
sorption spectroscopy, often in combination or even simultaneous with X-ray diffraction
accessible on the same beamline. However, the element-specific analysis of the structure in
a tomographic manner in the different catalyst particles or crystalline solids is important as
well, but difficult to achieve. One of the few techniques available for this is electron mi-
croscopy combined with elemental mapping. But the structure is difficult to extract, and in
situ studies are not possible. Most catalysts are, however, composed of different components
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6.11. Absorption Spectroscopy 333

and thus tomographic images are an important issue. Moreover, the use of hard X-rays offers
the advantage of large penetration depths and allows in situ investigations.
A great challenge at the PETRA III undulator XAFS beamline for such investigations will be
the scanning of catalyst particles with the micro focused beam, both ex situ and in situ. An
image achieved on a Cu/ZnO catalyst with the help of beryllium compound refractive lenses
is shown in Fig. 6.11.1 (Schroer et al., 2003a). Both an X-ray beam of high brilliance and fast
scanning of the energy is necessary for this purpose. Presently no other method can provide
both tomographic and element specific information on such particles at the same time. In
solid state chemistry, gradients during solid-solid reactions or solid-gas reactions often occur,
and tomography can help to obtain microscopic insight into the reaction mechanism.

Figure 6.11.1: Reconstructed tomogram of a capillary filled with a CuO/ZnO catalyst (a) below
(E=8970 eV) and (b) above the Cu K-edge (E=8995 eV). Reconstructed XANES spectra at different
locations marked in (b) and offset reference spectra of metallic Cu, Cu(I)2O, and Cu(II)O. The dashed
red curves in (c) represent two fits using the reference spectra. Measured at the APS, beamline 1ID
(Schroer et al., 2003a).
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334 6. Beamlines and Experimental Stations

Another important topic in heterogeneous catalysis is the study of catalysts in their working
environment. Engineering of reactors (avoiding hot spots, etc.) is an important issue. In
continuous fixed-bed reactors, large concentration gradients occur along the reactor bed.
One of the great challenges is to unravel how such gradients affect the structure of the solid
catalyst, a question of tremendous industrial importance. Tomographic changes along the
axial and radial distribution in the catalyst bed can greatly support modeling studies. Such
information can be gained for both solid-catalyzed gas reactions as well as liquid phase
reactions.

6.11.2.3 High pressure studies (in situ and ex situ)

Various technical processes such as methanol or ammonia synthesis are performed at high
pressure. More recently, high pressure technology has gained renewed attention, mainly
spurred by the beneficial features reported for reactions performed in supercritical media.
There is a strong need to gain information on the structure of catalysts under such reac-
tion conditions (Grunwaldt, Wandeler & Baiker, 2003). X-ray absorption spectroscopy and
attenuated total reflection infra-red spectroscopy are presently the most promising in situ
techniques for heterogeneously catalyzed reactions giving information on the structure and
the surface of the catalysts.
Recently, in situ EXAFS studies have been performed at the Pd K-edge during aerobic oxi-
dation of alcohols in supercritical carbon dioxide (150 bar, oC), which show the potential of
high pressure studies (Grunwaldt et al., 2003). Small beam sizes will facilitate these studies
because the use of rather thin windows is especially important for absorption edges below
10 keV. The potential of such high pressure studies has been recently outlined in different
publications (Grunwaldt, Wandeler & Baiker, 2003; Topsøe, 2003).
Not only in situ investigations will benefit from the small spot size. The small focal spot size
combined with the high flux of a PETRA III undulator beamline will allow for studies of the
electronic and atomic structure under extreme conditions in high-pressure devices, such as
diamond anvil cells (Bassett et al., 2000). Applications are expected to be in the areas of
condensed matter physics, physical chemistry, geochemistry and geophysics.

6.11.2.4 QEXAFS investigations of fast structural transformations

The high brilliance of the PETRA III undulator beam will also be advantageous for quick
EXAFS (QEXAFS) studies (Frahm, 1989a), also in combination with lateral information on
the sample. In recent studies (Grunwaldt et al., 2001; Lützenkirchen-Hecht et al., 2003),
the data quality of QEXAFS in situ studies could be improved using undulator beamlines
at present 2nd and 3rd generation synchrotron sources. A further step forward is expected
with the PETRA III upgrade. The higher photon flux on the sample directly corresponds to a
better time resolution, especially in the case of dilute samples (Lützenkirchen-Hecht, Grund-
mann & Frahm, 2001; Lützenkirchen-Hecht & Frahm, 2001). A µm-sized focal spot allows
e.g. to investigate individual grains in a catalyst sample during an in situ reaction, or to per-
form EXAFS measurements in the reflective mode on small sample areas. Currently, in many
cases the atomic reordering during fast chemical reactions like combustions and decomposi-

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



6.11. Absorption Spectroscopy 335

tions is still unknown. For the understanding of such processes it is also important to look for
intermediate, short lived structural phases. Additional applications for measurements with
µm-size lateral resolution and high time resolution are manifold, e.g. the investigation of lo-
calized corrosion phenomena such as pitting corrosion (Lützenkirchen-Hecht & Strehblow,
2003).

6.11.2.5 High energy XAFS

The energy range of the L-edge XAFS in most elements is strongly limited by the relatively
small energy differences within the L-multiplet. K-edges do not have such a limitation. The
problem is demonstrated in Fig. 6.11.2 (Borowski, Bowron & de Panfilis, 1999), comparing
the EXAFS and their corresponding Fourier transform (FT) spectra of Eu in Eu2O3 from the
L3 and K-edges. The gain in resolution of bond distances through the extended momentum
range in the K-edges EXAFS is clearly visible.

Figure 6.11.2: Comparison of Eu K-edge and L3-edge XAFS spectra (top) and the corresponding
Fourier transformed spectra (bottom) measured on a Eu2O3 sample at the ESRF.
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336 6. Beamlines and Experimental Stations

A further advantage of high energy XAFS is the high penetration depth of the X-ray photons.
It minimizes the ubiquitous problems arising from strongly absorbing matrices (Mavrogenes
et al., 2002) and/or sample containers. The spectroscopy undulator (Sec. 4.1.4) of PETRA III
emits a spectrum, intense enough for high quality XAFS measurements even at E � 50 keV.
The beamline design will take account of this property and enables measurements of K-edge
XAFS up to Z ≈ 83.
It is important to develop an experimental system to improve the energy resolution of the
XAFS-spectra beyond the lifetime broadening visible in simple absorption measurements,
which is significant at high energy edges. Usage of a high resolution detector system (e.g. a
crystal analyzer in Rowland geometry) enables to overcome the lifetime broadening caused
by the very large broadening of the 1s core level that is observed in transmission measure-
ments. This is done by choosing the wavelength of the detected photons so that only those
electrons that decay from the sharp 3p level into the 1s hole are detected (de Groot, 2001 and
references therein). A further application for which high precision spectra are indispensable
is the investigation and modeling of multiple shell excitations (Kodre et al., 2002) in the high
energy range.

6.11.2.6 Extremely small sample volumes

An advantage of the highly brilliant beam is that small sample volumes can be investigated.
This is not only important for the aforementioned studies under extreme conditions (high
pressure, temperature). Applications are in the fields of materials science, geochemistry,
mineralogy and environmental chemistry. Due to safety and ecological aspects, it is impor-
tant for toxic or radioactive samples to use small sample volumes. For example, experiments
on plutonium, whose nuclides play the dominant role in long-term radio-toxicity of high
level nuclear waste, can be down-scaled to a level of activity below the exemption limit.
Fluorescence XAFS experiments on a solution containing 242Pu are typically performed on
400 µL solutions with Pu concentrations of 1-2 mmol/L contained within 5 mm diameter
polyethylene tubes. A single sample in such an experiment contains an activity near 25 kBq.
This value exceeds the exemption limit for 242Pu (10 kBq). If the beam is focused and the
impinging number of photons high, the same experiment can be performed in capillary cells,
thereby reducing the sample volume to 0.5 µL and less. A sample with this volume, having
the same expected signal, has an activity near 350 Bq. This is well below the exemption
limit and allows leeway for volume errors and additional activity due to the presence of other
nuclides in the 242Pu nuclide vector actually used.
Geochemical understanding of the reactions between rocks and natural fluids in geological
processes is important for many research areas (search for economically relevant deposits,
performance assessment of waste repositories, etc.). The high chemical and physical het-
erogeneity of natural systems requires investigation using techniques with high sensitivity,
high spatial resolution and/or surface specificity. All these techniques will benefit from the
high brilliance of the PETRA III undulator beamline. One specific example in this field is
the analysis of fluid- inclusions in minerals, where samples of small volume are of interest
(Anderson, Mayanovic & Bajt, 1995).
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6.11. Absorption Spectroscopy 337

6.11.3 Beamline description

6.11.3.1 General remarks

The XAFS beamline at PETRA III cannot be installed on a side station, because the energy
has to be scanned over a wide range in a short time. A minimum spot size of less than 1 µm
seems to be achievable. The high technical demands of such a nano-focus station and the
resulting complexity of operation require two experimental stations: one for measurements
with the sub-µm focus, and another for measurements with a moderately focused or unfo-
cused beam. This proposal describes a beamline suited for measurements with focal spot
sizes between 1 and 100µm. XAFS measurements at E > 30 keV have to be carried out
without any mirror optics, resulting in a spot size of≈ 1 mm2. Fig. 6.11.3 shows sketches of
the set-up for E < 30 keV and E > 30 keV. A design proposal for a (spectroscopy) beamline

Figure 6.11.3: Schematic drawing of the PETRA III XAFS beamline showing the different set-ups
for energies < 30 keV (top) and for energies > 30 keV (bottom). The drawing is not to scale and all
distances are only given to illustrate the overall spacial demand. (C = collimating lens, MP = mirror
pair, DCM = double crystal monochromator, FO = focusing optics, FD = fluorescence detector, I =
ionization chambers)
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338 6. Beamlines and Experimental Stations

capable of focusing down to 100 nm and smaller will be given in Chapter 6.13. For specific
applications however the XAFS-beamline will enable focusing down to spot sizes of≈ 1µm
using Kirkpatrick-Baez mirror systems or X-ray lenses.

6.11.3.2 Undulator

The emission spectrum of the undulator must cover the energy range from 2.4 up to 80 keV.
The first harmonic will cover the energy range between 2.4 and ≈ 9 keV. A complete de-
scription of the undulator parameters can be found in Tab. 4.1.1. Since the energy range
used during an XAFS scan is much larger than the natural width of the undulator peak, it is
necessary to taper its gap to cover the EXAFS range close to the selected edge.
An undulator line width of 15 % ∆E/E can be achieved by a taper of 1 mm over the entire un-
dulator length for a 2 m insertion device. The effect of different tapers is shown in Fig. 4.1.9.
An undulator line width of about 1500 eV is possible for the 3rd harmonics at energies in
the range of the Cu K-edge (Lai et al., 1993). The brilliance under these conditions is still
higher than the one of a wiggler at PETRA-III.
Alternatively, if the highest obtainable brilliance must be used, the gap of the untapered
undulator will be scanned parallel to the monochromator. A reasonable maximum scan speed
for a continuous scan is of the order of 500 eV/sec (see Fig. 4.1.8). This method is applicable
to single experiments, but it is obviously impossible to scan the undulator gap with the high
repetition frequency requested e.g. for XAFS-tomography applications. A high β position
for the undulator is preferable for the majority of applications. The option to shift the β-
function of the storage ring is particularly interesting, because all applications requiring focal
spot sizes smaller than some µm will benefit from an undulator positioned in a low β region.

6.11.3.3 Beamline optics

The beamline optics consists of three major units, the monochromator, two plane mirrors
for higher harmonic suppression and optional KB-mirror or lens systems for beam focusing.
It will be possible to move both, the mirrors and the monochromator, into a position that
allows the white beam to pass. This will allow the use of specialized optical components
such as very fast scanning piezo driven monochromators in the experimental hutch. The
ensemble of monochromator and mirrors will allow to work with a fixed exit for the mirrored
monochromatic beam (2.4–30 keV) and the white beam. The monochromatic beam with E
> 30 keV will enter the hutch 2.5 cm higher than the mirrored beam.

6.11.3.4 Monochromator

It is planned to use a fixed exit double-crystal monochromator (DCM) with cryogenic (LN2)
cooling of both crystals. It will be equipped with an angle encoder on the Θ-arm and a
MOSTAB feedback loop. For the desired energy range from 2.4 to 80 (100) keV more than
one crystal pair is necessary. Three pairs of crystals, Si(111), Si(311) and Si(511), will be
mounted in a common housing and will be exchangeable by remote control. The mechanics
of the DCM must be compatible to fast (500 eV/sec) scans. The monochromator will be
operated with two different distances between the two crystals. This is necessary because
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6.11. Absorption Spectroscopy 339

sufficiently small cut-off energy of the mirrors is only possible if the incident angle of the
beam on the mirrors is changed. On the monochromator side this means that the height of
the second crystal must be remotely adjustable. Fig. 6.11.4 shows the necessary movements
of crystals and mirrors.

Mirror 1

Mirror 2Crystal 1

Crystal 2

Figure 6.11.4: Scheme of the movements of monochromator crystals and mirrors necessary to fulfill
the fixed exit condition for different glancing angles of the mirrors.

6.11.3.5 Mirrors

The mirrors shown in the schematic drawing (Fig. 6.11.3a) serve one main purpose: the
rejection of higher harmonic radiation. Because of the large energy range, an effective higher
harmonic rejection can only be achieved by using more than one coating of the mirror surface
combined with different incident angles. It is planned to coat three stripes on both mirrors
with different materials (Si, Rh, Pt). Incident angles of 2.5 mrad for energies between 8 and
30 keV and 5 mrad for energies less than 8 keV will be used. The resulting reflectivities in
the energy range 2–30 keV are shown in Fig. 6.11.5. The monochromatic beam will have a
fixed exit height. The mirrors compensate the vertical offset caused by the monochromator,
so that the beam exits the optics hutch in the ring plane. In this geometry, it is necessary to
block the very high energy background photons (Bremsstrahlung, etc.) with a massive beam
stop between monochromator and the first mirror.
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Figure 6.11.5: Reflectivity of the X-ray mirrors coated with Si (yellow), Rh (black) and Pt (red).
Shown are the reflectivities at glancing angles 2.5 (solid) and 5 mrad (dashed).
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340 6. Beamlines and Experimental Stations

The need of a fixed exit height, despite the necessary change of the incident angle for higher
and lower photon energies, forces to change the exit height of the monochromator by chang-
ing the height of the second crystal and to change the height of the first mirror accordingly,
see Fig. 6.11.4. Both adjustments can be done mechanically by linear movements. Like
all other moveable optical components the mirrors must be equipped with angle and linear
encoders. Thus it will be possible to restore once aligned settings with sufficient precision
and to enable fast changes of the beamline set-up.

6.11.3.6 Focusing optics

In the energy range 2.4–30 keV beam spot sizes between 1µm2 and the size of the unfo-
cused beam will be achieved using Kirkpatrick-Baez (KB) mirror systems near the sample.
For reasons of stability, it is advantageous to install the final focusing elements (KB-mirrors
or lenses/lens systems) on the same desk as the samples. The KB-mirror systems will be
designed such that the mirror pairs for different focal spot sizes may be rapidly exchanged.
Because focusing mirrors are not usable at E > 30 keV, it is planned to use alternative focus-
ing optics such as compound refractive lenses (CRL), Fresnel zone plates, 2-D waveguides
and parabolic planar or kinoform lenses for focusing at E > 30 keV. All refractive optics suf-
fer from chromatic errors. Therefore, they are currently not used for EXAFS experiments.
For short scans (100–200 eV) these errors are negligible so that at least XANES scans are
possible with refractive optics (Schroer et al., 2003a). Use of the unfocused beam for mea-
surements on larger samples will be an option.

6.11.3.7 Detectors

Ionization chambers are the preferred type of detector for transmission XAFS experiments.
The broad energy range of the beamline requires a variety of gases including the noble gases
Ar – Xe. For lower energies it will be possible to work with reduced pressure in the ionization
chambers. For fluorescence detection XAFS experiments, multi-pixel solid state detectors
must be available. The high expected flux can only be handled by a detector with a large
number of relatively small pixels. An energy resolution of ≈ 300 eV (FWHM @ Mn Kα) is
under most circumstances sufficient for EXAFS measurements. The critical point is to attain
a ≈ 300 eV resolution at high count rates � 100 kcps. At present, these requirements are
best fulfilled by detectors such as the currently optimized Si-drift diode detectors (Hansen &
Tröger, 2000).
A bent Laue analyzer detection system can be an interesting alternative to energy dispersive
solid state detectors for fluorescence XAFS measurements. Especially at sources with very
high flux, the background photons can saturate the detection system while the number of an-
alyzed photons is still very small in experiments using an energy dispersive detector (Zhang,
Rosenbaum & Bunker, 1999).

6.11.3.8 Experimental hutch / sample environment

A hutch size of 4 x 3 x 8 m3 (H x W x L) is needed to accommodate the experimental set-up.
Directly behind the beam entrance into the hutch space additional optical components can be
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6.11. Absorption Spectroscopy 341

installed. This can be either KB- mirror systems for different focal spot sizes, or lens systems.
Alternatively, it will be possible to install a very fast scanning monochromator at this position
(Richwin et al., 2001). For larger in situ applications, the distance between the I0 and the I1
detector must be adjustable. A maximum distance of 2 m is sufficient. For measurements at
lower energies a vacuum chamber will be installed between the first and the second ionization
chamber. The large number of in situ experiments foreseen make it mandatory to have all the
necessary infrastructure for the use of toxic and/or corrosive gases in the experimental hutch,
this includes an exhaust system for toxic and/or corrosive gases. Furthermore standard media
such as cooling water, pressurized air and gases like N2, He and Ar, which are needed for
the operation of ionization chambers and for some sample environments, will be available.
A chemistry lab equipped with a glove box, a fume exhaust and all before mentioned media
supplies will be available in the vicinity of the beamline. The sample will be mounted on a
high precision sample manipulator. An optical microscope with CCD camera is necessary
for the adjustment of the sample position relative to the beam. A sample holder with He-
cryostat and heating coils will be available for measurements at temperatures between 4 and
300 K. A closed cycle He-cryostat is desirable for measurements with an unfocused beam,
when a certain amount of vibration can be tolerated. A diffractometer and a position sensitive
detector are useful for combined XAFS/XRD measurements, which are highly demanded for
many investigations (Clausen, Topsøe & Frahm, 1998; Grunwaldt & Clausen, 2002; Clausen
et al., 1993; Grunwaldt et al., 2000).

6.11.4 Capital investment and personnel
The investment costs for the XAFS beamline sums up to about 1830 ke.

Manpower requirement:
1 Staff scientist (from beginning of 2004) 1 Engineer (6 month after the scientist) 1 Postdoc
(not later than start of building/ordering phase) 1 Postdoc (Start of commissioning)
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6.12 High-Energy Photoelectron Spectroscopy
Authors and Consultants :

R. Claessen University of Augsburg, Germany
W. Drube DESY, Hamburg, Germany
L. Kövér ATOMKI, Debrecen, Hungary
P. LeFèvre LURE, Orsay, France
V. N. Strocov SLS, Villingen, Switzerland
J. C. Woicik NIST/APS, Argonne, USA
J. Zegenhagen ESRF, Grenoble, France

6.12.1 Current state of the scientific field
Photoelectron spectroscopy (PES) techniques are key methods in solid state physics and
material science, providing unique information about chemical composition and electronic
structure, both of the atomic core and the valence states (Kevan, 1992; Hüfner, 1996). PES is
also an ideal experimental probe to study aspects of electronic correlations and other atomic
many-body effects, which are among the most fascinating topics of modern solid state re-
search (Imada, Fujimori & Tokura, 1998). This includes very fundamental problems such as
correlation-induced metal-insulator transitions in 3d-metal oxides or heavy-fermion behavior
in 4f-metal compounds, but also novel phenomena like high-temperature superconductivity
in cuprates or colossal magnetoresistance in manganites, which hold high potential for pos-
sible device applications. A thorough understanding of these materials requires a detailed
determination of their microscopic electronic structure. Here PES has been established as a
fundamental experimental probe, because the signal can be directly compared to the single-
particle excitation spectrum of the corresponding theoretical models used to describe these
interacting electron systems (Hüfner, 1996).
In conventional PES, here defined as hν < 2 keV, the information is primarily obtained from
the topmost atomic layers (≈ 1 nm) because of the strong Coulomb interaction of electrons
traveling through a solid (Ley & Cardona, 1979). This is a great advantage for surface
studies, but it seriously limits the capability to yield reliable information on the electronic
structure in the bulk, which often is different. Novel materials of interest today are ternary,
quaternary or even more complex compounds, with large unit cells whose spatial dimensions
are comparable to or even exceed the probing depth of conventional PES (Fig. 6.12.1). Like-
wise, technologically relevant buried interfaces and nano-structures cannot be accessed at
all. As a consequence, the application of PES has at present little impact in material science.
The extreme surface sensitivity can be overcome using hard X-ray excitation (hν � 1 keV)
which produces energetic electrons with a correspondingly larger escape depth. It is then
possible to “look” much deeper into the sample, ≈ 10 nm, a range which is already interest-
ing for modern nano-technology and future devices.
To date, only few PES studies have been made at hard X-ray energies because the exper-
iments are highly demanding. A high photon flux is required to compensate for low sig-
nal rates: photoelectric cross-sections are decreasing rapidly above the excitation thresh-
old σnl(E) ∝ E−3.5−l (Bethe & Salpeter, 1957) and the transmission of electron analyzers
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Figure 6.12.1: The unit cell of
YBCO (left) and the mean free
path of electrons with different
kinetic energies relative to the
YBCO unit cell (right).

strongly drops at high retardation ratios, which are required to measure fast electrons with
high energy resolution. Also, suitable spectrometers are not readily available.
To study atomic inner-shells, a moderate resolution is usually adequate to match the intrinsic
hole lifetime broadening. Experiments of this kind are now routinely performed at DORIS
combining the high flux from the BW2 X-ray wiggler in the range 3–8 keV with a parallel de-
tecting high-energy electron analyzer. Here, the achievable resolution (≈ 0.5 eV) is strongly
limited by the low source brilliance. Nevertheless, interesting novel results were obtained
e.g. for resonant excitation of inner-shell Auger transitions in solid metals (Drube, Treusch &
Materlik, 1995). Recently, it was demonstrated that high-energy resonant Auger spectra al-
low to discriminate dipolar from quadrupolar transitions at the K-absorption threshold in
TiO2 because excitations into localized final states differ in energy (Danger et al., 2002).
Core level spectroscopy provides unique information on elemental composition, chemical
bonding and also electron correlation phenomena involving the atomic core. However, in
order to fully understand material properties, it is essential to study the valence states as well.
Here, excellent energy resolution is a key ingredient to resolve the subtle features which
carry the information needed to characterize the electronic structure and to put theoretical
predictions obtained by state-of-the-art computational methods to a stringent test.
State-of-the-art PES in the XUV-regime achieves meV energy resolution at energies< 100 eV
where the surface sensitivity is extreme. At energies of ≈ 1 keV a resolution < 100 meV is
already challenging and grating monochromators become very inefficient at higher ener-
gies. In the hard X-ray range, perfect Si crystals are used instead where the resolving power
and the achievable absolute resolution is improving with energy (using high-index reflec-
tions). A bandwidth < 10 meV is obtained above 10 keV, well suited for high-resolution
spectroscopy as needed e.g. for correlated electronic systems. Clearly, this requires a bril-
liant source which is capable of delivering the highest possible photon flux into this narrow
spectral bandwidth to cope with low signal rates. Such demanding experiments have not
been realized so far.
Hard X-rays offer the additional possibility to excite X-ray standing waves (XSW) in crys-
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talline materials (Zegenhagen, 1993). If XSW is combined with PES, electronic and struc-
tural information is obtained in parallel and can thus be directly correlated. This approach
has been recently used to identify local adsorption geometries exploiting the chemical shift
sensitivity of PES (Jackson et al., 2000). The combination of XSW with valence band spec-
troscopy even enables unique site-specific investigations of hybridization and bonding as has
been demonstrated very recently (Woicik et al., 2002).
In summary, photoelectron spectroscopy using hard X-rays is a novel technique with inter-
esting prospects for electronic structure investigations of solid materials. However, the full
potential of this method can only be explored at a high-flux and brilliant source. At present,
strong attempts are being made to implement this promising technique at 3rd generation
X-ray sources (ESRF, SPring-8).

6.12.2 Science at PETRA III
6.12.2.1 Introductory Remarks

Hard X-ray PES with high energy resolution is extremely challenging and requires an in-
tense and brilliant source as well as highly sophisticated electron detection. The instrument
proposed for PETRA III specifically utilizes the low source emittance. The low divergence
beam from a high-β undulator is ideally suited for high-resolution monochromatization pre-
serving a high monochromatic flux (≈ 1011s−1 into ∆E ≈ 10 meV around 10 keV) which is
needed to compensate for small cross-sections. Furthermore, the achievable resolving power
of the electron analyzer is linked to the spot size on the sample which can be as small as
about 10µm with suitable X-ray optics. It is, however, not planned to aim at sub-µm X-ray
focusing for spatial resolution in a scanning mode. It seems that for spatial resolution, where
the main focus is on elemental analysis, electron beam excitation is more powerful. It is
possible already today to perform e.g. scanning Auger measurements with 10 nm spatial res-
olution which is unlikely possible with hard X-rays. However, there are currently interesting
novel developments in electron spectroscopy instrumentation. Lower energy PES spectromi-
croscopy using a combination of a photoemission electron microscope and a hemispherical
energy analyzer has already reached a level of about 20 nm resolution. This concept used
at somewhat higher energies is an option also for PETRA III since this approach clearly
requires a sufficiently small X-ray focus and a high flux density.

6.12.2.2 Strongly correlated systems: states near the Fermi level

The proposed instrument is ideally suited to study strongly correlated systems which are most
interesting, fascinating, and also promising for device applications. Novel magnetoresistance
materials are already frequently used for data storage and they are also candidates for other
advanced applications, such as spin-valve transistors. High-temperature superconductors are
still of moderate industrial use, but they display puzzling properties, which are still lacking
comprehensive theoretical underpinning. Their theoretical understanding is mostly aided by
(a) macroscopic transport measurements, (b) analysis of atomic and nano-scale structure and,
most importantly here, (c) high resolution spectroscopic analysis of the electronic structure
and excitation spectrum.
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6.12. High-Energy Photoelectron Spectroscopy 345

As outlined above, the information obtained from conventional high resolution PES is strongly
influenced by surface effects. The high-energy technique proposed here is designed to over-
come this problem since it allows highly bulk-sensitive studies. The planned X-ray range up
to 25 keV with electron detection energies up ≈ 15 keV yields unprecedented PES probing
depths. At the same time, the targeted energy resolution (< 200 meV in the standard mode
and 10-50 meV in the high-resolution mode) will facilitate detailed measurements of corre-
lation effects in the valence band, i.e. specifically for states near the Fermi energy. Note that
these values are obtained at high X-ray energies with the simultaneous advantage of bulk
sensitivity.

Figure 6.12.2: Valence band spectra of
Ca1−xSrxVO3, measured at different photon
energies. With increasing photon energy the
quasi-particle intensity (peak near 0 eV) is
seen to grow relative to the “lower Hubbard
band” (feature around 1.7 eV). This reflects
reduced electronic correlations in the bulk
as compared to the surface (from Sekiyama
et al., 2003b).

Another benefit of the PETRA III brilliance is the achievable small photon spot because cor-
related electron materials are often available only as rather small single crystals. The detri-
mental effect of decreasing photoexcitation cross-sections towards high photon energies will
be compensated by the high flux of the PETRA III “spectroscopy undulator” in combination
with the high throughput of high-resolution post-monochromators (HRM) which can only be
achieved in a brilliant beam. For efficient high-resolution photoelectron measurements, an
electron spectrometer will be used which is specifically designed for ultimate performance
at high kinetic energies, including a parallel detection capability.
The specifications of the proposed beamline will facilitate direct measurements of the intrin-
sic bulk electronic structure. As a consequence it will become possible to establish direct
connections between spectroscopic information and data extracted from integral volume-
sensitive probes such as specific heat, magnetic susceptibility, or conductivity, allowing for a
most comprehensive experimental characterization of such materials. Furthermore, despite
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346 6. Beamlines and Experimental Stations

the volume-sensitivity of high-energy PES it will still remain possible to vary the probing
depth and even detect surface effects by using a grazing electron emission geometry.
Today, first steps are already being made to increase the information depth in high-resolution
valence band spectroscopy in the soft X-ray regime up to ≈ 1000 eV using sophisticated
grating monochromators and powerful undulators at 3rd generation facilities, such as beam-
line BL25SU at SPring-8 (Saitoh et al., 2000). Recent experiments (Sekiyama et al., 2000;
Mo et al., 2003) have already revealed dramatic surface effects in PES spectra of complex
correlated electron materials. As an example, Fig. 6.12.2.2 shows valence band spectra of
Ca1−xSrxVO3 at different photon energies (Sekiyama et al., 2003a). The crucial information
contained in these data is the ratio of the quasi-particle peak and the “lower Hubbard band”
intensity, which is directly linked to the quasi-particle mass renormalization. This ratio is
seen to increase with photon energy and hence with probing depth, confirming that the effec-
tive mass previously obtained from low energy PES is strongly distorted by surface effects.
These observations helped to resolve a long-standing discrepancy between PES results and
thermodynamic data and led to a comprehensive and even semi-quantitative understanding
of the electronic structure of these vanadates (Sekiyama et al., 2003a).
Finally, it is noted that valence band studies using energetic photoelectrons might retain
angular information if the angular resolution of the spectrometer is high enough. At a kinetic
energy of about 10 keV, the whole Brillouin zone collapses into a small angular cone of about
2◦ for a 0.3 nm unit cell. Thus, using 2D detection, the 1D-angle versus energy distribution
can be obtained in parallel. The feasibility of performing angular resolved PES in this way
in the soft X-ray range has already been demonstrated (Brookes, 2003).

6.12.2.3 Material Science: buried interfaces and nano-structures

The achievable bulk sensitivity will also enable true material science applications where
the relevant properties are mostly determined by interfacial regions well below the surface.
Note that a modified surface region, generally not of interest, covers any material under
ambient conditions, incompatible with the need for surface “cleanliness” in low energy PES
experiments. Here, it will be possible to “look through” these dead layers. This opens
many possibilities which are crucial to material science studies: the bulk chemical state of
a compound can be determined, buried interfaces and/or nano-structures become accessible.
Moreover, the information depth can still be tuned from bulk to surface to some extent, e.g.
by varying the electron emission angle and/or the excitation energy (“depth profiling”).
At a kinetic energy of ≈ 10 keV, the inelastic mean free path of photoelectrons is surpass-
ing ≈ 7 nm (cf. Fig. 6.12.3) and chemical and electronic information can be retrieved from
regions buried deeper than 10 nm. It was recently demonstrated, that an AlAs layer in a
GaAs/AlAs/GaAs quantum-well structure can be analyzed through 10 nm of covering ma-
terial (Dallera et al., 2003) with kinetic energies of 6 keV. This is a length scale which is
relevant for the developing field of nano-electronics. High-resolution spectroscopy using
this instrument at PETRA III will hence be a uniquely sensitive probe to study electronic
material properties in future nano-science and technology, provided the samples of interest
are sufficiently conducting.
The range of materials which comprise buried interfaces and/or nano-structures to tailor elec-
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6.12. High-Energy Photoelectron Spectroscopy 347

Figure 6.12.3: New measurements of the
electron escape depth in GaAs (dots) in com-
parison with the “universal curve” (shaded
curve). Measurements were carried out at
ID32, ESRF.

tronic properties for specific device applications is enormous and will not be elaborated here.
So far, high-energy PES has already been used to characterize interesting, but comparatively
simple interface systems such as SiO2/SiC (Virojanadara et al., 2001) and high-k insulators
on Si (Kobayashi et al., 2003). Another example of high current interest in microelectronics
is the incorporation of light-emitting devices into Si, which would allow the integration of op-
toelectronics into the established Si device technology. Recently, intense room temperature
photoluminescence originating from Ge quantum dots (QDs) embedded in Si was reported
(Cirlin et al., 2002; Zakharov et al., 2003). The photoluminescence from the QDs occurs due
to quantum confinement effects. Structural aspects of the Ge/Si systems, including Ge/Si
intermixing at the interface, have been extensively studied by electron microscopy and X-
ray techniques. However, very little is known about their electronic structure. Of particular
interest are band offsets at the Ge/Si interface, which promote accumulation of electrons and
holes in the QDs, and - of course - the local electronic structure near the interface.
Since the QDs structures are usually buried a few nm, they are accessible to PES with this
instrument. Furthermore, there is no need for in situ sample preparation which requires
additional special instrumentation and is time consuming. Samples can be grown ex situ and
protected by cap layers which would still be “transparent” in the experiment.
In general, the valence band region contains contributions from the entire elemental mani-
fold within the probed sample volume. For a clear chemical contrast, it may therefore be
advantageous to measure shallow core electrons (e.g. Ge 2p in the example above) which
also can be made highly energetic owing to the high excitation energy available at the PE-
TRA III beamline. Measuring the exit-angle dependence of the peak intensities, it will be
possible to characterize the elemental intermixing near the interface and the diffusion of QD
atoms into the matrix. If the selected levels are sharp enough, bulk and interfacial chemical
shifts can be separated. Indications for different electronic environments and/or disorder of
the interface atoms can in principle be obtained from a detailed line shape analysis, provided
the data are of high statistical quality. Again, a high X-ray flux density is essential also for
this type of experiment. Finally, valence band offsets at the interface can be derived from the
relative energies of core level lines in the bulk.
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348 6. Beamlines and Experimental Stations

6.12.2.4 Deep inner-shells

An obvious benefit of the wide energy spectrum available at this instrument is the ability
to access tightly bound inner-shell levels which are largely unexplored so far. It becomes
possible to study atomic resonance phenomena involving purely inner shells but also outer
shells for a large range of materials which provide unique information on electron corre-
lation and the nature of (localized) unoccupied states near the Fermi level. Also here the
energetic electrons allow to probe true bulk properties. This was utilized in a resonant 3d
photoemission study at the Ce L3-edge of CeRh3 (Ogasawara et al., 2000), a mixed-valent
intermetallic compound where the 4f hybridization is weaker at the surface than in the bulk.
By measuring the intensity modulation of the different 3d f(0,1,2) final states around the Ce
L3-edge (constant initial state) the three resonances could be unambiguously identified and
related to the profile of the corresponding X-ray absorption spectrum which only exhibits
two distinct structures.

Unoccupied states may also be probed by resonantly exciting inner-shell Auger transitions
which are very sensitive to the local electronic structure around the absorbing atom. If the
core electron is excited into localized empty orbitals, the corresponding Auger final states
often differ in energy and can be resolved in the experiment. This was recently exploited to
discriminate dipolar and quadrupolar transitions at the K-absorption threshold in rutile TiO2

(Danger et al., 2002). In the absence of strong resonances, sub-threshold excited inner-shell
Auger spectra carry information on the local density of unoccupied states (Drube, Treusch &
Materlik, 1995; Kövér et al., 2003). The threshold behavior of inner-shell Auger satellites
provide valuable information on multi-electron excitations involving the outer local orbitals
(Drube et al., 1999).

The strength of photoemission spectroscopy is its “chemical” sensitivity to composition and
local bonding. However, the “chemical shift”, i.e. the kinetic energy difference of a spe-
cific core level line of an atom in different chemical environments, is generally only used
as a fingerprint. It cannot be directly related to the dependence of the (initial ground state)
potential in the atomic core of the atom on the local environment because of the additional
(final excited state) contribution which arises through inner- and extra-atomic relaxation in
response to the core hole creation. The so-called “Auger parameter” (Wagner, 1975), i.e. the
combined kinetic energy shift of a core level and an Auger line, is often used to discriminate
initial and final state contributions. However, this concept relies on the assumption of core
level independent energy shifts, which is generally not justified (Cole, Macdonald & Weight-
man, 2002). It has been shown, however, that the final state relaxation contribution is directly
related to the quantity ∆β(i) = ∆EA(kii)+ 2∆EB(i)−∆EB(k) which combines the energy
differences ∆EB of two inner-shell core levels, (i) and (k), and the kinetic energy ∆EA of
the connecting Auger transition (kii) (Hohlneicher, Pulm & Freund, 1985). Generally, level
(k) is tightly bound and inaccessible to ordinary photoemission. At PETRA III, the available
large energy range offers the possibility to apply this concept on a broad basis. Very recently,
it has been demonstrated for SiO2/Si(100) that initial and final state contributions to the Si
2p “chemical shift” can be quantitatively separated (Eickhoff, Medicherla & Drube, 2004).
The results are in good agreement with recent state-of-the-art first-principles calculations.
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6.12. High-Energy Photoelectron Spectroscopy 349

6.12.2.5 Site-specific photoelectron spectroscopy

In conventional PES, the intensity of the plane-wave-like X-rays is essentially constant over
the dimensions of a crystalline unit cell. As a result, the emitted photoelectrons are coming
from anywhere within the information depth of the sample. No spatially resolved data, that
would provide electronic and chemical information on an atomic scale, is obtained. Varying
the electron take-off angle and/or the exciting X-ray energy only changes the integral depth
weighting according to the effective electron attenuation length (including elastic scattering),
but gives no atomic resolution.

Figure 6.12.4: XSW/PES data of a 3.5 nm superconducting GBCO film on NGO-(0 0 1). All ele-
mental components of the film can be analyzed. The result of the XSW analysis of Cu and O is
shown. The PES signal from the substrate (Nd 3d) can be recorded as well. Measurements performed
at ID32, ESRF.

This limitation can be overcome for single crystalline materials at short wavelength exci-
tation, as proposed here. It is achieved by using the spatial variation of an X-ray standing
wave (XSW) in the vicinity of a crystal X-ray Bragg reflection. The XSW approach is been
frequently used for surface structure determination (Zegenhagen, 1993) where the high ele-
ment specificity of core level photoemission can be effectively utilized to identify adsorbate
species. Recently, using high energy resolution to resolve chemically shifted components of
the same element, it was possible to track local adsorption sites through surface chemical
reactions (Jackson et al., 2000).
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350 6. Beamlines and Experimental Stations

Analyzing photoelectrons excited by an X-ray standing wave permits to directly correlate
structural with chemical and electronic properties, even in complex systems. As an example,
Fig. 6.12.4 shows the XSW/XPS analysis of a superconducting GdBa2Cu3O(7−δ) (GBCO)
film on the (001) surface of NdGaO3 (NGO), exposed to normal ambient. The PES lines of
Cu and Oxygen can be decomposed in an intrinsic, clean part and a component, which can be
assigned to the degraded portion of the film. The XSW analysis of the latter reveals a lower
coherent fraction and a different coherent position compared to the intrinsic part. The Nd
3d signal from the substrate peak is split into several components, a shake-up satellite and a
shifted component due to a charging effects. The analysis of the Cu XSW yield allowed to
deduce the bonding geometry at the GBCO/NGO interface (Lee et al., 2003).
Going one step further, the site-specificity of XSW combined with valence photoemission
allows to obtain quantitative “partial photoelectron spectra” which reflect the valence charge
distribution of the constituent atoms (Woicik et al., 2001). This was demonstrated by com-
paring data obtained for the heteropolar GaAs and the homopolar Ge (Woicik, Nelson &
Pianetta, 2000). It is emphasized that unlike in resonant photoemission, the sensitivity to
different species is not obtained from (uncontrolled) sensitivity differences, but rather from
geometrical structure of the material.
In a recent combined experimental and theoretical study of rutile TiO2 it was possible to
observe experimentally, and confirm theoretically, the unequivocal trace of σ and π covalent
bonds, and even non-bonding π orbitals associated with the O atoms alone (Woicik et al.,
2002). Neither the positive identification of the physical origins for the spectral line-shape
nor the observation of the detailed chemical hybridization can be obtained from conventional
PES.
These studies show that site-specific PES is a powerful tool that affords a unique combination
of element-, space- and electron-initial-state sensitivity. In conjunction with first principles
theory, it provides insight into the spatial extent of electron states and into chemical bonding.
It can be applied to a variety of materials that are of interest to the materials and physics
communities from both a fundamental and an applied point of view. The key goal is to
provide the most direct evidence as to the nature and degree of chemical bonding and to
provide a definite, and as quantitative as possible, analysis of electronic structure in terms of
orbital hybridization.

6.12.3 Beamline description

6.12.3.1 General Remarks

Hard X-ray photoelectron spectroscopy, in particular with high energy resolution (∆E/E
down to 10−6), requires a highly brilliant X-ray source to obtain a high flux density within a
narrow spectral bandpass in order to cope with small photoelectric cross-sections.
The total photon energy range is determined by two basic aspects: 1) The low energy regime
should connect to the range still accessible by XUV-beamlines using grating monochroma-
tors. Considering a reasonable Bragg angle limit for Si(1 1 1) crystal monochromatization,
the energy range will extend down to 2.4 keV. This allows to access the Sulphur K-edge for
resonant excitation. Also, energies around and below 3 keV are often necessary to excite
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6.12. High-Energy Photoelectron Spectroscopy 351

X-ray standing waves in back-reflection geometry. 2) A high energy limit, of course, is not
strictly defined but a practical limit around 20 keV may be assumed, given by the working
range of electron spectrometers and photoelectric cross-section considerations. For inner-
shell studies, kinetic electron energies are lower. Therefore it seems wise to aim at an upper
photon energy limit of about 25 keV to access the L-edges of all elements for resonant stud-
ies. In any case, continuous tunability in the entire range is mandatory. This requirement is
not compatible with the operation at a side station.
The beamline will provide maximum flux also at low energies which excludes the use of
Be-windows in the beam path. A windowless operation up to the sample, however, is not
necessary. The use of ultra-thin low-absorbing windows as vacuum separators, such as car-
bon foils in the white beam or Mylar foils in the monochromatic beam, is advantageous to
operate the UHV system up to the experiment especially if the vacuum conditions and/or
requirements in the PES analysis chamber differ from those in the other parts of the beam
path.
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Figure 6.12.5: Flux ratio of a 5 m vs.
2 m undulator (“spectroscopy device”)
for a high-β source. Shown is the ratio
of the partial flux into a 18 (vert) × 25
(hor) µrad2 angle which corresponds to
the FWHM of the full beam.

6.12.3.2 Undulator and Source

The photon energy ranges from 2.4 to 25 keV and the undulator will continuously cover the
entire regime using the 1st and 3rd harmonic. The necessary undulator parameters are well
matched by the “spectroscopy device” as described in Sec. 4.1.4. The 1st harmonic can be
tuned from 2.4 to 10 keV which is foreseen as the main working range for many applications.
Except for energies below ≈ 10 keV, the photon flux scales linearly with the device length.
The gain factor of a 5 m device compared to a 2 m device is 3–4 in the 1st harmonic (<
10 keV) and ≈ 3 in the 3rd harmonic (> 10 keV) (Fig. 6.12.5). It must be recognized that,
in general, high-energy PES experiments are photon flux limited. The reduced intensity
at a short undulator scales the measurement time but is - in many cases - not critical for
the signal-to-noise ratio. If there is a necessity to operate a side station in parallel, a short
undulator may be used, although this is not a preferred mode of operation.
A high β-source is best suited for an efficient monochromatization using high-resolution
post-monochromators. Also, it is desired to minimize the horizontal beam size at larger
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352 6. Beamlines and Experimental Stations

distances to cope with the limited acceptance of e.g. KB-focusing optics near the experi-
ment. Close to the source pre-collimation using compound refractive Be-lenses (CRLs) is
not applicable at low energies.

6.12.3.3 Beamline optical elements

The principle optical elements are a high-heatload monochromator, a pair of mirrors in the
monochromatic beam, one or more high-resolution post-monochromators (HRM), which
can be optionally placed into the beam, and a focusing optics (Fig. 6.12.6). While the
high-heatload monochromator and the mirrors are located in the primary optics hutch, post-
monochromatization and focusing will be done further downstream, close to the experiment.
For an optimum throughput of the HRM, which is only used at energies above ≈ 6 keV,
collimating CRLs may be used in the white beam. They must be removed for work at low
energies. The combined monochromator and mirror arrangement will allow fixed beam exit
conditions for the entire energy range (2.4–25 keV).

window (carbon)
block UV+visible

UHV experiment
chamber

2m / 5 m

Und. K = 2.7

35m

33m

0 37m 50−60m 

ring tunnel

4−6 m

Bender (collimating)

hor. acceptance
(2−3 mrad)

focussing 7 : 1 
KB−mirrors

HRM (opt.)
50−10 meV

(limited tunability)

2−5 mrad (25 keV max)
Si / Rh mirrors

Si (111) (311) (511)
DCM (2.4−25 keV)

Figure 6.12.6: Schematic layout of the high-energy XPS beamline.

6.12.3.4 Monochromatization

Because PES is a highly energy resolving technique, the achievable energy resolution is
a key parameter. The most important issue is the optimization of the throughput of the
beamline at all desired energy resolutions in particular at higher energies (> ≈ 6 keV) since
cross-sections are decreasing rapidly. For a range of applications, especially core level spec-
troscopy, monochromatization of the order 200 meV will be adequate.
It is planned to use a fixed-exit Si double-crystal high heatload monochromator with three
different crystal pairs. Cryogenic (LN2)-cooling of both crystals in each pair is mandatory.
For practical considerations, a maximum Bragg angle of 60o is chosen which corresponds
to minimum energies of 2.3 keV for Si (1 1 1), 4.4 keV for Si (3 1 1) and 6.9 keV for Si
(5 1 1). The achievable energy resolution without pre-collimation is shown in Fig. 6.12.7.
Using Si (3 1 1) and Si (5 1 1) crystals in their respective energy ranges, a resolution below
200 meV is obtained between 4.4 and about 10 keV as a direct benefit from the PETRA III
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6.12. High-Energy Photoelectron Spectroscopy 353

source brilliance. At lower energies, Si (1 1 1) crystals have to be used where the intrinsic
bandwidth is broader but still sufficient for many core level studies. The monochromator will
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Figure 6.12.7: Energy resolu-
tion (FWHM) of Si double crystal
monochromators for the uncolli-
mated undulator beam (2 m device,
high-β source) using the 1st and
3rd harmonic. The effective divergence
is larger in the 3rd harmonic leading
to a “kink” in the resolution for the Si
(5 1 1) crystal pair around 10 keV. The
Si (3 1 1) values are only plotted up to
10 keV.

be equipped with precision angular encoders on both rotation stages. Although mechanically
challenging, because of the space requirement of cryogenic cooling, the three Si crystal pairs,
(1 1 1), (3 1 1) and (5 1 1), have to be mounted in a common vacuum vessel. They must be
exchangeable remotely by the experiment control system. A monochromator stabilization
feedback loop (similar to the HASYLAB MOSTAB design) is necessary for continuous
scans over larger energy intervals such as for edge-scans and/or constant initial state (CIS)
measurements. Otherwise, the feedback system will be deactivated in order not to degrade
the effective energy resolution.
For very high-resolution studies < 100 meV, Si post-monochromators utilizing higher-order
diffraction planes will be used. At higher energies, white-beam collimating CRLs may serve
to keep the angular divergence of the beam incident on the HRM below ≈ 5µrad. If absorp-
tion losses and/or chromatic aberrations cannot be tolerated, the beam will be collimated
in the vertical direction by bending one of the mirrors. Because of the beam quality at PE-
TRA III, is not absolutely essential to operate the HRM in close back-reflection geometry for
high energy-resolution at close to 100% throughput. This ensures a certain range of energy
tunability which is needed. A two-axes HRM is planned, with crystal optics utilizing asym-
metric reflections. The energy resolution will ultimately reach down to 10 meV at energies
around 12 keV while still providing a photon flux of the order 1011 s−1. A detailed design
will be worked out to compromise high energy resolution and tunability. It will be possible
to remotely move the HRM in and out of the beam.

6.12.3.5 Mirrors

The mirrors in the monochromatic beam (Fig. 6.12.6) serve to reduce the higher harmonic
contribution and to provide vertical collimation for HRMs. Although higher harmonics are
not generally a problem for PES, valence band studies at lower excitation energies (where
HRMs are not used) may suffer from a reduced signal-to-background ratio. Therefore, it is
planned to operate the mirrors at different glancing angles to tune the cut-off energy. This
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354 6. Beamlines and Experimental Stations

implies that the vertical crystal offset in the high heatload monochromator must be adjustable
to maintain fixed beam exit conditions.
The lowest cut-off energy is about 8 keV and the highest energy to be reflected is about
25 keV. The glancing angle will be> 2 mrad in any case to accept the full beam while keeping
the mirror length reasonable (< 1 m). Therefore, two pairs of mirrors with different coatings,
e.g. Si and Rh, will be used. Si is necessary to obtain high and structure less reflectivity down
to 2.4 keV (noble metals like Rh, Pt exhibit absorption edges around 3 keV). The glancing
angle will be tunable in a range from 2–5 mrad. It is necessary to bend the second mirror for
beam collimation in cases where CRLs are not suitable.

6.12.3.6 Focusing optics

Focusing of the beam is necessary to match the acceptance of electron spectrometers. It
is, however, not planned to aim at sub-µm focusing for spatial resolution (see 6.12.2.1).
Since the maximum photon energy is < 25 keV, beam focusing will be accomplished using
Kirkpatrick-Baez (KB) mirror systems. This has the advantage of non-chromaticity as op-
posed to CRLs, which also are not applicable at low energies. Assuming a practical demag-
nification ratio of about 7:1, the beam can be focussed down to about 50µm horizontally
and a few µm vertically which directly translates into an increased electron spectrometer
performance at very high energy resolution, i.e. retardation ratio. A moderate demagni-
fication ensures that the KB-mirror system does not intersect with the complex and large
UHV-equipment at the experiment (at 50–60 m from the source, see Fig. 6.12.6).

6.12.3.7 Experiment Hutch, Endstation and Instrumentation

The experiment needs a radiation shielded hutch for the endstation, post-monochromators
and focusing optics (≈ 4 m(H)× 3.5 m(W)× 8 m(L)), and a control hutch (≈ 2.5 m(H)×
3 m(W)× 4 m(L)) for the electronics, computing and work space for users.
The endstation consists of a UHV-chamber arrangement with a µ-metal shielded main cham-
ber housing the electron spectrometer, a sample manipulator with the necessary degrees of
freedom for positioning and alignment (also for XSW), etc. Sample preparation and charac-
terization facilities will be available in separate preparation chambers which can be accessed
through a sample transfer mechanism.
The high-transmission electron analyzer will be a specially designed instrument with high-
stability, high-voltage power supplies. It will reach retardation ratios up to 1000 which are
necessary to measure electrons up to ≈ 15 keV with an energy resolution down to 10 meV.
A parallel electron detection scheme will be implemented for an efficient operation of the
spectrometer. Such novel types of analyzers are currently being developed by several com-
panies and also in the framework of an EU-project (VOLPE). They will be put to first tests
at X-ray beamlines at SPring-8 and ESRF in 2004. Temperature stabilization down to ±1◦C
at the endstation and the post-monochromators/focusing optics is necessary to achieve high
energy and spatial stability.
The analyzer is a large and heavy device and it has to be aligned relative to the X-ray beam
with great precision in order to match the acceptance of the electron zoom lens and the focal
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6.12. High-Energy Photoelectron Spectroscopy 355

spot on the sample. Therefore, the entire UHV-system will be mounted on an adjustable
support which can be positioned with high accuracy (< 10µm) under remote control from
the experiment. The setup will also provide high mechanical stability and flexibility to allow
precision XSW experiments. All movements needed for positioning and alignment will be
stepper-motor controlled.
In order to pass to the monochromatic beam on to other experiments further downstream, it
will be possible to move the endstation out of the beam path without breaking the beamline
and the experiment vacuum. A rail system will allow to translate the complete setup perpen-
dicular to the beam (after disconnecting the vacuum systems) by about 2 m into an “off-line”
position. Additional transverse space must therefore be available implying the need for a
position of the experiment hutch not too close to the source (≈ 50-60 m). It will thus be pos-
sible to maintain the instrument and prepare experiments while the beam is used for other
work further downstream.
The experiment control system (hardware plus software) will allow a fast and simultaneous
operation of the electron analyzer, the X-ray optics, in particular the monochromator, and
the motor controlled movements of the endstation. This is essential to achieve the highest
degree of flexibility for the experiments.

6.12.4 Capital investment and personnel
The total investment cost amounts to 1485 ke.

Manpower (construction phase):
1 scientist (planning/construction/commissioning)
1 engineer (planning/construction/commissioning)
1 postdoc (ordering/construction/commissioning)
1 postdoc (construction/commissioning)

Manpower (operation phase):
1 scientist, 1 engineer, 2 postdocs
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6.13 Hard X-ray Microprobe
Authors and Consultants :

G. Falkenberg DESY, Hamburg, Germany
K. Rickers DESY, GeoForschungsZentrum Potsdam, Germany
K. Janssens University of Antwerp, Belgium
L. Vincze University of Antwerp, Belgium
M. Wilke Universität Potsdam, Germany
C. Schmidt GeoForschungsZentrum Potsdam, Germany
M. Lankosz University of Science and Technology, Krakow, Poland
M. Szczerbowska-Boruchowska University of Science and Technology, Krakow, Poland
J. Chwiej University of Science and Technology, Krakow, Poland

6.13.1 Current state of the scientific field
At various beamlines at the ESRF, APS and SPring-8, hard X-ray microprobes are currently
in operation (e.g., Somogyi et al., 2001; Susini et al., 2003; McNulty et al., 2003; Suzuki
et al., 2003; Hansel et al., 2002) that combine the non-destructive elemental micro-analysis
capability of µ-XRF (microscopic X-ray fluorescence analysis) with the ability of performing
complementary µ-XAS (X-ray absorption spectroscopy) and/or µ-XRD (X-ray diffraction)
measurements. These instruments provide simultaneous, correlated information on the local
elemental composition, chemical state, the local structural environment of specific elements
and/or the local crystallographic structure of the examined materials.
The most advanced synchrotron microprobes use undulator sources at 3rd generation, high-
energy storage rings, since the fundamental characteristics of these instruments in terms
of achievable beam size and flux density are directly related to the outstanding proper-
ties (small source size, high brilliance and degree of polarization) of these sources. De-
pending on the type of focusing device and energy range used for the experiment, beam
sizes in the low micron- and even sub-micron range are routinely achieved providing 109–
1012 photon/s intensity with limited divergence (typically ≤ 1 mrad). The high flux results
in low limits of detection (LLD) for trace element analysis in the parts-per-billion range (or
attogram) for µ-XRF and parts-per-million (or femtogram) for µ-XAS measurements. Both
at ESRF ID22/ID18F and at APS 13-ID-C, beside local and two-dimensional micro-analysis
by means of combined µ-XRF, µ-XAS and µ-XRD, also absorption/phase-contrast and flu-
orescent tomography measurements can be realized, allowing the 3D-visualization of the
internal structure and/or composition of small samples. The high sensitivity of the spec-
trometers allows investigations in multiple dimensions by fast scanning: full 3D imaging by
fluorescence tomography, confocal µ-XRF, XANES 2D-imaging, XANES- tomography, 3D
micro-diffraction and diverse in-situ experiments.
Hard X-ray microprobe techniques are mostly applied in materials, geological, bio / biome-
dical, and environmental sciences, as well as in archeology and arts. Studies on a variety of
scientific problems and materials performed at these beamlines have been published, includ-
ing :

- the localization and speciation of As and Se in plant roots (Hansel et al., 2001)
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6.13. Hard X-ray Microprobe 357

- the speciation of Cd in fly-ash particles (Pinzani et al., 2002)
- the characterization of the micro-heterogeneity of reference materials

(Kempenaers et al., 2002)
- interplanetary dust particles (Flynn et al., 2003)
- the chemical environment of the uranyl-ion in calcite (Kelly et al., 2003)
- the distribution and microbial reduction of Cr in soil (Tokunaga et al., 2003)
- the sorption and biomineralization of Pb(II) in biofilms (Templeton et al., 2003)
- the three-dimensional analysis of individual fly-ash particles (Golosio et al., 2003)
- the compression behavior of nano-crystalline anatase (Swamy et al., 2003)
- the crystallographic phases present in ancient Egyptian make-up

(Martinetto et al., 2001)
- changes in the structure of archaeological bone samples (Wess et al., 2002)
- the dislocation density analysis in single grains of steel (Castelnau et al., 2001)
- the three-dimensional elemental analysis of single cells (Bohic et al., 2001)

A recent review on the (combined) use of µ-XRF and micro-tomography can be found in
Sutton et al., 2002.
Hard X-ray microprobe beamlines at third generation synchrotrons are found both at high
and low-β sections and make use of undulator insertion devices. In addition, microprobes
are installed at some bending magnet sources because of considerable overbooking of the un-
dulator beamlines. Fixed-exit, cryogenically cooled monochromators, equipped with Si(111)
(in addition Si(311)) crystals work in the energy range 4–45 keV (72 keV). At ID22 the Si
monochromator can be moved out of the beam to enable pink beam operation with 1% band
pass by separation of a single undulator harmonic using filters and cut-off mirrors. Various
optical systems have been in use at microprobe beamlines: Kirkpatrick-Baez (KB) mirror
systems, compound refractive lenses (CRL), Fresnel zone plates (FZP) and capillary con-
centrators have been used to generate monochromatic or pink micro-beams. Apart from the
X-ray sources themselves, many of the capabilities of the above-mentioned beamlines are di-
rectly related to the performance, stability, flexibility and robustness of the micro-focussing
optics that is employed.
Tab. 6.13.1 summarizes some of the analytical characteristics recently recorded at ESRF
beamlines with CRL and a KB-mirror systems in “routine” monochromatic mode. Both
optical systems provide a suitable micro-beam for combined µ-XRF, µ-XANES and µ-XRD
measurements. The experience at ID22 showed that CRL are very convenient and robust
optical systems, requiring little or no (re)alignment and long focal distances (20 cm – 2 m).
They can also be removed quickly and effortlessly from the beam, allowing to alternate
between focused and unfocussed beam operations. However, their small solid angle does not
allow to capture many photons prior to focusing. In addition, these optics are not achromatic,
limiting their use for µ- EXAFS experiments. On the other hand, KB systems require a
much more elaborate alignment procedure, tend to gradually lose their alignment over time
and are not that easily removed from the optical axis of the beamline. The most prominent
advantage of KB mirrors is the ability to capture unfocussed photons in a large collection
angle and focus them with high transmission in an achromatic manner down to µm or sub-
µm diameters.
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358 6. Beamlines and Experimental Stations

Optics (Beam line)

E = 13 - 14 keV CRL (ID22) CRL (ID18F) KB (ID22) KB (ID13)

Photon flux (Ph/s) 1010 1010 1-4 1011 ∼ 1011

Beam size (H×V µm2) 14×2 3 - 10×1 3×1 0.7×0.7

LLD (Mn-Cu) (fg) 0.3 - 0.5 0.1 - 0.4 0.03 N.A.

Table 6.13.1: Experimental beam parameters at the ESRF ID22, ID18F and ID13, corresponding to
compound refractive lens (CRL) and Kirkpatrick-Baez (KB) mirror optics.

A significant evolution is currently taking place in the performance of CRL. Schroer et al.
(Schroer et al., 2003c) have combined magnified imaging with tomography to obtain the
three-dimensional structure of materials at a resolution well below 1µm. Using an alu-
minum lens to record a magnified tomogram of a test sample (microprocessor), a resolution
of slightly above 400 nm was found for the three-dimensional reconstruction. CRL made of
beryllium (Lengeler et al., 2003) provide better resolution and higher transmission for lower
energies. Parabolic refractive X-ray lenses with short focal distance can generate intense hard
X-ray micro-beams with lateral extensions in the 100 nm range even at a short distance from
a synchrotron radiation source. Planar parabolic lenses made of silicon were fabricated that
have a focal distance in the range of a few millimeters at hard X-ray energies. In a crossed
geometry, two lenses were used to generate a micro-beam with a lateral size of 380 nm by
210 nm at 25 keV at a distance of 42 m from the synchrotron radiation source (Schroer et al.,
2003b). By means of CRL, also XANES tomography was demonstrated, providing infor-
mation on the oxidation state, the local atomic structure, and the local projected free density
of states (Schroer et al., 2003a). Already in use for several years at various American syn-
chrotron micro-focus beamlines, KB mirror systems also have recently been used to generate
sub-micrometer beams at ESRF (Hignette et al., 2003). Reflective optics systems, with their
high efficiency and achromatic nature are promising approaches towards this goal. At ESRF
ID19, the Kirkpatrick-Baez (KB) technology, being developed at the ESRF, has achieved
a measured spot size of 0.16×0.21µm2 at 20.5 keV. Despite non-perfect optics, an X-ray
beam size close to the diffraction limit has been achieved in one direction. Examples of pro-
jection full field and micro-fluorescence scanning imaging were reported. Next to providing
a higher photon flux than “standard” CRL, this technology therefore also allows, after due
alignment of the mirrors, to achieve nm-range focusing of hard X-ray beams.

6.13.2 Science at PETRA III

6.13.2.1 General considerations

It is planned that the scientific problems addressed at the PETRA III hard X-ray microprobe
beamline will be tackled by the combined use of different X-ray (micro-) beam methods
during one experiment, depending on the nature of the problem and the type of material to
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6.13. Hard X-ray Microprobe 359

be investigated. It is expected that with most problems and materials, micro-beam X-ray
fluorescence measurements (Janssens et al., 2000) in combination with broad beam radiog-
raphy imaging, providing information on the (variation of the) local elemental composition
and density, will be the first and most straightforward experiments to perform in the ex-
ploratory phase of an experiment. Based on these first observations, information of higher
quality (with respect to quantitative character, spatial resolution, structural content) can then
be obtained by the use of more elaborate sample manipulation and data acquisition modes
and strategies.

6.13.2.2 Examples of applications

In order to provide an idea on the type of generic experiments that are envisaged at the
PETRA III microprobe beamline, a selected list of representative problems is outlined below.
These specific cases, based on the literature and results of recent feasibility studies, are
either being studied today by means of the currently operating X-ray microprobes at the
3rd generation synchrotrons in Europe, the US and Japan or are border-line cases for the
2nd generation X-ray microprobes.

A. Mapping of composition, chemical state and rheological properties in heterogeneous
geological samples
Geological processes are often ”conserved” in mineral reactions in rocks: the chemical com-
position and the chemical state of a specific metal in two coexisting minerals render valuable
information on the pressure-temperature-oxygen fugacity (P-T-fO2) conditions during the
rock-forming process and may be heterogeneous on the micrometer scale. Elements of in-
terest range from S (Z = 16) to U (Z = 92) depending on the geological question. A spatial
resolution in the (sub-) µm-range will allow the measurement of short diffusion profiles and
the separate analysis of small adjacent minerals. K-shell excitation of elements up to U with
LLD in the sub-ppm range for all elements will be useful, together with variable excitation
conditions in order to optimize measurement conditions for the element of interest.
Similarly, X-ray micro-diffraction with a spatial resolution in the 0.1 to 1µm-range will
permit to study the deformation of polycrystalline materials, in which the stress distribution
is very heterogeneous (Castelnau et al., 2001). Combined with diamond anvil cells (Swamy
et al., 2003), a monochromatic micro-beam with high flux in the energy range between 25
and 30 keV allows such studies even at the extreme P-T conditions of the deeper portions of
the Earth’s interior, which would provide valuable information about fundamental geological
processes such as mantle convection and deep earthquakes.

B. Analysis of fluid, melt and mineral inclusions
Mineral, melt and fluid inclusions in minerals are formed during crystal growth and may
record the conditions present during formation. The quantitative analysis of single melt and
fluid inclusions facilitates the study of the chemical evolution of a rock-forming system,
which is extremely valuable for the study of rock and ore-forming processes and element
transport in the Earth’s crust. A high spatial resolution in combination with a confocal setup
and high excitation energies would be the set-up of choice. Detection limits in the sub-ppm
range for precious elements such as Au will be very important. A CCD camera with an
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360 6. Beamlines and Experimental Stations

optical resolution of 0.2µm or better is needed for the alignment of micron-size inclusions
in the beam. The exact quantitative analysis of such inclusions is often difficult because
they are heterogeneous (Vanko et al., 2001; Ménez et al., 2002). One way to overcome this
problem is to measure rehomogenized inclusions. This would be possible by using a heating
stage mounted on the sample stage during inclusion analysis. This set-up would would also
allow for the study of chemical state at different temperatures.
An almost unexplored field is the study of sub-micron sized inclusions in Earth and Plan-
etary materials. The study of such inclusions in diamonds using synchrotron XRF/XRD
will provide unique direct chemical and structural information about the Lower Mantle and
deeper portions of the Upper Mantle. It adds considerably to this knowledge not only by
identifying the mineralogy and the structural state of the included high pressure phases, but
also any deformation of the surrounding diamond lattice, which, in turn, may allow estimates
of the P-T conditions in the source region (Nasdala et al., 2003). Such analyses require the
application of an in-situ technique that can be applied to obtain information from well below
the diamond surface in order to prevent the complete pressure relaxation of an high pressure
inclusion due to its exposure during the preparation of polished microprobe mounts. The
synchrotron XRF/XRD microprobe is very well suited for such analysis.
Recently performed in-situ 3D elemental mapping by confocal micro-XRF at the ESRF
ID18F XRF/XRD microprobe (see Fig. 6.13.1) and structural analyzes (by micro-XRD and
Raman micro-spectroscopy) show the feasibility for obtaining detailed elemental / minera-
logical information of poly-phase diamond inclusions, leading to exciting conclusions with
respect to the Earth mantle dynamics and tomography (Brenker et al., 2003).

Figure 6.13.1: (A) Schematic drawing of a novel polycapillary based confocal XRF experiment at
the ESRF ID18F microprobe applied to 3D-XRF mapping of diamond inclusions. (B) Optical image
and (C) reconstructed slices at different depths x (measured in steps of 5 µm) of the inclusion based
on trace-level Sr (red), Zr (blue) and Th (green) fluorescent signals. Voxel size: 5x5x6 µm3. See
further details in Brenker et al., 2003.

C. Determination of mineral solubilities and chemical state in model systems in a Diamond
Anvil Cell (DAC)
The use of a DAC allows for in-situ determinations of mineral solubilities in aqueous so-
lutions and in-situ chemical state mapping at high pressures and temperatures. With the
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6.13. Hard X-ray Microprobe 361

current set-up of the cell, XRF experiments at temperatures of up to 800◦C and pressures
of up to 1.5 GPa are possible (Schmidt & Rickers, 2003). A rearrangement of the geometry
of the sample chamber with the mineral grain being located inside the sample volume en-
ables studies at higher experimental pressures. However, this set-up is applicable only if a
primary beam in the micrometer range is available. Due to the absorption of the synchrotron
beam and the fluorescence in the diamond this application will take advantage of the highest
achievable photon flux. The geometry of the cell requires a focal distance longer than 50 mm
and focusing must be possible also at energies significantly above 30 keV in order to facilitate
the determination of rare earth elements (REE) at the ppm level via K-shell excitation.
A valuable extension of the solubility studies is the structural characterization of a given
element in the coexisting phases by the use of µ-XANES and µ-EXAFS measurements. As
natural silicate melts usually contain considerable amounts of water that is only soluble at
elevated pressures, XANES/EXAFS studies on the local structural environment of elements
using a DAC will provide important insight into the nature of hydrous melts. XANES and,
especially, EXAFS measurements rely on high photon flux and, at least of similar impor-
tance, on a very stable, achromatic optical system, if focusing to a micron-sized beam spot
is necessary.

D. In-situ localization and speciation of As, Se and other redox-sensitive trace metals in
phyto-remediating plants
In the industrialized parts of the world, and especially in Eastern Europe and Russia, an in-
creasing number of areas are discovered that are polluted with heavy metals such as lead,
cadmium, copper, chromium, mercury, arsenic and selenium (Foster et al., 1998). In the spe-
cific case of Se, it replaces sulphur in thiol-group containing proteins, hereby significantly
altering/reducing their functionality (see e.g. Lemly, 2002). An environmentally friendly
and cost-effective measure for soil cleanup is to employ phyto-remediation. Specific plant
species can be grown in soils polluted with heavy metals so that the plants: (a) will con-
centrate the heavy metals in their tissues (up to several hundreds to thousands of ppm in
the roots), (b) can change the chemical form of the metals, usually by reduction of inor-
ganic (toxic) forms of the metals and (subsequent) incorporation into biomolecules. Also for
clean-up of radioactively polluted soils (e.g. in the 30 km zone around Chernobyl), phyto-
remediation is a technique that is being evaluated at present.
A recent study (Wierzbicka et al., 2003) demonstrated that the take-up and effective toxicity
of Se for Allium Cepa L. (common onion) strongly depends on the chemical form of Se to
which the plants are exposed. In order to understand these differences in response better,
microscopic in vivo determinations of total Se and various Se species in various parts (e.g.,
the roots, the bulb, the leaves) of this and other plants are very relevant. A recent feasibility
study performed at HASYLAB using a confocal µ-XRF and µ-XANES setup showed very
promising results (see Fig. 6.13.2).

E. Study of ion-channels and long range ion transport through plants: investigation of
structure-function relations by combined XRF microtomography and scanning micro-XRD
Plant physiologists and microbiologists are trying to link the macroscopic appearance to the
molecular biology of a plant, especially with a view to understanding the influence of sin-
gle genes on a plant’s large scale structure. This includes the study of ion channels and
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362 6. Beamlines and Experimental Stations

Figure 6.13.2: Confocal µ-XRF and µ-XANES analysis of a Allium Cepa L plant. (a) Photo of a
root tip of plant exposed to a selenite (Se 4+) solution (dia. ≈ 1 mm); (b) Se distribution in the plane
shown in (a) ; (c) photo of a leaf-tip of a plant treated with a selenate (Se 6+) solution (dia. ≈ 1 mm);
(d) Se-distribution in a virtual cross-section perpendicular to the axis of the leaf; (e) Se 6+ distribution
in the tip of the leaf; (f) Se- methyl-seleno-cysteine distribution in the tip of the leaf. Image resolution:
≈ 25 µm.

their influence on the long range transport of ions through the plant (Schröder et al., 1999;
Schröder & Fain, 1984), for which SR-based XRF microtomography combined with scan-
ning micro-XRD offers a uniquely sensitive/non-invasive tool with the potential of in vivo
studies. Fig. 6.13.3 shows recently obtained results from the ESRF ID13 beamline for a com-
bined micro-XRF/XRD experiment on an Opuntia cactus spine having a diameter of about
80µm.

F. Trace element analysis of fossils
Foraminifers are micro-organisms of some 100µm diameter that are living in the water col-
umn. In equilibrium with sea-water they build their carbonate shells. Trace elements such as
Cd, Ba, and the REE in these shells are proxies for the palaeoclimate and palaeoproductivity
during the living period of the foraminifer. Since the shells are only ∼ 10µm thick, a spa-
tial resolution about 0.5 µm is crucial to discriminate between shell carbonate and secondary
coatings.

G. Trace elements in mineralizing bone-tissues of renal disease patients
In patients with chronic renal failure, serum phosphorus levels increase due to insufficient re-
nal excretion. To control serum phosphate levels, phosphate-binding agents are given orally,
in order to reduce gastro-intestinal phosphate uptake. Until recently, aluminum hydroxide
was widely used, but accumulation in bone results in aluminum-related bone disease, char-
acterized by a mineralization defect. Using micro-analytical and histochemical techniques,
aluminum was localized at the mineralization front, a region in bone critical for proper miner-
alization. Lanthanum carbonate has been proposed as a new phosphate-binding agent. How-
ever, being also a trivalent cation, and having some chemical similarities with aluminum,
deposition of this element in bone cannot be excluded. Due to the extremely low concentra-
tion of lanthanum in bone, conventional micro-analytical techniques are not sensitive enough
to localize the element so that SR-XRF based determinations are more appropriate. Recent
studies at ESRF-ID21 by means of a 1µm diameter beam have shown La to be enriched at
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6.13. Hard X-ray Microprobe 363

Figure 6.13.3: XRF microtomography and scanning micro-XRD analysis of a single spine collected
from an Opuntia ficus indica leaf at the sea promenade in Rapallo (Italy). (A) scanning electron
microscopy (SEM) image of the spine, (B) reconstructed distributions of K, Mn, Fe, Zn across an
80 µm diameter cross-section, (C) composite image from the individual XRD- patterns along the 2D-
scan and (D) vector field display of the fitted 200 reflection parameters (intensity, azimuthal position
and width). Experiment performed by L. Vincze (UA), M. Burghammer and C. Riekel (ESRF ID13).

the edge of the calcified bone (D’Haese et al., 2001). This observation indicates the potential
for using trace-level mapping for monitoring the effects of various metal-containing drugs
on the formation of dense biomaterials.

H. Effect of trace levels of Sr on mechanical strength of human bone

An element that plays an important role in the study of bone and bone diseases is Sr, which
is believed, when present in sufficient amounts in blood, to induce the distortion of the crys-
tallographic structure of hydroxyapatite in bone, thereby reducing the mechanical strength
of the bone. This disease, known as osteomalacia (D’Haese et al., 2000), can also be in-
duced by renal failure. In Sr-loaded chronic renal failure rats, Sr could be identified at the
osteoid/calcification front, a critical site in bone mineralization. However, as in dialysis pa-
tients, the bone Sr concentration are 10 to 30-fold lower so that conventional techniques
appear to be not sensitive enough to allow a spatial localization of the element in bone sec-
tions. The mechanism by which Sr impairs mineralization is not yet clear. This might either
be due to a pure physicochemical process or an indirect interference by affecting osteoblast
function. A combination of µ- XRF and µ-XRD was employed to (i) visualize the distribu-
tions of Ca and Sr in bone-cross sections, indicating the enrichment of Sr in specific areas
and (ii) to measure the increasing degree of lattice-distortion in cell cultures grown in so-
lutions with increasing Sr levels (D’Haese et al., 2002). This study has shown that X-ray
micro-beams of ≈ 1µm that allow to perform scanning µ-XRF and µ-XRD measurements
on complex biomaterials consisting of several dense and diluted phases, allow to obtain rel-
evant information on the effect of trace constituents on the structural properties of the dense
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phases in these materials.

I. Elemental analysis and oxidation-state mapping of single cells in neuro-degenerative re-
search
The localized elemental analysis of human central nervous system (CNS) tissues and indi-
vidual cells is essential for the investigation of biochemical processes that lead to neuro-
degenerative disorders. The main goal of the research is the investigation of the role of
elements, mainly metals, in processes leading to degeneration and atrophy of nerve cells in
cases of two neuro-degenerative disorders e.g. Parkinson’s disease (PD) and Amyotrophic
Lateral Sclerosis (ALS). A common pathological hallmark of these pathologies is the loss
of neurons in selected parts of the brain or the spinal cord (Bains & Shaw, 1997). The
pathogenesis of PD and ALS is still not known but the most frequently cited theories of
the degeneration and atrophy of neurons are oxidative stress, excitotoxicity, protein aggrega-
tion, and mitochondrial dysfunction, all of which may be caused in part or enhanced by the
presence of metals such as Ca, Mn, Fe, Co, Cu or Zn in the nerve cells (Robberecht, 2000;
Mattson et al., 2000; Bush, 2000; Cassarino & Bennett, 1999).
In recent years, increasing experimental evidence was found for the generic relation be-
tween the presence of metals and these disorders. For example, experiments performed at
HASYLAB and ESRF revealed that neurons in substantia negra in patients suffering from
Parkinsons’s disease show a significantly higher accumulation of S, Ca, Fe, Cu, Zn, Se and
Br in comparison to control cases. Increased Cl, Ca, Zn and Br abundances were observed in
tissues from patients of Amyotrophic Lateral Sclerosis (Lankosz et al., 2002; Szczerbowska-
Boruchowska et al., 2003). Because of the low content of Mn in CNS tissue (i.e., up to 10
mg/kg), a micro-beam of high intensity and polarization is necessary for the analysis of this
element. Moreover, to study the role of trace elements in neuro-degenerative processes the
elemental micro-analysis of single neurons is required. The differences in the distribution
of metallic elements within a neuron, for example between nucleus and cytoplasm (if vi-
sualized) may lead to conclusions on the mechanism of potential action of these elements.
Furthermore, in order to study the role of selected elements in pathogenesis of PD and ALS
it is also necessary to know if a modification of oxidation states of these elements takes place
in infected parts of the brain and spinal cord in comparison to the control tissue areas.

J. Mobility assessment of polluting and radio-active heavy metals in coarse and fine parti-
cles.
A number of sites in the world are polluted with particles containing high concentrations of
heavy metals such as As, Pb, Ni, Cd etc. Usually, the source of pollution are nearby industrial
metal-refining or fossil-fuel burning plants that have released pre-concentrated metal-rich
slags, dust or other reaction products into the environment. In a number of specific cases,
the polluting metals (U, Pu) are radioactive as a result of intentional or accidental military or
civilian release of these materials.
When the heavy metals are present in the coarse (> 10µm diameter) particulate fraction,
a relatively insignificant fraction can be blown up by prevailing winds so that the major
interaction takes place by contact with the ground water (leaching out of soluble ionic forms).
Fine particles, on the other hand, may easily become air-borne and, e.g., become deposited
in the nose, thorax and lungs where some metallic species may induce cancer (e.g., Ni in
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6.13. Hard X-ray Microprobe 365

metallic form, as produced in Ni-refineries).
In order to assess the effective danger on the short, mid and long term associated with the
mobilization of these heavy and/or radio-active metals and their spread into the hydro- and
biosphere, apart from the composition, also knowledge on the chemical state and crystal-
lographic phases in which the metals are present, is very important. These investigations
need to be carried out on particles of various sizes and porosities. Various X-ray micro-beam
investigations techniques (such as µ-XANES, µ-XRD and µ-computed tomography) can be
used together to determine a number of different properties of such materials (Salbu et al.,
2001; Lind et al., 2002; Salbu et al., 2003; Vincze et al., 2002a; Vincze et al., 2002b).
The availability of X-ray micro-beams of variable diameter, ranging from 1 to 10µm will
allow to characterize individual particles of various sizes by means of µ-XANES and µ-
XRD in order to study the interrelation between particle size and the abundance of e.g., Ni
species and phases and the dependence of this on the release scenario of the particles.

6.13.3 Beamline description

A hard X-ray microprobe beamline at PETRA III will enable different complementary X-ray
(micro-) beam methods to be performed simultaneously or sequentially during one exper-
iment. Scanning X-ray fluorescence microscopy measurements in combination with broad
beam radiography imaging will be the most straightforward to characterize heterogeneous
samples in terms of (variation of the) local elemental composition and density. Microscopic
X-ray absorption spectroscopy (µ-XANES, also µ-EXAFS) and microscopic X-ray diffrac-
tions will provide information on the local speciation and structure. Tomographic methods
(fluorescence microtomography, XANES microtomography) and confocal arrangements of
X-ray optics give access to quantitative three-dimensional measurements.
High demands are made on the accessible range of beam sizes and photon energies and on
the flux of the primary beam in order to realize the experiments introduced in the scientific
case. The hard X-ray microprobe beamline will provide beam sizes down to the 100 nm
range utilizing the outstanding small source size and high brilliance of PETRA III, but also
larger beams of 1–10µm and an unfocused beam for flat field imaging will be available. The
accessible energy range covers the K-edge energies from sulfur to uranium (E= 2.4–116 keV)
and the flux is maximized by the use of KB mirrors and pink beam option.
Stability, flexibility and robustness of the beamline will be of major importance for the prac-
tical use of a microprobe beamline and will therefore guide its design. The key components
of the setup are the undulator source, the monochromator system, plane mirrors for high-
energy cutoff, the focusing optics and the experiment including scanning unit and detector
system. A schematic sketch of the setup indicating the positions of the components is shown
in Fig. 6.13.4. The experimental hutch including the focusing elements is placed at 90 m
close to the end of the beamline in order to achieve a high demagnification of the X-ray
source. The first optical element is located as close as possible to the focusing optics in order
to minimize the effect of vibrations. A beam shutter between optics hutch and experimental
hutch provides high beam stability by continuous irradiation of optics (e.g. during sample
change).

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



366 6. Beamlines and Experimental Stations

6.13.3.1 Undulator

The hard X-ray microprobe beamline is equipped with the spectroscopy undulator described
in Sec. 4.1.4. The undulator is placed in a low-beta section in order to facilitate the smallest
possible horizontal beam size. Source size and divergence of the photon beam and other
basic parameters of the spectroscopy undulator are listed in Tab. 4.1.1. A device of 2 m
length will be sufficient for the majority of the proposed experiments, although microscopic
X-ray absorption measurements in ultra-dilute systems would benefit from the increased
brilliance of a 5 m undulator device (see Fig. 4.1.1 for comparison). The spectrum of the
undulator covers the energy range 2.4–120 keV and higher. In the high energy range, the
undulator works like a wiggler, but the intensity in the hard X-ray region is still sufficient as
shown in Fig. 4.1.11. A side station is not appropriate for the beamline because of the large
energy range of the experiment and the pink beam option.

6.13.3.2 Monochromator system

The monochromator system is composed of a double crystal monochromator (DCM) as
described in Sec. 5.3.2 and, additionally, of a double multilayer monochromator (DMM).
Both monochromators work in fixed exit-geometry and crystals are cryogenically cooled.
The DCM covers the energy range 2.4–120 keV and the DMM the range 6–80 keV. Both
monochromators will be operated with variable beam offset. For broad bandpass monochrom-
atization of higher energies (> 60 keV) different approaches have been discussed including
the mounting of gradient Si1−xGex crystal pairs or mosaic crystal pairs in Laue geometry,
and the deposition of multilayer structures on the plane mirrors (see 6.13.3.3) or KB mirrors
(see 6.13.3.4). The monochromator system is located as close as possible to the focusing
optics in order to minimize the effect of vibrations of the monochromator crystals on the
position of the focused beam.

Undulator
DCM + 
DMM

PM + 
DMM

0m 94 m

Optics hutch

82 m 90 m

Exp. hutch

Optical microscope

Sample stage

CCD detectors
Focusing 
elements

X-ray detectors

Monitors

Figure 6.13.4: Schematic illustration of the hard X-ray microprobe beamline proposed for PE-
TRA III. The monochromator system is comprised of a double crystal monochromator (DCM) and
a double multilayer monochromator (DMM). Plane mirrors (PM) are coated with different materials
and with a multilayer structure.
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6.13. Hard X-ray Microprobe 367

6.13.3.3 Plane mirrors

A pair of plane mirrors is used for the rejection of higher harmonics radiation. In order to
cover the range of cutoff energies from 6 to 35 keV, the mirrors will be coated with different
materials (Si, Rh, Pt) and operable at variable incident angles. As mentioned in section
6.13.3.2 one stripe of the plane mirrors may be coated with multilayer structures for high-
energy broad bandpass monochromatization. For the preservation of the micro-focusing
capability, the mirrors have minimal slope errors (less than 0.25µrad). The mirrors are
cryogenically cooled, because they are exposed to the white beam in pink beam mode and
multilayer mode.

6.13.3.4 Focusing optic

The focusing optics are the key element of a hard X-ray microprobe beamline. Today, differ-
ent concepts for focusing optics exist which are subject of rapid advancements (see 6.13.1).
From today’s view the beamline will be equipped with two KB-mirror systems, one provid-
ing beam sizes down to the 100 × 100 nm range for ultimate spatial resolution, and one
providing beam sizes in the low micrometer range for high flux and low divergence appli-
cations. The KB-mirrors are applicable in the low to medium energy range (2.4–30 keV).
Especially µ-EXAFS experiments will benefit from the achromaticity and efficiency of KB
mirrors. The mirror systems are placed on a linear stage and can be exchanged easily under
remote control.
A third position of the linear stage is used to include a CRL unit. CRL are known to generate
a stable micro-beam and are capable of focusing X- rays of higher energy (5–50 keV for
Be lenses, 15–120 keV for Al lenses). Several sets of CRL optimized for different ranges
of energy, and focal sizes will be available. Nanofocusing lenses (NFL) composed of two
crossed parabolic planar lenses will be chosen for extremely small beam sizes close to the
diffraction limit. Beam parameters calculated by Chr. Schroer for a PETRA III undulator
(5 m) and Si(111) monochromator at 20 keV are given in Tab. 6.13.2. Note, that the fluxes
are two orders of magnitude higher in pink beam mode.

Focal Demagni- Spot size (mm) FluxLens type Position
distance fication Vert. Hor. ph/s

Gain

CRL (Be) 100 m 308.5 mm 323 80 258 5.4 1010 3.5 106

7.18 (h) 13900 (h)NFL (C) 100 m
13.35 (v) 7500 (v)

24.4 15.5 3.6 108

Table 6.13.2: Beam parameters of CRL and NFL focusing optics calculated by C. Schroer for a
PETRA III undulator source using a Si(111) monochromator at 20 keV.

6.13.3.5 Experiment

The stability of the setup will be of major importance for the practical use of the micro-
probe beamline and will therefore guide its design. The sample stage is coupled rigidly to
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368 6. Beamlines and Experimental Stations

the focusing optics unit and includes three orthogonal translations and (at least) one rotation.
The repeatability of the translations will fall significantly below the smallest achievable spot
sizes, i.e. < 10 nm, at a travel range of 25 mm. In a standard experiment the sample will be
mounted in air environment on a goniometer head, which is fixed onto the sample stage. The
sample stage can carry also small and light chambers that provide various environments, such
as vacuum and helium chambers, diamond anvils cells, heating and cooling stages, reactors,
etc. A long distance optical microscope coupled to a CCD camera serves for the adjustment
of the sample in the X-ray beam and for documentation. A high-resolution CCD camera,
which is placed behind the sample, is used for the same purpose and also for absorption
tomography. Optionally, the radiography CCD camera can be replaced under remote control
with a large field CCD camera for X-ray diffraction. (Micro-) Ionization chambers are used
for normalization and for transmission XAFS experiments. They can be loaded with various
mixtures of gases, also at reduced pressures. Several different detector types are provided for
the measurement of X-ray fluorescence and will be optionally installed. Multi element sili-
con drift detectors (SDD) are applied for fluorescence XAFS and fast scanning fluorescence
microscopy experiments which are characterized by count rates � 10 kcps. A wavelength
dispersive detector is employed for samples providing very high count rates and measure-
ments of fluorescence lines suffering from high background. High quality Si(Li) detectors
are well suited for quantitative multi-element analysis and germanium detectors are needed
for the measurement of K-lines of heavy elements. It is feasible to place a polycapillary
optics in front of any energy-dispersive detector for spatially resolve detection and adjust it
with an accuracy of 5 µm (e.g. confocal setup).
Data reduction for scanning micro-XRF/XRD techniques is becoming increasingly a lim-
iting factor as the data rate is growing due to faster detectors and scanning systems and
a further increase in source brilliance. In particular the possibility of ”data mining” may
have an important influence on the outcome of an experimental period at a high-brilliance
SR- source. Initial data treatment for scanning micro-XRF/XAS/XRD will be available on-
line and provide an ”image” of the microscopic sample structure at the end of a raster-scan.
Micro-XRF data will require in particular fast spectral deconvolution and standard-less quan-
titative analysis techniques, which are applied recursively to individual spectra to determine
and visualize the variation of elemental concentrations on-line (Vekemans et al., 2003).

6.13.3.6 Experimental hutch and infrastructure

A size of the hutch of 10 m in length, 4 m in width and 4 m in height is sufficient to ac-
commodate the experimental setup and focussing elements. The sample stage is placed 4 m
behind the hutch wall proving space upstream for low divergence focusing optics with large
focal distances and downstream for CCD detectors. The levels of dust and other contami-
nations inside the hutch are minimal and limited only by the free access of the user to the
experiment. Care is taken to avoid air flow and vibrations induced by the air condition of
the hutch. Standard media such as cooling water, compressed air and gases (N2, He, Ar) are
available. A calm control room providing space for 4 users and a microscopy room equipped
with various optical microscopes adjoin the hutch. A chemical lab with glove box and fume
exhaust is placed in the vicinity.
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6.13. Hard X-ray Microprobe 369

6.13.4 Capital investment and personnel
The investments for this beamline sum up to about 1850 ke.
The required personnel is: 2 scientists, 1 engineer, 1 postdoc.
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6.14 Variable Polarization Soft X-Ray Beamline for Pho-
ton Energies 50–2500 eV

Authors and Consultants :

J. Bansmann Universität Rostock, Germany
U. Becker Freie Universität Berlin, Germany
R. Denecke Universität Erlangen-Nürnberg, Germany
R. Dörner Universität Frankfurt, Germany
P. Fischer MPI Stuttgart, Germany
R. L. Johnson Universität Hamburg, Germany
L. Kipp Universität Kiel, Germany
M. Martins Universität Hamburg, Germany
T. Möller DESY, Hamburg, Germany
A. Müller Universität Gießen, Germany
R. Reininger SAS, Madison, Wisconsin, USA
J. E. Rubensson University of Uppsala, Sweden
H. Schmidt-Böcking Universität Frankfurt, Germany
C. Schüßler-Langheine Universität zu Köln, Germany
G. Schütz MPI Stuttgart, Germany
P. Steinrück Universität Erlangen-Nürnberg, Germany
L. H. Tjeng Universität zu Köln, Germany
J. Ullrich MPI Heidelberg, Germany
W. Wurth Universität Hamburg, Germany

6.14.1 Introduction

Soft X-rays are ideal for investigations ranging from magnetism in nanostructures to studies
on biological systems. Key absorption edges of practically all important elements lie in the
soft X-ray range (100 eV to 2.5 keV) which opens up the possibility to uniquely determine
the element-specific local electronic structure in complex materials by exploiting atomic
resonances. Experiments at the latest third generation synchrotron light sources are now
beginning to demonstrate the enormous scientific potential of this spectral region. At present,
investigations are still limited by the light source and improved sources will immediately
produce new science. In the future polarization-dependent studies with soft X-rays will play
a key role in enhancing our knowledge of the structure of matter.
High-energy storage rings are excellent soft X-ray sources and suitable insertion devices
can provide very high brilliance circularly polarized light in the energy range 500–2000 eV
as has been demonstrated at both the ESRF and SPring-8 (Saitoh et al., 2000). Helical
undulators operating in the first harmonic provide the highest flux and complete polarization,
but require machine energies greater than 3 GeV. Radiation from higher harmonics of helical
undulators is normally not used because it is emitted off axis in a broad cone. The soft X-
ray beamlines presently providing circular polarization are heavily oversubscribed (ID 08
at ESRF, BL17SU, BL25SU and BL27SU at SPring-8). Insertion devices on lower energy
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6.14. Variable Polarization XUV Beamline 371

machines like BESSY II, ELETTRA, and ALS only produce circularly polarized light up
to about 500 eV in the first harmonic (see Fig. 6.14.1) and newer machines like SLS and
SOLEIL will extend this limit to 700–900 eV. The variable polarization soft X-ray beamline
at PETRA III will be unique and by providing the highest brilliance and flux in the important
spectral region from 500 eV to 3 keV will open up completely new scientific opportunities.
With current technology it is possible to achieve a spectral resolution of 10000 at 1 keV
with an extremely high flux (more than 1012 photons/sec) focused on the sample. Compared
to the best present day sources the PETRA III soft X-ray beamline will provide one to two
orders of magnitude higher flux at photon energies above 1 keV. This beamline will promote
significant progress in fields ranging from surface science to molecular and cluster physics,
magnetic studies, condensed matter physics and nanotechnology.

Figure 6.14.1: Brilliance of the first harmonic in the circular and linear mode at PETRA III and
circular for the (double) U64 at Diamond, BL25U at SPring-8, and U56 at BESSY. The higher bright-
ness compared to the SPring-8 beamline results from the larger number of undulator periods at the
PETRA beamline and from the smaller emittance of PETRA.

6.14.2 Scientific applications of soft X-ray radiation with variable po-
larization

This section of the report contains contributions from the soft X-ray working groups with
specialists in the following fields:

1. Gas phase studies on atoms, molecules, clusters and ions

2. Surface chemistry

3. Surface studies with soft X-ray spectromicroscopy
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372 6. Beamlines and Experimental Stations

4. High resolution photoelectron spectroscopy in a wide energy range

5. Magnetic spectroscopy

6. Resonant soft X-ray scattering

7. Anomalous soft X-ray diffraction for spectroscopically-resolved structural studies

Despite the great diversity of the individual fields there is a unanimous consensus on the
specification of the soft X-ray beamline at PETRA III described in the final section.

6.14.3 Gas phase studies on atoms, molecules, clusters and ions

Spectroscopic studies on atoms and molecules using photoionization and photoelectron spec-
troscopy have recently undergone dramatic changes. New synchrotron radiation light sources
together with new experimental techniques have greatly enhanced the range of questions that
can be answered (Becker & Shirley, 1996; Snell et al., 1996; Björneholm et al., 2000). One
current theme is the problem of electron correlation in its various forms. Specific electron-
electron interactions play a dominant role in a variety of many-body problems and determine
fundamental quantities such as binding energies and partial cross sections. A thorough un-
derstanding of electron correlation in atomic and molecular systems provides a basis for
understanding electron correlation in solids. While many aspects of the static electronic
structure of atoms are well described by current theory, the understanding of dynamical pro-
cesses in atoms and molecules is still in its infancy. This is even more true for ions, radicals
and clusters, where experimental investigations have been seriously impeded by the low par-
ticle density. A high resolution, high flux soft X-ray beamline with variable polarization at
PETRA III will be an important step forward for many studies in this field.

6.14.3.1 Photoionization and Auger decay in atoms and molecules

Studies of double Auger processes in rare gases will be important at the XUV beamline on
PETRA III since they complement the current work on double photoionization. The long
time-interval (192 ns bunch separation) between adjacent bunches will be a great advantage
for such experiments using time-of-flight electron spectroscopy. With the new beamline it
will be possible to study Auger decay from dissociating molecular systems. For these ex-
periments both Doppler marking of the emitter atoms and resonance detuning as alternative
methods to achieve time resolution on the scale of molecular dissociation and core-hole re-
laxation require a high photon energy resolution. Going to larger systems, e.g. the study of
fullerenes, the relation between core-level photoelectron emission and subsequent fragmen-
tation in coincidence experiments is of great importance. In these systems the connection
between collective excitations, such as plasmons associated with core-level ionization, and
multi-electron relaxation, for example double Auger decay (Viefhaus et al., 2004), remains
to be investigated.
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6.14. Variable Polarization XUV Beamline 373

6.14.3.2 Ionization dynamics studied with multi-coincident techniques

Cold-target recoil ion momentum spectroscopy (COLTRIMS) is a novel momentum space
imaging technique for the investigation of the dynamics of ionizing ion, electron or pho-
ton impact reactions with atoms or molecules. These studies yield kinematically complete
pictures of the correlated motion of the fragment process for atoms and molecules with un-
precedented resolution and completeness. Momentum space imaging of all ions and all
electrons from photoionization and/or excitation is one of the most sensitive probes for
molecular structure and chemical dynamics. With the high resolution of the photon source
a highly selective excitation of the molecules can be achieved and imaging all the fragment
momenta with multi-hit detectors allows the internal dynamics in the molecule after ioniza-
tion/excitation to be determined. Kinematically complete measurements of single and double
ionization by Compton scattering between 0.5 and 3 eV will give insight into the strength of
non-dipole effects. Multi-coincidence studies offer a unique way to explore inner shell ion-
ization of oriented small molecules (Jahnke et al., 2002; Landers et al., 2001). These studies
need variable polarization and the time structure of PETRA III with a pulse separation on the
order of 100 ns. The large separation is needed in order to correlate electrons and ions. As
shown in Fig. 6.14.2, the angular distribution of photoelectrons is extremely sensitive to the
shape of the intra molecular potential. With the help of multi-coincidences the dissociation
dynamics and the multi-dimensional potential surface can be studied in great detail.

Figure 6.14.2: Angular dependence of electrons emitted from a core excited carbon atom in an
oriented CO molecule (Landers et al., 2001).
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374 6. Beamlines and Experimental Stations

6.14.3.3 Photoabsorption of free, mass-selected cluster ions

Research on clusters has become a very important and active field in recent years. Core-level
spectroscopic studies on mass selected clusters have been limited until recently to small
clusters deposited on surfaces. First measurements on free, mass-selected clusters with syn-
chrotron radiation were performed by N. Berrah and coworkers on clusters with up to n=3
atoms at the B 1s (' 200eV ) edge and the Si 2p edge (' 100eV ) (Bilodeau et al., 2003).
Photoionization studies at inner shell edges will combine for the first time element-specific
excitation with cluster size selection. PETRA III will make it possible to perform experi-
ments on free, mass-selected clusters of 3d, 4d and 4f transition metals in the whole XUV
region from 50 eV up to 2500 eV exploiting resonances at the L2,3 (3d), M2,3, M4,5 (4d), and
M4,5 (4f) edges.

6.14.3.4 Photon-ion merged-beams experiment

Data on ionic species are required in many areas, such as technical plasmas, atmospheric
science and astrophysics. The study of matter in ionic form is a challenging experimental
task. Intense third generation light sources have facilitated remarkable progress in the field of
photoionization of ions (Schippers et al., 2003; Müller et al., 2003). Combining state-of-the-
art particle sources with the brightest available photon beams will enhance the experimental
capabilities. At present only total absorption cross sections can be measured on atomic ions
and experiments on molecular and cluster ions are at the detection limit. At PETRA III an
experimental set up is planned in which the intense X-ray photon beam interacts with an
ion beam of about 2 mm diameter over a length of 1 m. The ideal photon beam would be
parallel with a diameter of 1 to 2 mm. The ion beam is prepared in a small electrostatic
accelerator with all the necessary mass analysis and beam transport systems so the photon-
ion experiment should be an end station. The proposed experiment extends spectroscopic
measurements to negatively or positively charged atoms, molecules and clusters. Suitable
ion sources (e.g. ECR sources for multiply charged atomic ions or electro-spray sources for
highly charged bio-molecules in the gas phase) will provide ions with high charge states and
useful beam intensities.

6.14.3.5 Requirements for gas phase studies

A common feature of all gas phase experiments is the need for a photon flux of greater than
1012 photons/sec/0.1 %. For many experiments a bunch separation of at least 100 ns is needed
since time-of-flight techniques are essential for coincidence experiments. The planned XUV
beamline would cover the whole range of important inner-shell excitation and ionization of
atoms, ions, molecules and clusters. It would be of great help for these experiments if there is
overlap to lower photon energies. The carbon K-edge region is of scientific importance and it
is necessary to calibrate the apparatus at well-known cross-sections and angular distributions
in order to measure these quantities at higher, unexplored energies. For energies from 200–
2400 eV circularly polarized light with a high degree of polarization and the possibility to
switch easily between left-and right-handed radiation is required. This is particularly impor-
tant because many experiments in the field of spin polarization and circular dichroism remain
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6.14. Variable Polarization XUV Beamline 375

to be performed in the soft X-ray regime. A resolving power of better than 104 would serve
most experiments with high resolution requirements. But there are experiments in the field
of multi-coincidence where a lower resolution would be acceptable. Concerning the spot
size the requirements are very different, they vary from 0.01- 0.1 mm in diameter depend-
ing on the type of experiment. The space requirements are more or less the same for most
of the experiments, a square of 5m× 5m is sufficient for the majority of experiments. The
K-shell ionization studies on oriented molecules require variable linear polarization as well
as circular polarization. All COLTRIMS experiments would profit from a focus of 100µm
times 100µm or smaller. For experiments on clusters a flux larger than 5 · 1012 photons/s at
moderate resolution (E/∆E > 2000) is best. Lower energy storage rings (BESSY II, ELET-
TRA, ALS, MAX II) simply cannot compete with the photon flux that will be available at
the XUV beamline on PETRA III running at 6 GeV. The experiment on free clusters will be
a part of the free ion experiments. Therefore, a 0.5-1 m section with a collimated beam will
be needed. The cluster sources will need approx. 1.5×3.0m2 floor space without electronic
equipment. For the experiments on ions there are special requirements: The space, power
and cooling requirements can be characterized by typical numbers for existing laboratory
setups of similar nature: Area (including control racks, work place, space to access the hard-
ware, etc.): 10m x 8m, Electrical Power: 250 kW, Cooling Water: 180 kW cooling power
(high pressure circuit 10 bar for high-power electron-cyclotron-resonance heated -ECR- ion
source, low pressure circuit with e.g. 4 bar for pumps, power supplies etc.)

6.14.4 Surface chemistry

Surface chemistry deals mainly with the gas-surface interactions observed in processes rele-
vant to heterogeneous catalysis. Given the complexity of real catalysts, studies are frequently
performed on model systems using well-defined single crystal surfaces. Due to the rather
long acquisition time of most spectroscopic techniques in surface science, such studies are
performed on an ex-situ basis, i.e. after a certain reaction step has been finished. Dynamical
processes and parameters, such as adsorption or reaction rates, are not readily available from
these experiments which only give integrated results. The use of high-intensity and high-
resolution synchrotron radiation has enabled a new quality of research in surface chemistry.
Both time-dependent X-ray photoelectron spectroscopy (XPS) (Baraldi et al., 2003; Denecke
et al., 2002; Kinne et al., 2002) and time-dependent X-ray absorption (quick extended X-ray
absorption fine structure, QEXAFS) (Frahm, 1988; Frahm, 1989b) became available on sec-
ond and sub-second time scales, allowing in-situ studies on realistic macroscopic time scales
(a few ms). The PETRA III upgrade and the planned XUV beamline would substantially
enhance the possibilities of these approaches. A main shortcoming of present facilities like
BESSY II or MAX-lab is the limited flux and resolution at higher photon energies which
are necessary to study deeper core-levels and absorption edges, such as the 2p levels of
metals (Cu, Ni) in more detail and also in a time-dependent fashion. This would open up
new options to study adsorption and reaction processes on surfaces by monitoring the sub-
strate levels. High-resolution time-dependent studies on dynamic processes at surfaces will
become possible with PETRA III. Together with an improved experimental system, which
includes a pulsed molecular beam source for gas dosing and multichannel detection for the
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photoelectrons, highly resolved XPS with measurement times of less than 1 ms per spectrum
will be possible. If this is accompanied by a high spectral resolution (even at higher photon
energies), the usable temperature range to study activated processes, such as surface reac-
tions, can be expanded to higher temperatures where reactions occur on shorter time scales.
The subsequent Arrhenius analysis would be much more reliable and informative, especially
in the determination of the pre-exponential factors, which show the largest uncertainties to-
day. In addition, for most reaction systems a significant increase in temperature would bring
this important parameter closer to realistic process conditions.

Figure 6.14.3: Time dependence of oxygen coverage for CO oxidation on Pt(111)

Fig. 6.14.3 shows the results of a study of the CO oxidation on Pt(111) recently obtained at
BESSY II (Kinne et al., 2004). Here, the decay of the O 1s signal of preadsorbed atomic
oxygen with reaction time is studied for various sample temperatures in presence of a CO
gas phase. The data analysis yields the activation energy of the reaction between CO and
atomic O. Due to the limited time-resolution the reaction temperatures have to be kept be-
low 305 K. With higher photon flux (and an improved detection system) this range could
be increased to more than 470 K. In addition, due to the higher photon energies, substrate
core-level shifts for a large number of different substrates can be used to identify adsorbate
sites. On the other hand, short-lived intermediate species (transition states in reactions) could
be detected, which are not seen on longer time scales. The spectroscopic identification of
intermediate species is crucial for the improvement of theoretical calculations depending on
these transition states. Another technique would be time-dependent QEXAFS measurements
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6.14. Variable Polarization XUV Beamline 377

which can already be performed at sub-second time scales in the hard X-ray region (Frahm,
1989b). Similar measurements are feasible in the XUV region and will open up new fields
of research provided fast scanning of the monochromator and undulator are implemented.
QEXAFS can give information about orientational changes of molecules on surfaces taking
place during reactions. Studying magnetic dichroism in adsorbate systems is a rather new
field (May et al., 1996; Yokoyama et al., 2000). Both the influence of magnetism on adsorp-
tion and reaction as well as the influence of adsorption on the magnetic properties of various
systems are of great interest, since a large number of metals used for catalysis are magnetic.
Measuring magnetic circular dichroism in X-ray absorption (XMCD) or in photoemission
(magnetic circular dichroism in angular distribution, MCDAD) gives information about the
magnetic moments of the respective entities. Photo-induced surface reactions will be an-
other interesting field which requires a high photon fluxes. By comparing the flux dependent
product distributions excitation mechanisms could be resolved.

6.14.4.1 Experimental requirements for surface chemistry

The energy range needs to start at around 100 eV and extend up to about 2500 eV. High
resolution together with high flux, especially at higher energies, is more important than
the highest photon energies. An ultimate resolution of better than 100 meV at 1000 eV
(E/∆E > 10000) would be desirable, possibly extending to even higher energies (up to
1500 eV). If no spatially resolved microscopy with scanned light spot is considered and if
usual sample sizes of diameters of some millimeters are used, the spot size need not be much
smaller than 500µm. For some applications, like diffusion measurements a small light spot
of some 50µm would be desirable. The best solution would be a variable spot size, achieved
with bendable refocusing mirrors. The photon flux needs to be high, but the situation has to
be adaptable to the systems studied. Some adsorbate systems are very sensitive to radiation
damage. A photon flux on the sample of about 1012 − 1013 photons per second in a medium
size (100µm) is required. Variable polarization will permit symmetry selection rules and ma-
trix element effects to be exploited in photoemission with linearly polarized light and permit
dichroism experiments using circularly polarized light.

6.14.5 Surface studies with soft X-ray spectromicroscopy

Spectromicroscopy combines the power of spectroscopic analysis to determine chemical
composition and bonding configurations with imaging techniques to reveal the sample mor-
phology and provide magnified pictures of the sample (Susini et al., 2002). The strength
of the method is that it provides information simultaneously in both the spatial and spectral
domains. Future technologies will rely on our ability to accurately measure, analyze, and
characterize the complex multicomponent systems used in semiconductor devices, industrial
catalysts, polymeric systems, and even health care products. The currently planned activi-
ties in the field of nanotechnology exemplify the demand for spectromicroscopy to satisfy
the common needs of the diverse disciplines involved in this new endeavor. Over the past
decade our knowledge of the chemical bonding, electronic structure and vibronic properties
of a multitude of systems have been greatly enhanced using high resolution spectroscopies
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378 6. Beamlines and Experimental Stations

with synchrotron radiation. These studies have been performed on representative macro-
scopic samples because the brilliance of existing synchrotron light sources is insufficient to
obtain simultaneous high spatial and high spectral resolution. Next generation light sources
such as PETRA III will change this situation and will open up the field of high resolution
spectroscopy on microscopic sample volumes. For the first time it will be possible to inves-
tigate laterally structured functional materials with high-resolution electron spectroscopies
using synchrotron radiation.
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Figure 6.14.4: Polarization-dependent NEXAFS-PEEM images near the C 1s edge from a 5 ML
PTCDA film on Ag(111) consisting of islands on top of a bilayer. Row 1 – linear polarization at 70◦;
row 2 – linear polarization parallel to the surface; row 3 and row 4 left- and right circular polarization.
The spectra on the right were recorded from the marked areas corresponding to the bilayer (green)
and two different types of islands (red and blue).

Modern high performance materials and devices are intrinsically heterogeneous on length
scales ranging from nanometers to micrometers. Silicon semiconductor technology relies on
the fantastic chemical purity and crystalline perfection of the initial silicon single crystals yet
the microprocessors and memory chips that come off the production line are highly complex
nanostructures. Similar demands for spatially-resolved chemical and compositional analysis
are found in many industries and applications for spectromicroscopy are envisaged on mag-
netic materials, polymers, biomaterials, chemical composites and in environmental analysis.

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



6.14. Variable Polarization XUV Beamline 379

Spectromicroscopy on magnetic materials is particularly interesting to simultaneously image
domain structures and reveal whether the magnetic order is compensated or uncompensated
using magnetic circular and linear dichroism with polarized light. Light in the soft X-ray re-
gion is strongly absorbed by matter and practically all elements have characteristic electron
energy levels (absorption edges) that provide unique chemical analysis and in addition reveal
the bonding configuration. Fig. 6.14.4 shows the type of information that can been obtained
with PEEM spectroscopy at the carbon K-edge. The angular dependence observed with lin-
early polarized light proves that the PTCDA molecules lie parallel to the substrate. The
measurements with right- and left circular polarized light reveal that individual 3D PCTDA
islands yield a large dichroic signal of±15%, whereas the bilayers exhibit no dichroism. The
dichroic signal from the islands can be either positive or negative which means that spatial
resolution is essential to be able to quantify such effects (Schmidt, 2003). By recording the
energy and momentum of the emitted photoelectrons a direct determination of the occupied
electronic band structure of crystalline samples can be performed.
Undulators that provide variable polarization will revolutionize spectroscopy in the soft X-
ray region. The provision of circular, elliptical and variable linear polarization from hori-
zontal to vertical is particularly exciting for spectromicroscopy. Variable linear polarization
enables the full dielectric tensor describing the interaction of the electromagnetic radiation
with the sample to be determined. Samples that exhibit linear dichroism have very different
polarization-dependent absorption spectra due to the orientation of the different bonding or-
bitals. For angle-resolved photoemission experiments the full polarization control allows a
precise determination of the symmetry of the initial states involved in the optical excitation
process. User control of both the photon energy and polarization from the undulator places
special demands on the orbit stabilization in the storage ring and requires feedback and fast
feed-forward control systems.

6.14.5.1 Requirements for spectromicroscopy

Spectromicroscopy experiments demand stringent beam stability so the possibility of varying
the source polarization with a fixed experimental geometry is particularly attractive and will
enable a variety of new experiments. The energy range of the soft X-ray beamline is a key
consideration particular with respect to the variable polarization capabilities of the undula-
tor. From a spectroscopic point of view the spectral region must cover the energy range from
100 eV to 1500 eV to include the K shells of all the light elements and the L shells of the
transition metals. The lower limit should include the Si 2p core level at 99 eV. A particularly
exciting possibility is high resolution spectroscopy at the sulfur K-edge (2.5 keV). Sulfur
is of central importance in a wide range of chemical, pharmaceutical and industrial pro-
cesses. The combination of chemical analysis, imaging and high-resolution spectroscopy is
clearly very attractive, but extremely demanding on the brilliance of the light source. Several
spectromicroscopy projects using photoelectron emission microscopes (PEEM) have been
initiated around the world. Probably the most ambitious project is the SMART instrument
being developed by a consortium coordinated by T. Schmidt and E. Umbach at Würzburg
University shown in Fig. 6.14.5 (Schmidt et al., 2003).
The instrument has a highly optimized electron optical system incorporating higher-order
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380 6. Beamlines and Experimental Stations

aberration corrections and a high performance OMEGA energy filter. It is currently in the
test phase and it will certainly set the standards for spatial resolution and transmission by
which other systems will be measured. The spatial resolution will be less than 2 nm with
an energy resolution of the imaged electrons below 100 meV. (The theoretical limits are
significantly better with a spatial resolution of 0.5 nm). The optimization and aberration
correction enhance the transmission by a factor from 50 to 1000 compared to conventional
PEEM systems. The combination of the new PETRA III undulator with its variable polariza-
tion capabilities with a SMART-type instrument will represent the state-of-the-art for high
spatial resolution spectromicroscopy with polarization analysis.

6.14.5.2 Specification of the beamline

Photon flux at the sample; 1012 photons/s in an illuminated area of 10µm× 10µm to achieve
a spatial resolution better than 10 nm. Polarization variable linear and circular (both helic-
ities); photon energy range from 100 to 1500 eV. Photon energy resolution below 100 meV
since the energy resolution of the OMEGA Filter is below 100 meV. The influence of the
time structure in ns-ps range has not yet been investigated, but it would be interesting to
investigate reaction and diffusion processes on surfaces in real time.

6.14.6 High-resolution photoelectron spectroscopy in a wide energy range
High resolution electron spectroscopies provide direct information about the chemical bond-
ing and electronic structure of surfaces and interfaces of complex new materials. The ma-
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Figure 6.14.5: Schematic of the SMART Instrument (Wichtendahl et al., 1998; Schmidt et al., 2003)
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6.14. Variable Polarization XUV Beamline 381

jority of existing beamlines only provide a narrow photon energy range either for studying
valence bands or core levels and absorption edges. At PETRA III it will be possible to
achieve high flux and spectral resolution over a wide range of photon energies permitting
investigations on a single sample with a variety of high resolution spectroscopic techniques.

6.14.6.1 Bulk and surface sensitive momentum-resolved photoemission

Photon energies between 10 and 100 eV are frequently used to directly measure the momen-
tum-resolved electronic band structure of solids with angle-resolved photoelectron spec-
troscopy. The technique is extremely surface sensitive because of the low kinetic energy
of the emitted photoelectrons. For kinetic energies above 1 keV the information depth is no
longer restricted to the topmost surface layers and photoemission becomes more bulk sensi-
tive (Sekiyama et al., 2000; Saitoh et al., 1998). With high resolution state of the art electron
spectrometers momentum resolved simultaneous investigations of both the surface and bulk
electronic structure of materials become feasible. First results indicate that in many mate-
rials there are significant differences between bulk and surface sensitive data (see e.g. Refs
(Irizawa et al., 2002; Iwasaki et al., 2000).

Figure 6.14.6: Angle resolved photoemission spectra of TaS2 showing the opening of the charge den-
sity wave gap upon cooling. Left: Bulk sensitive (hν=800 eV) and right: surface sensitive (hν=21.2
eV) spectra.

Fig. 6.14.6 shows bulk- (left) and surface- (right) sensitive spectra of the charge density wave
(CDW) gap of 1T-TaS2 recorded with photon energies of 800 and 21.2 eV. For the bulk sen-
sitive spectra a large gap of about 250 meV is evident while at the surface only a relatively
small pseudo gap is observed. This example demonstrates the importance of performing bulk
and surface sensitive measurements on the same sample. It is worth noting that the high an-
gle resolution of current electron spectrometers permit momentum-resolved bulk electronic
structure measurements even at photon energies above 1 keV.

It should be mentioned here that over 90% of the experimental photoemission data on high-
temperature superconductors have been recorded with extremely high surface sensitivity at
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382 6. Beamlines and Experimental Stations

photon energies well below 100 eV. Due to large lattice constants in direction perpendicular
to the cleavage planes of these materials not even one complete unit cell is accessed in a
standard photoemission experiment. To investigate the changes in the electronic structure
with sampling depth a high performance soft X-ray beamline covering a photon energy range
from ∼ 100 eV up to 2 keV is required.
The ongoing miniaturization of electronic devices means that their performance is increas-
ingly determined by surface and interface effects. It is thus extremely important to be able
to tune the information depth of the spectroscopic technique on individual samples in situ.

6.14.6.2 Requirements

A high resolution electron spectrometer in conjunction with a wide energy range, high flux,
high brilliance XUV beamline is required. Much progress has been achieved on the electron
spectrometer side, but a high resolution XUV beamline covering a photon energy range from
100 eV up to 2 keV in the first harmonic with linear and circular polarization capabilities is
still lacking. The circular polarization available over a wide photon energy range will be
extremely interesting for studying magnetic interfaces. High flux and brilliance are required
to obtain a high resolution focused monochromatic beam with spot sizes in the range of
several microns in order to measure small samples, individual domains and microstructures.
The proposed beamline will extend the applicability of high-resolution photoemission to
laterally nanostructured samples by exploiting microfocusing and will also provide depth
information via photon energy tunability.

6.14.7 Magnetic spectroscopy

Magnetic properties of nanoparticles and low-dimensional metallic systems are currently of
great interest for high density magnetic data storage, magnetic memories and sensors. Small
metallic nanoclusters, i.e. agglomerates with a well-defined number of atoms, are especially
promising. For isolated clusters it has been shown that they have magnetic properties that
differ both from those of the constituent atoms and from the corresponding bulk material.
Since quantum size effects play an important role in small clusters particular properties can
be tailored by deliberately choosing a specific particle size. Soft X-ray spectroscopic tech-
niques are ideal for investigating magnetism in small particles in a local element-specific
way. The undulator beamlines at third generation synchrotron facilities have demonstrated
the strengths of polarization-dependent measurements to determine independently the local
atom-specific spin and orbital moments. The variable polarization soft X-ray beamline at PE-
TRA III will provide unique opportunities for X-ray magnetic circular dichroism (XMCD)
measurements because the energy range covers all the important transition metal edges. The
unprecedented photon flux will permit studies on highly diluted magnetic systems. Using
XMCD the magnetic structure of thin layers can be studied layer by layer. Magnetization
studies on the PETRA III XUV beamline will include the investigation of magnetic nanos-
tructures, X-ray microscopy, and the study of magnetization dynamics.
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6.14. Variable Polarization XUV Beamline 383

6.14.7.1 Magnetism in nanostructures

Due to the low coverages of the samples most XMCD experiments on magnetic nanostruc-
tures have employed photoabsorption to investigate the unoccupied states. Using sum rules,
spin and orbital moments of the nanostructures can be obtained and it has been shown that
the magnetic properties are strongly size depended (Lau et al., 2002). Fig. 6.14.7 shows the
ratio of orbital and spin moments for small and large Fe clusters deposited on a thin Ni-film
(Lau et al., 2002; Edmonds et al., 1999; Kleibert et al., 2003); small Fe clusters exhibit a
strong variation of the ratio and a strongly enhanced orbital moment.
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Figure 6.14.7: Size dependence of the ratio of orbital and spin moments for small (Lau et al., 2002)
and large (Edmonds et al., 1999; Kleibert et al., 2003) Fe clusters deposited on a thin Ni film.

There is little experimental data available on the magnetic properties of nanostructures. In
future experiments on deposited nanostructure and clusters with sizes ranging from a few
atoms to several thousand atoms are necessary. Investigations of the occupied and unoccu-
pied electronic states using both photoemission and fluorescence spectroscopy will be per-
formed on the XUV-beamline at PETRA III. Measuring the X-ray fluorescence has the big
advantage that the experiments can be performed in high magnetic fields.

6.14.7.2 Requirements

Because of the low fluorescence yield in the XUV region a large photon flux > 5 · 1012

photons/s is needed. The spot size at the sample should be from 0.1× 0.1 to 1× 1 mm2.
The energy resolution should be around 100 meV or better at the L-edges of 3d elements
(400-900 eV). The experimental equipment is usually quite large, so a floor space of at least
2m× 4m is needed for the experiment (without electronics).

6.14.7.3 Microscopy and magnetization dynamics

The high contrast and the element specificity of XMCD can be used for magnetic transmis-
sion X-ray microscopy (M-TXM) on nanostructures. Fig. 6.14.8 shows as an example the
magnetization of a small circular dot. Using the pulsed time structure of the synchrotron in
this experiment the spin dynamics of the vortex structure was studied using M-TXM and a
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pump-probe technique (Fischer et al., 2003). A major advantage of the photon based M-
TXM technique is the potential to record domain structures in applied external magnetic
fields. Imaging can be performed in transmission or using the reflected intensity. Although
the signal in reflection is much smaller than the transmitted intensity the flipping ratio, which
determines the contrast, is just as high (Geissler et al., 2002) and in addition the lateral dis-
tribution of the magnetic roughness at surfaces and interfaces can be investigated. The future
potential to be exploited by M-TXM is magnetic microspectroscopy to address the lateral
distributions of spin and orbital moments on a sub-10nm length scale and achieve complete
information on the spatio-temporal magnetization behavior in low-dimensional systems.

6.14.7.4 Requirements

For these experiments the time structure of the storage ring is important. The ring should run
in a few bunch mode with t = 200− 300 ns between the electron bunches. The length of the
light pulse should be in the order of 10− 30 ps.

Figure 6.14.8: Microscopy and magnetization dynamic of nanostructures on a ps timescale.

6.14.8 Resonant soft X-ray scattering
Soft X-ray emission (SXE) spectroscopy has several advantages over competing techniques
for studying the dynamics and electronic structure of matter. To exploit these advantages
very high brilliance soft X-ray sources are required and SXE spectroscopy has recently un-
dergone a renaissance at third generation synchrotron radiation sources. However, the flux at
presently available beamlines is the limiting factor, making both counting statistics and the
energy resolution inferior to what can be reached in electron spectroscopy. Increasing the
spectral resolution is especially valuable, because the absorption-emission event constitutes
a resonant inelastic scattering (RIXS) process, where the lifetime broadening of the core-
hole state does not contribute to the spectral broadening; hence, the information inherent in
the spectra is only limited by the instrumental resolution. The resolution can be improved
significantly with the high brilliance of the soft X-ray beamline on PETRA III.
The energy region 1-2.5 keV is comparatively unexplored and very few resonant X-ray scat-
tering experiments have been performed to date. The K-edges of Na, Mg, Al, Si, P, S, the
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6.14. Variable Polarization XUV Beamline 385

L-edges of Zn, Ga, Ge, As, Se, Br and the L-edges of the early 4d elements all lie in this
energy range. These elements are particularly important for semiconductor technology and
are key constituents in many novel correlated materials with unusual superconducting and
magnetic properties. This energy range has been little exploited due to the lack of sources
with appropriate brilliance, and to some extent also by the erroneous presumption that the
core hole lifetime width would smear out the spectral features. The soft X-ray beamline
on PETRA III will open the door to this ‘new’ energy range, where RIXS experiments have
enormous potential.
Important features of RIXS include (Kotani & Shin, 2001):

• Large photon penetration lengths -True bulk properties are probed. This is espe-
cially important in complex materials with large unit cells, and in non-conducting
samples where charging effects render electron spectroscopy difficult. Semiconductor
(nano)structures, impurities, interfaces, magnetic (nano)structures and buried struc-
tures can be probed in a non-destructive way. -Liquids can be studied (separated from
UHV by thin windows). Recent results reveal new important information about liquid
water (Guo et al., 2002), and hydrogen bonded solutions (Guo et al., 2003). This is a
new field with applications in electrochemistry, environmental science, pharmacy and
biochemistry. - Gas-phase samples can also be studied using thin window cells and
this is of importance for exploring fundamental aspects of the scattering process.

• Independence of external fields Since the photons are not perturbed by external mag-
netic and electric fields, any spectral field-dependence can be directly related to the
physical process under investigation.

• Local electronic properties Transitions to localized states reveal the density of elec-
tronic states at specific local atomic sites. The data from various edges in complex
materials are complementary and together can give a detailed picture of the electronic
structure.

• Dipole selection rules Dipole transitions are sensitive to angular momentum symmetry
and orbital geometry. This can be further exploited if the incoming radiation has a
well-defined and variable polarization state. Dichroic effects are particularly important
in studies of magnetic systems.

• k-resolution Momentum conservation in the scattering process makes band mapping
feasible. This will become increasingly important in the range above 1 keV, where the
momentum transfer in the scattering process is far from zero: Scattering at variable
and controlled momentum transfer can be studied.

• Femtosecond dynamics The intermediates core hole states have lifetimes on the order
of femtoseconds. Any rearrangement on the same time scale is reflected in the spectra.
The lifetimes generally become shorter with increasing binding energy, making the
1-2.5 keV energy range particularly interesting.

Resonant elastic scattering in the soft X-ray range has recently been used to identify the
spectral features corresponding to various local electronic states in complex compounds and
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the geometrical distribution of the states were determined from accurate measurements of
the angular dependence of the elastic cross section. Resonant elastic scattering at the oxygen
K edge has been used to measure the distribution of doped holes in several cuprate super-
conductors (Abbamonte et al., 2002). This method has great potential, which can be further
exploited at the soft X-ray beamline on PETRA III.
In addition, the large energy-range available at such a beamline would facilitate completely
new types of experiments. For the first time it would be possible to measure anisotropic
EXAFS in the Raman mode (Gel’mukhanov, Plashkevych & Ågren, 2001), a method that
can yield bond-lengths and bond angles in non-ordered samples. For this the tunability over
a large energy range and polarization control are crucial.

6.14.8.1 Requirements

For most of these experiments it is very important that the brilliance of the beam can be fully
exploited to achieve a high flux of photons with controllable energy and polarization state, in
a small spot on the sample. The end-station must be equipped with a refocusing optics that
gives a spot size of less than 0.1 mm in diameter. For the spectral analysis a grating spec-
trometer for the energy range below 1 keV, and crystal spectrometer for the 1-2.5 keV energy
range is needed. There are standard instruments designs available which can be adapted.
For elastic scattering, k-resolved inelastic scattering, and dichroism experiments, the sample
and detector must be able to rotate with high precision around an axis perpendicular to the
primary beam.
The heart of the set-up will be a refocusing optics which can focus on the sample to be an-
alyzed in a grating spectrometer, covering the energy range below 1 keV, or direct the beam
onto a sample to be analyzed in a crystal spectrometer (1-2.5 keV). As the polarization di-
rection can be varied the spectrometers do not have to rotate around the beam (as is common
today). Instead a rotation around an axis perpendicular to the beam is necessary for elastic
scattering, k-resolved inelastic scattering, and dichroism experiments. In addition the usual
sample preparation equipment is needed, including arrangements for heating, cooling and
application of external fields. Moreover, it must be possible to accommodate cells for liquid
and gas-phase studies, with associated differential pumping.

6.14.9 Anomalous soft X-ray diffraction for spectroscopically-resolved
structural studies

Recent theoretical and experimental studies on doped strongly correlated insulators (Birge-
nau & Kastner, 2000; Tokura & Nagaosa, 2000; Orenstein & Millis, 2000; Khomskii &
Sawatzky, 1997) have demonstrated that the intriguing material properties are due to the
strong interplay between spin, orbital, and charge degrees of freedom (Khomskii & Sawatzky,
1997) leading to the formation of new superstructures in the crystal. At length scales of 1-30
nanometers, new phenomena like orbital ordering and phase separation can occur. For ex-
ample, the existence of phase separation and stripes in nickelates and high-Tc cuprates was
predicted theoretically (Zaanen & Gunnarsson, 1989) and confirmed experimentally (Tran-
quada et al., 1994; Tranquada et al., 1995) as illustrated in Fig. 6.14.9.
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6.14. Variable Polarization XUV Beamline 387

These examples strongly suggest that atomic and electronic ordering on a nanometer scale
are quite common in doped strongly correlated systems and that such phenomena may gov-
ern the unusual low energy properties of the materials. Anomalous soft X-ray diffraction
is a unique tool for studying such ordering phenomena since a dramatic enhancement of
Bragg peaks is observed when scanning through the relevant inner-shell absorption edges.
This technique can be used for the study of magnetic films (Dürr et al., 1999). The excita-
tion is highly sensitive to the oxidation state, orbital occupation and spin state of the ions
(Castleton & Altarelli, 2000; Wilkins et al., 2003a; Wilkins et al., 2003b). The assignment
of multiplet components to particular electronic states is well established and provides the
basis for the interpretation of the experimental data. The period of the ordered phases is
usually larger than the lattice constant and matches nicely the wavelength of soft X-ray pho-
tons. The resonant enhancement of the scattering cross section for inner-shell excitation is
extremely large: An enhancement of six orders of magnitude at the M5 resonance observed
in Ho metal makes feasible investigations of ultra-thin films that are not possible at conven-
tional X-ray energies (Schüßler-Langeheine et al., 2001). Resonant soft X-ray diffraction
will greatly advance the understanding of order/disorder phenomena in correlated-electron
systems. The energy-dependence of the scattering cross section provides insight into the
ordering mechanism (Castleton & Altarelli, 2000).

6.14.9.1 Requirements

The energy range required for such experiments is 250 eV up to 2500 eV, covering the car-
bon, nitrogen and oxygen K, the transition-metal L2,3 and the lanthanide M4,5 resonances.
To make use of the strong polarization dependence of the scattering cross section, the undu-
lator should provide variable circular and linear polarization. A well focussed beam with a
spot size on the sample not larger than 0.05 x 0.05 mm2 is needed to study inhomogeneous
samples.

Figure 6.14.9: Stripe ordering in a CuO2 lattice. Charge is largely confined in the dark regions; the
arrows indicate the orientation of the magnetic moment. The stripe is an antiphase boundary of the
antiferromagnetic order. Oxygen ions are not shown (from Ref. (Orenstein & Millis, 2000).
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Figure 6.14.10: a) Brilliance and b) flux of the APPLE II insertion device for circular and horizontal
polarizations.

6.14.10 Beamline description

The 6 GeV energy of PETRA III and its very low emittance of 1 nm rad makes it an excellent
source for a very high resolution and high flux beamline optimized for the energy range 250–
2500 eV.
The source for the proposed beamline is a 5m APPLE II device (Sasaki, 1994) with a mag-
netic period of 63 mm. This device generates 100% horizontally polarized and circular po-
larized light in the first harmonic over the full energy range of the beamline. In the vertically
polarized mode, the lowest photon energy in the first harmonic is 470 eV. The brightness and
flux emitted by the insertion device in the first harmonic for circular and linearly polarized
radiation are shown in Fig. 6.14.10a and Fig. 6.14.10b. The excellent performance can only
be achieved with a full length undulator (5 m, 80 periods, or two 2 m undulator segments,
see Sec. 4.1.6) because the brilliance at a side station is approximately five times lower.
A schematic drawing of the beamline is shown in Fig. 6.14.11. The monochromator is ba-
sically a collimated PGM developed at BESSY (Follath, Senf & Gudat, 1998) and in use at
the ALS (Warwick et al., 2003) and the SLS (Flechsig, Patthey & Quitmann, 2001). The
first optical element is a cylindrical mirror collimating the photon beam in the vertical (dis-
persive) direction and deflecting it horizontally by 2◦. The use of a cylindrical mirror instead
of a toroid provides a larger demagnification in the horizontal direction. The next optical
element is a plane mirror that diverts the central ray to the grating pole.
To achieve a higher reflectivity in its tuning range, the angle of incidence on the mirror is
chosen to be (α− β)/(2 + 0.5), where α is the angle of incidence on the grating and β(< 0)
is the angle of diffraction. The angle between the central ray of the selected energy after the
grating and the beam incident on the plane mirror is 0.5◦. A toroidal mirror, diverting the
beam horizontally by 2◦, focuses in both the horizontal and vertical directions onto the exit
slit. The final focusing at the sample position is achieved with two plane elliptical mirrors
arranged in a Kirkpatrick-Baez (KB) configuration. To achieve a larger demagnification in
the horizontal direction, the first mirror in the KB pair focuses in the vertical direction and
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6.14. Variable Polarization XUV Beamline 389

the second in the horizontal direction. The total demagnification in the horizontal direction
is a factor 28.
The monochromator “resolving power”, calculated with a 1200 l/mm grating, an exit slit
width of 10 µm, and a c value of the monochromator (cos(β)/cos(α)) of 2.2, is given in
Fig. 6.14.12. Slope errors of 0.05” were assumed on the illuminated area of the plane mirror
and on the grating and 0.5” along the sagittal direction in the cylindrical mirror and the toroid.
The limiting contribution to the resolving power at low photon energies is the astigmatic
coma of the toroid and at high photon energies, in decreasing importance, the contribution
from the exit slit, figure errors on the grating, and figure errors on the plane mirror. As
seen in the figure, a resolving power greater than 10000 can be achieved up to 2320 eV. A
higher resolving power could be obtained in the high-energy range if the monochromator
were operated with higher c values, as shown in Fig. 6.14.12.
Fig. 6.14.13 shows ray traces at the exit slit plane for 400 and 400.02 eV when the monochro-
mator is tuned to 400 eV and c = 2.2. The optical elements were assumed to have the figure

Plane

Plane
Grating

Toroid
Plane Elliptical

Source Sample
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Slit

Side View

Top View

Cylindrical

Plane Elliptical

Figure 6.14.11: Schematic drawing of the beamline
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Figure 6.14.12: ”Resolving power” obtained with an exit slit width of 10 µm and with c = 2.2 and
4.0
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errors mentioned above. The ray tracing confirms that a resolving power larger than 20000
is expected at 400 eV.
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Figure 6.14.13: Ray traces at the exit slit for 400 and 400.02 eV.

The spot at the sample position for 400 eV photons has a FWHM of 23 µm× 6 µm (h× v)
and it slightly decreases with increasing photon energies. It is actually dominated by the
assumed figure errors on the optical elements, 0.5” along the tangential direction on the
collimating mirror and on the toroid and 0.2” on the plane elliptical mirrors (Snell et al.,
1996; Jahnke et al., 2002). The flux at the sample position when using a 10 µm exit slit was
calculated after multiplying the values shown in Fig. 6.14.10b) by the grating efficiencies
and mirror reflectivities including a 1 nm RMS surface roughness, and the slit band pass.
The calculations were performed for two 1200 l/mm blazed gratings, one Au-coated with
a 1.4◦ blaze angle and the second Rh-coated with a 1◦ blaze angle. The plane pre-mirror
used with each grating is coated with the same material as the grating. The circular and
horizontal polarized flux expected at the sample position with 10 µm slits is displayed in
Fig. 6.14.14. Within a bandpass of 0.01% typically 1012 photons/sec can be expected at the
sample position. As seen in the figure, the Au-coated grating and plane mirror combination
is advantageous below 680 eV. It is worth pointing out that the monochromator preserves the
source polarization.
The beamline is designed to provide also photon energies down to 50 eV by collecting off
axis radiation emitted by the insertion device. A movable cylindrical mirror will be inserted
after the primary cylindrical mirror to collect the off-axis radiation and send it along the
original optical path. Between 60 and 200 eV a flux of 2× 1010 − 2× 1011 photons/s can be
obtained in a bandpass of 0.01 % at the sample position.
The power absorbed by the first mirror when the ID is tuned to deliver horizontally polarized
light at 250 eV is 1560 W and the absorbed power density is 2.3 W/mm2. The worst case
for the plane pre-mirror is 31 W and 0.16 W/mm2. The power absorbed in the grating is
significantly smaller. In order to maintain the beamline performance, internally cooled single
crystal mirrors will be required for the first two mirrors as well as a cooling arrangement for
the grating.
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Figure 6.14.14: Circularly and linearly polarized flux ( 10 µm slit) expected at the sample position
for the ”resolving power” (20× 103 @ 500 eV - 10× 103 @ 2500 eV) given in Fig. 6.14.12.

6.14.11 Capital investment and personnel
The XUV beamline differs considerably from the X-ray beamlines since a plane grating
monochromator is used for energy selection. All optical elements have to be installed in
UHV-tanks in order to reduce contamination and losses to a minimum level. End stations
and experimental methods for the proposed experiments are rather different amongst each
other. All interest research groups are expected to bring their own experimental set up and
with them.
The total costs for the beamline are estimated to be 1600 ke.

Two beamline scientists, two postdocs, one engineer and one technician are needed for the
construction and operation of the beamline. The construction should be started in 2004.
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392 6. Beamlines and Experimental Stations

6.15 Resonant Scattering Beamline in the Hard X-Ray Regime

Authors and Consultants :

Th. Brückel Institut für Streumethoden, FZ Jülich GmbH, Jülich
D. Lott GKSS Forschungszentrum, Geesthacht
J. Strempfer Max-Planck-Institut für Festkörperforschung, Stuttgart
M. Tischer DESY, Hamburg
P. Wochner Max-Planck-Institut für Metallforschung, Stuttgart
M. v. Zimmermann DESY, Hamburg

A resonant scattering beamline is proposed for experiments taking advantage of absorption
edges in the hard X-ray regime between 2.8 keV and 30 keV. These experiments include
resonant magnetic scattering of both ferro- and antiferromagnets, Templeton scattering and
reflectivity measurements. While resonant magnetic scattering and Templeton scattering are
well established techniques, the combination with a microfocus in the nanometer regime and
the large coherence of the beam obtainable at the PETRA III source give access to new types
of experiments that are not possible today.
Many resonant scattering experiments, in particular XMCD experiments, are nowadays car-
ried out in the soft X-ray range, especially due to the large enhancements at the L-edges of
the technologically and scientifically interesting 3d transition metals. Soft X-ray studies of
magnetic nanostructures have huge scientific potential. However, by using soft X-rays for
bulk studies the experiments suffer from high absorption and a limited Q-range due to the
long wavelength. Here, hard X-rays could be used to overcome these drawbacks with much
higher penetration depths on the order of several micrometers and a wider accessible range
in reciprocal space. With X-ray energies from 2.8 keV to 30 keV the whole range of interest-
ing magnetic elements from the K-absorption edges of the 3d transition metals, the K- and
L- edges of the 4d elements, the L-edges of the 4f to the L- and M-edges of the 5d and 5f
elements is covered.

6.15.1 Introduction: correlated electrons

In condensed matter systems, electrons provide the ”glue” which holds the atoms together.
Their Coulomb interaction together with the fermionic quantum character leads to correlation
phenomena, which are largely not understood. Examples are provided by unconventional
magnetism, non-Fermi liquid behavior, superconductivity, integer and fractional quantum
Hall effect etc. Research on electronic correlations is at the forefront of condensed matter
physics today. On the experimental side, probes are needed that provide detailed space and
time resolved information with additional distinction with respect to electronic band states,
spin, charge, orbital and lattice degrees of freedom as well as to the atomic species. Such
information can be obtained from sophisticated scattering and spectroscopy experiments at
undulator beamlines of third generation synchrotron radiation sources. Examples for major
challenging issues concerned with electronic correlations, which can be tackled by modern
synchrotron radiation experiments, can be summarized as follows:
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6.15. Resonant Scattering Beamline in the Hard X-Ray Regime 393

1. Complex systems and nano-scale magnetism: While in the past mainly homoge-
neous magnetic materials have been studied, the focus is now shifting to composite
materials consisting of structural and electronic and magnetic phases in close spatial
proximity. The discovery of interlayer coupling and the giant magnetoresistance effect
in layered magnetic systems has triggered the field of magneto-electronics or spin-
tronics, where in addition to the electron charge, the electron spin is used to transport,
store and process information. As a consequence, the field of magnetism enjoys an un-
usually strong technological pull, second in condensed matter physics only to that of
semiconductors. However, more complex systems not yet used for applications pose
many unresolved fundamental puzzles. In a top-down approach, artificially patterned
structures consisting of different materials (metals, half-metals, semiconductors, insu-
lators) in close proximity are produced by physical methods such as MBE or sputter-
ing combined with lithography, while in the bottom-up approach self organization is
exploited. Understanding the complex magnetic and electronic phases, the ordering
phenomena and the proximity effects occurring in these materials is a major intellec-
tual challenge. Experimental evidence can be provided with resonant magnetic X-ray
scattering and dichroism experiments, spatially resolved on a sub-micrometer scale.

2. Highly correlated electron systems: Heavy-fermion systems, colossal magnetoresis-
tance materials and high temperature superconductors are posing difficult problems
despite intense research since more than two decades. The strong electron correla-
tions lead to unusual quantum phenomena such as spin, orbital and charge ordering,
metal-insulator transitions, non-Fermi-liquid behavior, or magnetism in close vicin-
ity to superconductivity. Nanoscale phase separation can occur, leading to complex
nanostructures by self-organization. Many of these systems have in common a com-
petition of various degrees of freedom and interactions, leading to an extreme sensi-
tivity to external parameters such as magnetic or electric fields, pressure, composition,
etc. This nonlinear response to small disturbances renders these systems extremely
attractive for applications e.g. as sensors. To resolve the main intellectual problem of
understanding the strong electronic correlations one needs to disentangle the various
ordering phenomena. Anomalous scattering of synchrotron radiation is ideally suited
to study charge order, spin order (resonance exchange scattering), orbital order and
lattice distortions (anisotropic anomalous scattering or Templeton scattering). Since
many of these scattering channels are rather weak compared to conventional charge
scattering, a dedicated undulator beamline with full polarization handling is essential.

6.15.2 Resonant magnetic scattering

The worldwide investment in magnetic devices is 100 billion US-Dollars per year. One of
the areas with the most rapid development is data storage media. Both the storage medium
and the data read out are based on magnetic phenomena. The rapid progress in this area is
demonstrated by the fact that the areal density of data storage grows exponentially in time.
Clearly, materials properties on nano-scale dimensions become increasingly important for
functional devices.
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394 6. Beamlines and Experimental Stations

While it has to be realized that the development of magnetic materials is relatively inde-
pendent of basic research, the understanding of the phenomena is still critical for further
progress. Among these are currently

• magnetic exchange bias
• superparamagnetism and spin dependent tunneling which are both nanoscale phenom-

ena
• non-equilibrium thermal assisted switching

Neutron and X-ray scattering are the only two probes for the magnetic correlation func-
tion of bulk material. For neutrons the magnitude of the magnetic scattering cross section
is comparable to the nuclear one, leading to similar intensities of magnetic and structural
reflections. Despite the relatively low neutron flux, experimental studies of magnetic nanos-
tructures are possible today in grazing incidence geometry. However, in contrast to X-rays,
neutrons cannot provide element specific information.
The magnetic X-ray scattering cross section in the non-resonant limit away from absorption
edges is well understood (Blume, 1985). In contrast to neutron scattering, where the total
magnetic moment is accessible, magnetic X-ray scattering allows one to determine the two
individual contributions of L and S to the magnetic moment. While the intensity of magnetic
scattering is more than 6 orders of magnitude smaller than the one from charge scattering, en-
hancements of the magnetically scattered intensity can be observed near an absorption edge,
termed resonant exchange scattering (Gibbs et al., 1988; Hannon et al., 1988). Since the
resonant scattering process involves transitions from a core level into an empty state above
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Figure 6.15.1: Intensity of the (1 0 0) reflection of Ca2RuO4 as a function of energy at the L2 and
L3 edges of Ru.
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6.15. Resonant Scattering Beamline in the Hard X-Ray Regime 395

the Fermi level, valuable information is obtained about the electronic structure. The scat-
tering cross section depends on the polarization of the incident and scattered beam, making
a well defined polarization of the incident beam and a polarization analysis of the scattered
beam necessary. The main strength of resonant magnetic X-ray scattering is the element-
specificity. The combination of element and band sensitivity allows one to obtain detailed
information on the mechanism of interlayer exchange and proximity effects (Voigt et al.,
2004). Utilizing the resonant scattering technique it has been possible to investigate the
surface magnetism of UO2 and how it differs from the bulk magnetism (Watson et al., 2000).
Compared to neutron scattering the X-ray scattering technique generally offers a high mo-
mentum space resolution, provides element sensitivity and in combination with a micro fo-
cused beam, structures on a nano-scale can be investigated. It is thus an excellent tool for
studies of functional materials as mentioned above. Beyond that, taking advantage of the
large coherence length at PETRA III it will be possible to perform speckle studies to resolve
domain shapes or study the dynamic behavior of glassy systems on a µ-second time scale
employing the time correlation spectroscopy technique.
The L-edges of 4d transition metals as well as the M-edges of the actinides are located at
energies below 4 keV. They are of great interest for the investigation of magnetic properties
of compounds containing these elements, since in both cases large resonance enhancements
are obtained at the respective absorption edges. At the L2/3-edges, the initial states are the
2p1/2 and 2p3/2 states. Dipole transitions probe the d-states, where the electrons responsible
for the magnetic ordering are located. Because of the large overlap integrals between the p
and d levels the scattering amplitude is expected to be similar to the one of the M-edges of
the actinides, where in addition the polarization of the f level is stronger.
The M-edges of Uranium with energies above 3.6 keV can be accessed by several beamlines
at third generation synchrotrons around the world already. Resonance enhancements of up
to 3 orders of magnitude are obtained for uranium and neptunium (Lidström et al., 2000).
The 4d transition metal L-edges can only be accessed by one beamline at the APS, where
the insertion device has been modified accordingly to reach this energy. There, first mea-
surements have shown recently that indeed a resonance enhancement of more than a factor
of 50 is obtained from Ru L-edges (Strempfer et al., 2003) (see Fig. 6.15.1). This opens a
new perspective in investigating compounds containing 4d-transition metals.

6.15.3 Magnetic circular dichroism (XMCD) experiments

Research in the field of magnetic materials has largely benefited from the use of polarization-
modulated X-ray diffraction and spectroscopy techniques. XMCD is an important effect that
is widely used to explore ferro- , ferri- and paramagnetic contributions in a large variety
of materials. XMCD describes the difference in the intensities measured with left and right
circularly polarized light when the X-ray energy is tuned across an absorption edge of a mag-
netic site (Schütz et al., 1987). It provides unique information not readily available via other
methods enabling a quantitative determination of element-specific spin and orbital magnetic
moments. Using XMCD in X-ray scattering geometry, the element-specific sensitivity to the
magnetic moments can be combined with the depth sensitivity of X-ray scattering giving in-
formation about the magnetic spatial spin contributions from different magnetic sites (Chen
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396 6. Beamlines and Experimental Stations

Figure 6.15.2: Charge reflectivity (upper panel) and magnetic reflectivity (lower panel) on a
[Gd(50Å)/Fe(15Å)]15 multilayer. The bottom inset shows the derived interfacial structure (Figure
taken from (Haskel et al., 2001)).

et al., 1990; Kao et al., 1990; Kao et al., 1994; Chakarian et al., 1996; Stöhr, 1999).
The feasibility of XMCD experiments is strongly dependent on the quality of the X-ray
beam: high photon flux with high degree of circular polarization and high beam stability.
Circularly polarized X-rays produced by application of phase plates show close to 100%
circular polarization (Pizzini et al., 1998; Varga et al., 1999; Maruyama et al., 1999). In
addition, the possibility of fast switching between left and right circularly polarized light by
variation of the reflection angle at the phase plate enables one to use lock-in amplifiers to
further reduce the background noise. Effects with maximum XMCD ratios - the difference
in the measured intensities for left and right circularly polarized light divided by its sum - of
smaller than 10−4 will be easily detectable. Thus, measurements of very small magnetic sig-
nals in short data collection times will be possible as e.g. at the K-edges of the 3d transition
metals.
The key scattering techniques taking advantage of the XMCD effect are magnetic X-ray
reflectivity and diffuse magnetic scattering. Magnetic X-ray reflectivity uses the XMCD
effect in the setup of specular X-ray reflectivity and therefore allows to study the magnetiza-
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6.15. Resonant Scattering Beamline in the Hard X-Ray Regime 397

tion profile by distinguishing between different magnetic sites and their spin configurations
(Sève et al., 1999; Jaouen et al., 2002). Fig. 6.15.2 shows an example of a magnetic reflectiv-
ity curve near the Gd L3-edge (Haskel et al., 2001). From the magnetic reflectivity signal the
spin configuration of the Gd atoms at the Gd/Fe interface can be determined. Due to the ex-
cellent properties of the X-ray beam at PETRA III in combination with the proposed design
of the beamline providing sensitivity to very small XMCD effects, a powerful tool for the
characterization of magnetization profiles of magnetic thin films and multilayer structures
will be available. Another important feature is the ability to measure element specific hys-
teresis loops to examine the switching behavior in magnetic materials, e.g. when consisting
of two different magnetic sites as it is the case in exchange bias materials. By variation of
the incident angle, different depths can be probed. This can be important if bulk and surface
magnetic states should be separated (Haskel et al., 2003).
One of the most intense discussed questions in the field of magnetic thin films and multi-
layers is the spin ordering at interfaces, e.g. how the magnetic roughness and correlation
lengths are related to the chemical counterparts (Nelson et al., 1999; Osgood III et al., 1999;
Freeland et al., 1998; MacKay et al., 1996; Kelly IV et al., 2002). Here, diffuse magnetic
scattering is an ideal technique to tackle the task, combining the XMCD effect with standard
rocking curves or other diffuse scattering techniques (Sinha et al., 1988; Salditt, Metzger &
Peisl, 1994). Since the magnetic signal decreases rapidly with increasing parallel momentum
transfer, high photon flux and high sensitivity to the XMCD signal become very important.
Another interesting aspect for using the XMCD effect in the hard X-ray regime is the acces-
sible large Q-space. In principle XMCD measurements in high angle diffraction mode are
possible to access atomic Bragg reflections of magnetic sites and thus probe the ferromag-
netic contributions even down to the atomic level. Finally, one of the outstanding properties
of magnetic X-ray techniques is the possibility to distinguish between orbital and spin mo-
ments by applying sum rules to the measured MCD spectra (Thole et al., 1992; Carra et al.,
1993; Chen et al., 1995; Wu & Freeman, 1994).

6.15.4 Templeton scattering

Resonant X-ray scattering (RXS) at absorption edges not only provides access to the sub-
tleties of microscopic magnetism. In recent years many experiments have shown, that RXS
allows the investigation of charge, spin and orbital degrees of freedom even in a single exper-
iment (Paolasini et al., 2002; Caciuffo et al., 2002). Especially for systems where the ground
state properties reflect a delicate balance between several different correlated processes, this
technique can be of crucial importance.
In a resonant scattering experiment the photon energy is tuned to an absorption edge so
as to excite virtual electric multipole transitions between a core state and an intermediate
bound state above the Fermi level. If the symmetry of the intermediate state is lowered and
aligned by interactions (chemical bonding, Jahn-Teller effect, magnetic, multipolar etc.) the
scattering becomes dependent on the polarization of the incident and scattered beam, and
the atomic scattering factor is no longer a scalar but becomes a tensor and the diffraction
may exhibit birefringence (Templeton scattering). In addition, when the resonating atoms
exist in an anisotropic crystalline environment and they occur with more than one molecular
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398 6. Beamlines and Experimental Stations

orientation, glide-plane and screw-axis forbidden reflections may become observable, since
crystallographically equivalent atoms do not have exactly the same scattering power. Ex-
perimentally, the symmetry of the form factor can be efficiently probed with an azimuthal
scan, a rotation around the scattering vector. For a direct determination of the origin of the
anisotropic chemical environment, the intermediate state probed by the resonance should
ideally be the same as the states which directly drive the order. If this condition is sat-
isfied, RXS is the only method to probe directly orbital order, e.g., in 3d transition metal
oxides (Wilkins et al., 2003b), or quadrupolar ordering, e.g., of 5f U moments in UPd3 (Mc-
Morrow et al., 2001). Conventional probes, like neutron scattering or non-resonant X-ray
scattering etc., do not couple to quadrupole moments and, therefore, quadrupole order can
be revealed only indirectly (e.g., via accompanying lattice distortions). To determine orbital
order conventionally, in principle a full structural refinement is required with the resolution
of a fraction of an electron unit. The observation of Templeton scattering in 3d transition
metal oxides, e.g. LaMnO3 (Murakami et al., 1998a), La1.5Sr0.5MnO3 (Murakami et al.,
1998b), YTiO3 (Nakao et al., 2002), KCuF3 (Paolasini et al., 2002; Caciuffo et al., 2002) or
V2O3 (Paolasini et al., 1999), generated appreciable excitement, especially with the prospect
as a promising new tool for the study of orbital order in these highly topical systems. In these
experiments the K-edge resonance was excited. Therefore, the 4p intermediate states probed
by the resonance were not the same as the 3d states which directly drive the order. Up to
now it is intensely discussed if the observed anisotropies are caused by a direct or an indirect
mechanism. Only in the case of V2O3, based on symmetry arguments, there seems to be a
consensus that the observed resonances are directly related to orbital order. But generally,
there are no doubts that orbital order is driving most of the observations and that Templeton
scattering is a valuable tool for the determination of the orbital order configuration, corre-
lation length and temperature dependences. Similarly, experiments on quadrupolar order in
4f systems have relied mainly on investigating the induced order in the 5d bands and not
directly as in the 5f system UPd3.
In many doped 3d transition metal oxides, charge order develops in which the transition
metal ions become crystallographically non-equivalent due to valence fluctuations. Using
the resonant scattering technique, the valence contrast can be greatly enhanced. Often charge
and orbital order are strongly coupled giving also rise to anisotropic anomalous scattering on
charge order reflections.
The utilization of the anisotropic anomalous dispersion of the Templeton scattering can also
enhance the power of the MAD-method to solve the phase problem in crystallography. Using
azimuthal scans, phase information can be obtained from a single wavelength experiment by
a change of the effective anomalous scattering.
As mentioned above, the anisotropic anomalous dispersion leads to an anisotropic index of
refraction, energy-dependent birefringence and dichroism, which can be used, e.g., for the
study of ferroelectrics.
On the other hand, high resolution diffraction has been used to observe correlation effects
of a sliding charge density wave (Danneau et al., 2002). Combining the resonant scattering
technique with coherent scattering and time correlation spectroscopy would give new in-
sights in such phenomena and are of great technological interest for electro-optical switches
and memory (Ogawa & Miyano, 2002).
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Figure 6.15.3: Schematic layout of the resonant scattering beamline at PETRA III.

6.15.5 Beamline design

The beamline requires a 5 m long undulator to bring a photon flux of at least 1013 pho-
tons/s/0.01%BW within a spot of below 100µm in diameter, while preserving the high de-
gree of horizontal polarization and rejecting photons from higher harmonics. The instru-
mentation should be optimized for diffraction type experiments. A sketch of the proposed
beamline is shown in Fig. 6.15.3. Examples for similar existing experimental stations on
other sources are ID20 and XMAS at the ESRF, X22-C and X-25 at the NSLS, 9ID-B, 6ID-
B and 4ID-D at the APS, 4C and 16A2 at the Photon Factory, KEK, BL39XU and BL22XU
at SPring-8. The design of the resonant scattering beamline at PETRA III is guided by the
following criteria :
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400 6. Beamlines and Experimental Stations

6.15.5.1 Energy tunability

The energy tunability should be from 2.8 keV - 30 keV, covering most of the absorption edges
in the hard X-ray regime. This includes the K-edges of transition metals, the L-edges of the
rare earth elements and the M-edges of the actinides. The beamline shall be optimized for
the range of 3.4 keV - 16 keV. The energy resolution of the incident beam should match a
typical core hole life time, which is around ∆E = 1 eV. That will be achieved with a liquid
nitrogen cooled Si(111) double crystal monochromator. The Darwin width of this reflection
(26µrad at 10 keV) is significantly larger than the vertical divergence of the incident beam
of 5.2µrad. For high resolution spectroscopic applications a high resolution monochromator
with an energy resolution of around 0.2 eV can be added in the monochromatic beam on
demand. This will be a fixed exit four-bounce monochromator.
To access the low energy range down to 2.8 keV the beamline should be designed window-
less. To avoid absorption, the beam-paths to the sample and from the sample into the detector
have to be evacuated.

6.15.5.2 Harmonic rejection

Crucial for the performance of the resonant scattering beamline will be the reduction of
higher harmonics in the monochromatic beam. The intensity of the smallest measurable
reflections can be 1010 times smaller than the main reflections, thus the number of photons
in the higher harmonics Ih should compare to the number of photons of the fundamental
wavelength I0 like Ih/I0 ∼ 10−10. This high harmonic suppression will be achieved by a
combination of energy dispersive devices :
First, the use of a quasi periodic undulator (Sasaki et al., 1995) would reduce the intensity
at harmonic wavelengths by two orders of magnitude compared to a conventional undulator
device (Sec. 4.1.7). In the ideal case the higher harmonics of a quasi-periodic undulator
appear at non rational multiples of the fundamental wavelength. However, in combination
with a monochromator tuned to the fundamental wavelength, the wavelength at non rational
harmonics are not reflected and thus highly suppressed. Only the residual intensity at rational
multiple wavelength will be reflected, which is, however, two orders of magnitude smaller
than the fundamental wavelength.
Second, a mirror tuned to just below the critical angle reduces the harmonic contamination
by a factor between 10−2 and 10−3, while having a high reflectivity for the fundamental of
about 95 %. A pair of vertical mirrors and a single horizontal mirror (which will be also used
to focus the beam on the sample, see below) would reduce the harmonic contamination to
10−6 to 10−9.
Third, an energy dispersive solid state detector is able to discriminate harmonic contamina-
tion by a factor 10−1 to 10−2. Combining the quasi-periodic undulator with three mirrors
and an energy dispersive detector a harmonic suppression of a factors of 10−9 − 10−10 is
obtained. Further possibilities for the reduction of higher harmonics would be the detuning
of one of the monochromator crystals or the use of a multilayer mirror. Neither of these
methods is taken into account since both of these result in a reduced intensity on the sample.
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6.15. Resonant Scattering Beamline in the Hard X-Ray Regime 401

6.15.5.3 Polarization

For polarization resolved measurements the degree of polarization of the incident beam on
the sample is of critical importance. This concerns both the linear polarization and the cir-
cular polarization. An undulator source at PETRA III will provide a 99.99 % σ - polarized
beam. To preserve the linear polarization all optical elements like mirrors and monochro-
mators should scatter in the vertical direction, except for one horizontal focusing/harmonic
rejection mirror.
Circular polarization will be obtained by the use of a quarter wave plate (Golovchenko et al.,
1986). In the hard X-ray range, the use of quarter wave plates has proven to be superior to a
variable polarization insertion device (Lang, Srajer & Dejus, 1996). With quarter wave plates
a degree of circular polarization of 99 % percent can be obtained at third generation sources.
Generally, the smaller the incident beam divergence, the better the degree of polarization.
To minimize the horizontal and vertical divergence (note that the scattering plane of the
phase plate is tilted by 45◦, therefore both vertical and horizontal divergences need to be
minimized) a high-β section will be required. Furthermore, switching rates of a few kHz
between left and right circular polarization are possible with these devices (Pizzini et al.,
1998). In contrast, typical switching rates for variable polarization insertion devices are in
the order of a few Hz, and the efficiency for circular polarization is rather small. Finally, the
source point for left- and right-circular polarization of a switching insertion device might be
different, which, combined with the high Q-space resolution, makes XMCD-measurements
in diffraction geometry impossible.
The phase retarder can also be used as a half wave plate providing a linear π-polarized
beam (Ishikawa et al., 1992). This is of importance when the sample environment (e.g., a
cryogenically cooled high field magnet) requires a horizontal scattering geometry.

6.15.5.4 Focus and divergence

Without compromising the intensity, the polarization properties and the harmonic rejection,
a vertical and horizontal focus of about 10µm each should be achieved by mirrors. A vertical
double mirror in a 1:1 focusing scheme provides a fixed exit and does not increase the vertical
divergence. This double mirror is also used for harmonic rejection. A single horizontal
focusing mirror with a mapping ratio of 20:1, about 3 m in front of the sample is used to
limit the horizontal offset to a few centimeters. Here a horizontal spot size of 10µm with a
divergence of 0.3 mrad will be achieved. This horizontal mirror can be removed if a small
horizontal divergence is required.

6.15.5.5 Diffractometer

Two experimental stations are envisioned, such that one experiment can be prepared in one
hutch while another one is running in the other hutch. To accommodate the diffractometers
with 2 m arms in the hutches, the hutch length should be 7 m. A height of 5 m is required to be
able to change samples in liquid He cooled cryostats. Each hutch contains one diffractome-
ter. The first hutch hosts an 8-circle diffractometer for vertical and horizontal scattering.
A horizontal scattering diffractometer will be placed in the second hutch. This horizontal
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402 6. Beamlines and Experimental Stations

diffractometer will be able to carry high loads up to 500 kg and has to be fabricated out
of non-magnetic material so that a high-field magnet can be operated. Both diffractome-
ters are equipped with polarization analyzers and shall be capable to perform ψ-scans (scan
around the scattering vector). Various detectors will be needed, i.e., an area detector to sur-
vey large parts of reciprocal space, a solid state detector with sufficient energy resolution
(see Sect. 6.15.5.2) and a detector optimized for a large dynamic range. For the detection of
modulated signals lock-in amplifiers are foreseen.

6.15.5.6 Further options

Instrumentation well suited for studies of magnetic materials and correlated electron systems
are:

• A high field magnet. Split pair magnets are able to achieve persistent fields of 15 T.
• An ultra low-temperature 3He cryostat to access the temperature regime down to milli-

Kelvin, which is unexplored by X-rays. The combination of high magnetic fields with
ultra low temperatures would be ideal.

• An option to micro focus the beam with KB mirrors or lenses close to the sample.
• An option to use the large transverse coherence of the PETRA III source for coherent

scattering experiments, like speckle or time correlation spectroscopy.

6.15.5.7 Environments

Stability is generally a critical issue, thus a temperature stability of better than 1◦ is required
in all experimental and optical hutches. A topping up injection mode with a current variation
less than 10 % would enhance the stability of the optical components. For the preparation
of samples and sample environment laboratory space with direct access to the beamline is
needed. The sample to source distance is uncritical.

6.15.5.8 Implications of side station

In order to preserve the high degree of polarization it is essential that the sample is located in
a straight line to the undulator source and that the reflections of all optical components utilize
a vertical scattering plane. The only exceptions are the phase retarder and the removable hor-
izontally focusing mirror. A horizontal deflection of the beam would affect the polarization
properties negatively. The instrumentation in the experimental hutches, i.e., both diffrac-
tometers, do not allow another beam pipe passing through the hutch within the radius of
their respective two-theta arms of approximately two meters from the sample. The undulator
gap needs to be adjustable to experimental requirements which are given by the absorption
edges of the studied compounds. The reduced intensity provided by a 2 m undulator, about
a factor of three smaller compared to a 5 m undulator, could be compensated only by an
increase in the data acquisition time of the same amount provided a sufficient stability of the
machine and the optical components. However, for the proposed time dependent studies this
is not possible and the accessible dynamic range will be more limited.
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6.15. Resonant Scattering Beamline in the Hard X-Ray Regime 403

6.15.5.9 Combination with other end stations

In order to extend capabilities and broaden the user community for the proposed beamline, a
combination with resonant inelastic scattering experiments with an energy resolution in the
range of 0.1 eV for both monochromator and analyzer is suggested. The additional instru-
mentation for such experiments will be a high energy resolution analyzer.
Studies of electronic excitations by means of inelastic X-ray scattering experienced tremen-
dous progress in recent years. This technique probes the dynamic structure factor S(q, ω).
Unlike Raman scattering, which is bound to zero momentum transfer, the whole Brillouin
zone can be accessed. Thus it is complementary to electron energy loss spectroscopy. How-
ever, the resonance process is not yet completely understood. The first experiment employing
this technique was performed on NiO and resonant enhancements of the charge-transfer ex-
citation of two orders of magnitudes were found (Kao et al., 1996). The technique allows
one to study the dispersion of the charge transfer gap and the propagation of holes (Hasan
et al., 2000). Orbital excitations, d-d transitions which are forbidden in the non-resonant
case, have been studied in manganite compounds (Inami et al., 2003).
The resonant inelastic X-ray scattering requires the energy tunability foreseen for the pro-
posed beamline and would gain from the high degree of polarization and the high rejection of
higher harmonic contamination. Furthermore it would benefit from circular polarized light,
an option that is not available on any other source presently.

6.15.6 Capital investment and personnel
The total capital investment for the experimental endstations amounts to 2110 ke not includ-
ing 800 ke for a 15 T magnet.
Personnel: 2 Scientists, 1 Engineer, 1 Technician
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6.16 Integrated Proposal by the European Molecular Bi-
ology Laboratory for Beam Lines at the PETRA III
Storage Ring

6.16.1 Introduction
Authors: Matthias Wilmanns, Christoph Hermes, Victor Lamzin,

Wolfram Meyer-Klaucke, Dmitri Svergun & Paul Tucker
Address: EMBL c/o DESY, Notkestrasse 85, D-22603 Hamburg, Germany

6.16.1.1 Summary

The European Molecular Biology Laboratory (EMBL) presents a proposal to build and oper-
ate synchrotron radiation beamlines and/or experimental stations in life sciences at the ded-
icated PETRA III storage ring. The document comprises detailed proposals for beamlines
in Biological Macromolecular X-ray Crystallography (MX) in Biological X-ray Scattering
(SAXS) and Biological X-ray Absorption Spectroscopy (XAS).

6.16.1.2 Past achievements in provision of synchrotron radiation beam line facilities
at the DORIS storage ring

The EMBL-Hamburg Outstation has thirty years of experience in the provision of syn-
chrotron radiation beamlines in life sciences at the DORIS storage ring and in research activ-
ities that are associated with the experiments at these beamlines. The basis of these activities
has been the provision of synchrotron radiation by the Deutsches Elektronen-Synchrotron
(DESY) free of charge. The experimental end-stations including all beamline optics ‘behind
the beryllium window’ (i.e. proximal to the end-stations) have been designed, built and are
being maintained by EMBL.
While during the first two decades the amount of activities in MX, SAXS and XAS was
comparable, the reconfiguration of the DORIS ring into a dedicated source and the addition
of the bypass with seven wiggler stations in 1992 permitted a massive increase of experi-
ments, particularly in MX. During the last ten years three additional MX beamlines (BW7A,
BW7B, X13) were completed bringing the total number of EMBL beamlines to seven, in
addition to the already existing ones (X11 and X31, MX; X33, SAXS; EXAFS; XAS). An
eighth, energy-tunable beamline (X12, MX) is currently being commissioned.
The infrastructure of these beamlines is complemented by the EMBL building (25A) that
has been extended by an additional floor in 2002. It hosts a molecular and biochemistry lab-
oratory with about 40 experimental benches, a scientific library, a computer department, an
administrative section and office space for about 80 staff and fellows, including some lim-
ited facilities for external users. The locally available EMBL infrastructure is integrated into
the unique multiple-site structure of EMBL with its head quarters in Heidelberg (Germany)
and further units in Hinxton Hall / Cambridge (UK), Grenoble (France) and Monterotondo
/ Rome (Italy). Various research opportunities and services from these units are directly
available to the EMBL-Hamburg Outstation.
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6.16. EMBL Proposals for Structural Biology Beamlines 405

While the EMBL-Hamburg facilities were typically used by about 50-100 users per annum
during the first two decades these numbers boosted during the late 90ties to 400-500 user
visits per year. During these years, in MX more than 10 % of the X-ray structures of bi-
ological macromolecules world-wide that were collected using synchrotron radiation and
deposited in the Protein Data Bank (PDB) originated from experiments at EMBL-Hamburg
beamlines - this is the largest contribution from an European synchrotron facility. We es-
timate that the world-wide share of SAXS and XAS data from EMBL-Hamburg, although
no systematic statistics are available, are within comparable range. More recently, the two
new 3rd generation synchrotron facilities in the US (APS) and Europe (ESRF) are generally
taking the lead.
At present, the EMBL-Hamburg facilities are used for about 300 external research projects
per annum, of which most are from countries in Europe. While in biological MX most of the
external research groups are applying for beam time at more than one synchrotron radiation
facility in parallel and their projects are generally not in collaboration with EMBL-Hamburg
scientific staff, most of the external SAXS and XAS experiments are in collaboration with
the respective research teams at EMBL-Hamburg. In response to the flexible needs for ex-
periments in MX, an electronic beamtime booking system was introduced in 2001. Most of
the present efforts are directed towards improvements of user friendliness, inter-operability,
automation and increase of throughput at the available EMBL beamlines. Recent and present
highlights are the provision of software packages for automatic data interpretation in MX and
SAXS and the implementation of a robot for sample changing at one of the MX beamlines.
Core resources for the present operation of the EMBL-Hamburg beamlines come from gen-
eral funding of EMBL by its member states (Austria, Belgium, Denmark, Finland, France,
Germany, Greece, Ireland, Israel, Italy, The Netherlands, Norway, Portugal, Spain, Sweden,
Switzerland, United Kingdom). They primarily cover the provision of required infrastruc-
tures and staff devoted to the scientific and technical support of these activities. During
the last decade, access of external users was supported by schemes set up by the European
Union for transnational access to infrastructures within its member and associated states.
The present infrastructures have also benefited from several research project grants that have
been associated with specific beamline activities. At present, the EMBL-Hamburg Out-
station participates in / coordinates three major structural proteomics grants (two from the
European Union, one from the German Ministry for Science and Education). For the last two
years, some beamtime at the EMBL-Hamburg beamlines were used by industrial users. An
academic consortium, formed by the Institute for Molecular Biotechnology (IMB) Jena, Ger-
many, and the University of Hamburg, Germany, have substantially invested into the most
recent MX beamline X13 at the DORIS storage ring.

6.16.1.3 Future life science oriented synchrotron radiation beamlines and experimen-
tal stations at the PETRA III storage ring

Having the opportunity to build state-of-the-art synchrotron radiation beamlines for applica-
tions in life sciences will be central and essential for future activities of the EMBL-Hamburg
Outstation. Our proposal is guided by the aims to tightly integrate the provision of com-
plementary structural biology techniques that are associated with synchrotron radiation and
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406 6. Beamlines and Experimental Stations

interdisciplinary research opportunities. The present proposal is limited to techniques that
have been established in Hamburg (MX, SAXS, XAS), however, keeping options open to
move into novel research methods and areas allowing the determination of structures, shapes
and images of biological entities and their structural dynamics associated with biological
processes. A key component of the future PETRA III beamline research activities in struc-
tural biology will be the establishment of an experimental platform to accumulate expertise
and to develop novel experiments for the X-ray Free Electron Laser facility that DESY is
planning to set up, exploiting its expected unique specific properties such as coherence, time
structure and intensity.
The EMBL-Hamburg Outstation proposes to make use of the last two straight sections at the
dedicated PETRA III storage ring (sections 8 and 9) and to build experimental stations in bio-
logical SAXS and MX (Fig. 6.16.1). For biological XAS, we propose a flexible experimental
station, which may be combined with related beamline activities by HASYLAB/DESY or
other research institutes. We wish to have this station at section 7, thus allowing usage of
facilities shared with biological SAXS and MX. In order to make effective and synergistic
use of these facilities and to promote their integration we are proposing a joint research area
for life sciences. In essence, such joint facility could provide an integrated format for bio-
logical sample preparation, on-line data processing and interpretation, and common service
logistics (see below). It may serve as a common platform to promote combined approaches
using different and complementary structural biology techniques associated with the avail-
ability of synchrotron radiation.

Common area for biological sample preparation

There is wide consensus that today the rate limiting step in structural biology is in the prepa-
ration of biological samples suitable for subsequent experiments using synchrotron radiation.
In X-ray crystallography, in addition the availability of crystals with sufficient diffraction
properties is an essential requirement. Achieving these goals becomes even more demanding
when moving to large multi-component assemblies and integral membrane proteins. Com-
mon to all suggested experimental structural biology techniques, is the availability of biolog-
ical samples that are homogeneously associated and can be obtained in concentrations in the
mM range. Therefore, it will be essential to interface the future EMBL beamline facilities
with a common area for sample preparation, characterization and crystallization.
Sample purification: The proposed infrastructure will provide facilities that will allow pu-
rification steps that lead to pure samples with measurable feasibility for structural biology
experiments. These steps will require equipment primarily suitable for affinity and size ex-
clusion chromatography. Any preceding steps for initial sample preparation (cloning, het-
erologous expression in prokaryotic and eukaryotic hosts as well as cell free expression sys-
tems, initial purification steps) are expected to be carried out elsewhere, either in laboratories
of external visitors or within the existing infrastructure of the EMBL-Hamburg Outstation
building 25A.
Sample characterization: The proposed infrastructure will provide equipment to charac-
terize the purity and the biophysical status of biological samples by electrophoretic methods
(SDS-PAGE, native electrophoresis, isoelectric focusing), by scattering methods (dynamic
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6.16. EMBL Proposals for Structural Biology Beamlines 407

light scattering), by sedimentation methods (analytic ultracentrifugation), spectroscopy meth-
ods (absorption, fluorescence emission, circular dichroism) and by the application of diag-
nostic tools for precise identification of probe compositions such as mass spectrometry. In
addition, we are proposing to provide specific equipment for the analysis of protein-ligand
interactions (proteins, DNA/RNA, lipids, other biological molecules), considering the antici-
pated increasing demands to provide structural biology solutions for biological complexes as
opposed to single molecules. For this, we are proposing to provide equipment for isothermal
micro-calorimetry measurements and plasmon resonance measurements.

High-throughput crystallization: It is proposed to interface the biological MX beamlines
with the high-throughput crystallization facility which is currently being planned to be ini-
tially set up in a separate building that is owned by DESY (Building 3). The major com-
ponents of this facility will be robotics for solution mixing and drop dispensing, storage of
crystallization trays, automated visualization of experiments, interpretation and scoring. We
are planning to offer this novel facility to the external user community comparable to the
present offer of synchrotron radiation beamline facilities. Once the crystallization facility
moves into the vicinity of future PETRA III MX beamlines, we plan to establish an interface

Figure 6.16.1: Schematic layout of proposed EMBL experimental stations on PETRA III.

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



408 6. Beamlines and Experimental Stations

for automatic crystal transfer to those beamlines to perform test diffraction experiments as
the second step of crystal ‘visualization’ determining their feasibility for X-ray structure de-
termination. Given that for the presently most complex experiments in X-ray crystallography
such as the ribosome or multi-component signalling complexes often thousands of crystals
needed to be tested, such automated pipeline for crystal feasibility assessment may become
a pivotal element in future experiments.
There will be 50 m2 laboratory space available for each sample purification, sample charac-
terization and for high-throughput crystallization.

On-line data acquisition, processing and interpretation

It is anticipated that packages for the automatic interpretation of experiment data acquired
at the PETRA III beamlines will be available, based on past and present developments such
as ARP/wARP (MX) and ATSAS (SAXS). We propose a joint infrastructure with sufficient
work space to carry out simultaneous work by ten scientists. The working area may also
be used for training and teaching purposes. It will be equipped with computers suitable for
graphics based data processing and interpretations and document processing. About 80 m2

of office space is foreseen.

General services

Although we do expect to keep most of our current central services within the present build-
ing (25A), there will be limited requirement for the provision of a computer infrastructure,
safety instructions and administration. For this purpose about 50 m2 of office space will be
allocated.

Facility for sample handling and X-ray measurements at the S3 security level (future
extension)

We propose to keep an option for one of the proposed MX beamlines to make it available
for biological samples requiring S3 safety level. Although the actual construction of such
facility is not a part of this proposal we wish already at this stage to make an allowance for an
extension of a beam pipe into an S3 containment building where diffraction experiments on
pathogenic organisms could be performed under the required safety regime. For this facility
about 200 m2 of additional laboratory space outside of the experimental hall but close the the
protein crystallography beamlines is foreseen.

6.16.1.4 Support for present operation and proposal for future support

The EMBL-Hamburg proposal for PETRA III beamlines is based on the consideration that,
after an intermediate phase of parallel operation of beamlines at DORIS and PETRA III,
future operation of PETRA III beamlines will be possible with a funding scheme that is
comparable to the present one. However, the design and the construction of these beamlines
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6.16. EMBL Proposals for Structural Biology Beamlines 409

will require capital investments that are estimated to be in the order of 16.3 Me.
In the context of a recent application to the European Union in spring 2003, the EMBL-
Hamburg Outstation has received written support from a total of 83 research institutes that
are situated in Europe and Israel. These institutes constitute a large fraction of the EMBL-
Hamburg user community. Given the superior parameters calculated for beamlines at the
PETRA III storage ring, we anticipate that there will be even wider interest, including re-
search groups that are not yet part of the EMBL-Hamburg user community.
Building on previous models and experience from partnerships associated with the present
DORIS beamlines, the EMBL-Hamburg Outstation is also keen to establish new partnerships
with academic and industrial consortia for future beamlines at the PETRA III storage ring.
At present, research centers from the Helmholtz Society and Aventis Pharma have expressed
interest to become putative partners. We anticipate, that once a formal proposal has been
made, more opportunities for partnerships will emerge. EMBL-Hamburg will develop own
activities for seeking such partnerships.

6.16.2 Biological macromolecular X-ray crystallography beamlines
Authors: Victor Lamzin, Christoph Hermes, Santhosh Panjikar, Ehmke Pohl,

Alexander Popov, Andrea Schmidt, Paul Tucker, Manfred Weiss,
Matthias Wilmanns

External advisors:
Zigniew Dauter BNL, Upton, USA
Andrew Leslie LMB Cambridge, UK
Sean McSweeney ESRF, Grenoble, France
Uwe Müller BESSY, Berlin, Germany
Gerd Rosenbaum APS, Chicago, USA
Andrew Thompson SOLEIL, Gif-sur-Yvette, France

6.16.2.1 Present and future challenges for biological crystallography

Over the last fifty years (Dennis & Campbell, 2003 further references within), biological
X-ray crystallography has evolved into an advanced field of life sciences and has provided
unprecedented structural insight into three-dimensional molecular information of compli-
cated biological processes such as oxygen transport, muscle contraction, replication of genes,
immune response, biological energy conversion, photosynthesis, viral assembly, protein syn-
thesis and signal transduction. Knowledge of spatial structures has allowed to delineate the
molecular origins for diseases such as cancer, autoimmune diseases and microbial infec-
tions. The performance and contribution of biological X-ray crystallography can be readily
assessed by the number of new structures being deposited in the PDB, which is increasing at
a nearly exponential rate. Coupled to this, the growth in a demand for synchrotron radiation
beamlines for macromolecular crystallographic experiments has risen substantially both in
absolute numbers and in overall proportion. More than 80 % of PDB depositions quote the
use of synchrotron beamlines thus reflecting the superiority of X-ray data from synchrotron
sources (Minor, Tomchick & Otwinowski, 2000).
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410 6. Beamlines and Experimental Stations

Our aim is to provide synchrotron radiation beam time for macromolecular crystallography
(MX) at the future PETRA III storage ring to the international user community, by offering
state-of-the-art beamlines both for already established technologies (small crystals requiring
microfocusing, phasing requiring energy tunability) and emerging or even novel applica-
tions (time resolved studies, novel phasing methods, ultra-high resolution, remote and high-
throughput operations). Clearly, the provision of such new beamline facilities at PETRA III
will require developments in X-ray structure analysis methods at a comparable scale. We in-
tend to adapt the currently used successful model of independent assessment of the scientific
quality of the applications and performed experiments. As a complement to this, we aim
to maintain our tradition in training and teaching that are primarily targeted towards young
researchers from the community. We also anticipate that the ongoing and future advances in
technology and increased throughput in structure determination will create an unprecedented
demand of remote operation of the experiments (Smith, 2003). A number of important areas
of biology, representing the most demanding challenges in X-ray crystallography and pro-
viding a framework for future applications at PETRA III MX beamlines, are outlined below.
Molecular machines and large assemblies: In recent years, crystal structures of large bio-
logical complexes have unravelled some of the most fundamental processes in biology, such
as transcription (polymerase) and translation (ribosome), import and export across mem-
branes, and the degradation machinery by the proteasome (further citations, see: Huber,
1989; Johnson & Chiu, 2002; Yonath, 2002; Saenger, Jordan & Krauss, 2002; Harrison,
2003). Some of these complexes are integrated into biological membranes, such as photo-
systems I and II, the light harvesting complexes, the photo reaction center and some of the
complexes of the respiratory chain. At present, the largest structures, though bearing internal
symmetry, are from - in part complete - viral assemblies. Some of these structures have im-
posed unprecedented challenges in terms of the size of available crystals, which may be low
as a few microns only (Gluehmann et al., 2001; Abola et al., 2000) and unit cell dimensions,
in a few cases even exceeding 1,000 Å (Stuart et al., 2002). Many of these projects have
only become feasible with the recent availability of the highest brilliance beamlines at 3rd

generation synchrotron sources.
Structure based drug discovery: Rational drug design is a process that bases the develop-
ment of a drug upon the structure of its protein target (Kuhn et al., 2002). Most pharmaceu-
tical companies and some specialized biotech companies such as Astex, Syrrx and Structural
GenomiX are employing this approach for their drug discovery pipelines and have become a
significant part of the synchrotron user community. A prototype example has been the work
on inhibitors of the HIV protease for finding new drugs against AIDS (Wlodawer, 2002). Al-
though most of these approaches have been focused on small, soluble protein targets, recent
advances have extended them to targets of much higher complexity, such as the ribosome
(Knowles et al., 2002).
Structural Proteomics: The availability of a rapidly increasing number of genome se-
quences from a wide range of organisms has revolutionized research in life sciences and
has ultimately allowed to study biological processes at complete genomic (or proteomic)
scale. During the last five years a number of large-scale structural proteomics initiatives has
been formed. The common aim of these initiatives is to advance parallel, high-throughput
technologies in experimental structural biology and to use them for a large number of struc-
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6.16. EMBL Proposals for Structural Biology Beamlines 411

ture determinations of a proteome. While some of the early structural proteomics initiatives
have have been aiming for a complete knowledge of the “fold space” (Heinemann et al.,
2000), more recent projects attempt to make the structures useful for unravelling the molec-
ular basis of biological processes (Burley & Bonanno, 2002; Sali et al., 2003) and to apply
them for structure-based drug discovery screening approaches (Buchanan, 2002). A novel
direction in structural proteomics oriented research emerges from recent developments and
applications of experimental high-throughput methods to systematically identify and to char-
acterize protein-ligand complexes within the proteomes of living organisms (Gavin et al.,
2002). Some recent attempts to utilize this novel information, initially for a systematic low
resolution imaging of these protein-protein complexes (Aloy et al., 2002), have displayed its
large potential for structural proteomics on protein-ligand (protein) complexes.
Time-resolved X-ray studies and structural dynamics: In order to use the structures of
the biological macromolecules as tools to understand their functions in biology, it is essen-
tial to investigate the dynamic changes of their structures associated with these processes.
Over the last two decades, an arsenal of crystallographic methods has been developed, rang-
ing from monochromatic to polychromatic Laue applications (Hajdu et al., 2000; Moffat,
2001). These methods require high intensity and energy tunable synchrotron radiation, per-
mitting an experiment time regime that synchronizes with the reaction kinetics associated
with, and the complementary application of spectroscopy and laser techniques, triggering
and terminating reactions with at precise time intervals. Proof-of-principle case studies have
demonstrated that experiments addressing specific biological questions are feasible in the
nsec and even psec regime (Schotte et al., 2003; Bourgeois et al., 2003; Adachi et al., 2003).
The expected time structure and optical properties of the PETRA III beamlines will provide
ideal opportunities and an experimental set-up for future applications. As a spin-off, there
could be also the possibility to use a pink beam option, also known as the narrow band-pass
Laue data collection technique, for ultra-fast data collection. Such techniques may allow
rapid exposure times in the range of 10−4 to 10−5 sec per frame, an improved signal-to-noise
ratio, the absence of harmonic overlaps and reduced radiation damage effects. Ultimately,
time resolved experiments at PETRA III could provide a basis to acquire sufficient exper-
tise to plan and to design novel time-resolved experiments on single particles (Neutze et al.,
2000) for the planned X-ray Free Electron Laser facility at DESY campus.

Biological structures at atomic and sub-atomic resolution: The number of X-ray crys-
tal structures at atomic resolution (allowing visualization of atoms) and ultra-high resolution
(visualization of electronic features), currently available from the PDB, is steadily increasing
(Schmidt & Lamzin, 2002). A protein structure determined to such resolution offers a unique
and extremely valuable tool by essentially closing the gap between biology and chemistry
via establishing structure-function relationships in unprecedented detail in terms of accurate
location of atoms (including hydrogen atoms), accurate inter-atomic distances as well as pro-
viding valuable information on the mobility and flexibility of the protein molecule even in
the crystal lattice (Dauter, Lamzin & Wilson, 1997; Harata & Kanai, 2002). At ultra-high
resolution, as demonstrated for crambin as a proof-of-principle case (Jelsch et al., 2000),
even atomic detail of bonding electrons and free electron pairs can be obtained. Some of
the specific properties of the PETRA III ring, such as the delivery of X-rays at high energies
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412 6. Beamlines and Experimental Stations

(defining the maximum reachable resolution) and high intensity will be ideally suited for
future developments and applications of atomic resolution methods for a broad variety of
crystallized biological macromolecules.
Experimental structure determination methods: Since in MX there is an inherent need
to obtain the phase component for structure determination, techniques are required to de-
rive this information experimentally. A major source of such information can be derived
from the anomalous and the dispersive signals at energies close to the absorption edge of
specific elements built into the structures of biological macromolecules. While traditionally,
‘heavy atoms’ were used by soaking or co-crystallization, more recently the arsenal has been
extended by the routine incorporation of heavy-atom substituted amino acids (selenome-
thionine), heavy-atom derivatised DNA and RNA (iodine, bromine), soaking with halides
(Dauter & Dauter, 2001) and even the exploitation of the anomalous signals of ‘light’ atoms
such as sulphur and phosphorus that are generally found in biological macromolecules (Mi-
cossi, Hunter & Leonard, 2002; Ramagopal, Dauter & Dauter, 2003; Uson et al., 2003). The
use of a wide energy spectrum in the range of 5 - 35 keV, which can be offered by PETRA III,
will provide an unique opportunity, to offer an experimental setup for a broad range of estab-
lished phasing methods and to develop novel techniques, particularly aiming for exploiting
the anomalous signal properties of atoms that compose biological macromolecules.

6.16.2.2 Instrumental considerations for X-ray stations

General aims

The specifications of the planned MX beamlines at PETRA III will be largely governed by
the challenges emerging from the research directions presented above. Biological crystallo-
graphic experiments require an intense and very stable X-ray beam tunable in energy with
small, adjustable focus and low divergence. The end-stations will be automated to a level
that minimizes (and eliminates wherever possible) the need for user intervention. The X-ray
beam has to be conditioned by various sets of slits and attenuators and observed by a series
of viewers and beam position monitors. Our aim is to provide adequate facilities that can
cope with the most demanding requirements:

• State-of-the-art tunability in terms of a broad energy range, energy band pass and
excellent beam stability to provide opportunities for carrying out a variety of experi-
mental phasing methods that are available, under development or planned.

• High brilliance coupled with small focus size to allow measurements on extremely
small crystals (in the range of a few µm), structures of large biological assemblies (up
to the MDa range) and crystals with long unit cell dimensions (> 1000 Å).

• A high degree of automation, user-friendliness and parallelism that will allow high-
throughput structure determination, notably in the fields of structural proteomics and
drug-discovery oriented structural biology.

• To provide the experimental conditions for measurements and structure determination
at extremely high resolution (< 1 Å).

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



6.16. EMBL Proposals for Structural Biology Beamlines 413

• An experimental environment to allow time-resolved measurements matched to the
time structure of the PETRA III ring with the intention of revealing the dynamics of
biological processes.

• To allow adaptations in order to meet specific demands (lighting, data collection tem-
perature, use of lasers, etc.).

Specific requirements

The instrumentation requirements are outlined as follows:

1. Beam divergence. The divergence of the beam has to be smaller than 0.5 mrad to
resolve the diffraction spots of crystals with unit cell dimensions of up to 1,000 Å.

2. Beam size. In order to provide the best signal-to-noise ratio in the diffraction pattern,
the beam focal size has to be adjustable and made consistent with the specimen size
(from 0.3 mm down to 0.02 mm).

3. Intensity. The X-ray intensity delivered to a sample will be about 1013 ph/sec. Such
intensity will allow collection of data from a typical protein crystal with an exposure
time of about 0.1 sec per frame (0.5◦ of oscillation). With sufficiently fast detectors
(readout time of about 0.1 sec), appropriate goniometers (rotation speed of about 100-
200◦ per second) and fast beam shutters the total data collection from a crystalline
sample will take only minutes.

4. Energy range. Experiments utilizing anomalous dispersion properties require X-rays
tunable in energy range from 5 to 35 keV (2.5 to 0.36 Å). The higher energy limit is set
by the Xe K edge; the lower energy limit is defined by transition-metal K edges and
will also allow recording considerably improved anomalous signals from sulphur and
phosphorus atoms.

5. Energy resolution. The incident spectral band pass ∆E/E will be less than 2x10−4 to
resolve specific features in absorption spectra.

6. Beam stability. The relative position of sample and X-ray beam must be kept constant
to within 5% of the beam size or sample size (whichever is smaller).

Instrumental design

Tab. 2.2.2 recalls the principal beam characteristics of PETRA III undulators. Very small
photon source sizes, low divergence and extremely high brilliance (Fig. 2.2.2) will be ideally
suited for the tasks of biological crystallography.
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414 6. Beamlines and Experimental Stations

6.16.2.3 Proposed end-stations and optics

Overall scheme

In view of the increasing demand for structural information several important factors will be
taken into consideration. Firstly, recent improvements in methodologies have provided non-
specialists with the ability to carry out macromolecular structure determination. Secondly,
the application of high-throughput technologies for protein production and crystallization
will have a direct follow up in terms of the number of structures to be determined. Thirdly,
industrial research in medicine, pharmacology, food and agriculture is poised to reap the
benefits of the high throughput technologies.
To cope with the anticipated categories of experiments and with the diversity of the future
user community we propose the construction of three MX beamlines. These beamlines will
be in conjunction with one biological SAXS beamline (see Chapter 6.16.3) and are proposed
to be situated on the last two high-β straight sections (section 8 and section 94) using two 2 m
long undulator sources (U1 and U2) per section (Fig. 6.16.2). The SAXS station will utilize
the beam from undulator U2 of the second last straight section (section 8), while the three
MX stations will use U1 from the same section and both U1 and U2 undulators from the last
straight section. The initial 5 mrad horizontal separation of the U1 and U2 undulator beams
(i.e. 170 mm in horizontal direction at 33 m distance from the undulator) will be increased to
300 mm in the vertical direction using vertically deflecting double crystal monochromators.
Thus the beam centers at the location of the downstream optics hutches and experimental
stations will be separated by more than 350 mm. This vertical separation will be sufficient
to permit simultaneous operation of all four experimental stations and will allow the instal-
lation of a large area detector and other bulky end-station equipment.

X-ray optics

The objective of the optical set-up is to deliver a monochromatic beam at a fixed position
of the sample with easily and quickly adjustable X-ray energy and maximized photon flux.
Ideally, both focal spot size and beam divergence will be adjustable to meet the requirements
of each individual experiment.
Tab. 6.16.1 summarizes the principal characteristics of the proposed beamlines. The optics
of all MX beamlines will be designed to be similar, thus allowing standardization of compo-
nents design and know-how transfer, particularly during the commissioning stage. The main
optical elements are liquid nitrogen cooled double-crystal monochromators and Kirkpatrick-
Baez (KB) mirrors, which will be used as focusing elements and high-energy filters. The KB
arrangement with two individual mirrors allows independent and tunable focusing in both
the vertical and the horizontal directions.
In order to estimate the beam size, divergence, band pass and flux on the sample, ray-tracing
calculations were performed using the programs XOP and SHADOW with the input param-
eters described in Appendix A.1.1. Some examples of these calculations are given below for
the station ES3.

4These are the two last sections close to building 48, see also Fig. 2.2.1.
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6.16. EMBL Proposals for Structural Biology Beamlines 415

Figure 6.16.2: A schematic floor plan of the PETRA III experimental hall showing the proposed
layout of the EMBL MX and SAXS beamlines.

Beamline ES1 ES2 ES3

Main purpose Wide range High-throughput Microfocus and
tunability structure production special application

Energy range, keV 5.0 –35.0 6.0 – 16.5 6.0 –18.0

Bandpass (after Si(111): 1.4 –2.3·10−4 Si(111): < 1.6·10−4 Si(111): < 1.7·10−4

monochr.) ∆E/E Si(311): 4 – 9·10−5

Min. focus size, µm2 25 x 6 24 x 6 14 x 4
(horizontal x vertical)

Divergence of the
focused beam, mrad2 0.3 x 0.2 0.3 x 0.2 0.5 x 0.25
(horizontal x vertical)

Intensity, ph/sec 3·1013 – 1·1012 2·1013 2·1013

Pink beam option,
(∆E/E = 1.5·10−2) Possible ∼1015 No No

Intensity, ph/sec

Table 6.16.1: Parameters of planned MX beamlines / end-stations on PETRA III.

Beamline control

The degree of automation controlling the alignment of optical components of a beamline has
to be as high as possible with the final aim of a fully self-aligning system. To achieve this goal
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416 6. Beamlines and Experimental Stations

a sufficient number of monitors distributed along the beam path is a necessary pre-requisite.
As a minimum requirement these monitors will be located before and after individual optical
components and provide the shape as well as intensity information. They could be based on
PIN diodes and fluorescence screens and TV-cameras with frame grabbers. A robust and fast
bus system for the various analog and digital signals coming from these monitors and from
the encoders of various motor axes will be linked to a dedicated control computer. If not
fully automatic in the first instance, the control program must enable the inexperienced user
to adjust the beamline for his specific requirements.

MX station 1 – wide range of tunability

ES1 will use the U1 undulator of the last straight section (section 9), Fig. 6.16.2. Fig. 6.16.3
shows the proposed layout of the station components.
The most important parameters for this end-station are the wavelength range (5-35 keV) and
the narrow band pass (∆E/E ∼ 2·10−4) over the whole wavelength range. The focus does
not have to be exceptionally small - about 200µm seem appropriate - although there will be
a possibility to achieve a focus size of the order of tens of microns (Tab. 6.16.1). The specific
requirements for the detector are good DQE over the entire energy range and a sufficient size
to cope with the larger scattering angles at both lower X-ray energies and in high-resolution
measurements.

Figure 6.16.3: Layout of the optical components for ES1.

The first optical element is the fixed exit double crystal monochromator. It will be situated
37.5 m from the source point. Two monochromator crystals will be available, a high reso-
lution Si (311) and a lower resolution Si (111). The former will be used for precise white
line measurements and the latter for the softer X-ray region (below 10 keV). The Si (111)
monochromator will also be used for routine measurements where high intensity is more
important than energy resolution.
For high flux studies with “pink beam”, the crystal-monochromator would be replaced by a
cryogenically cooled double multilayer monochromator. Due to the small incidence angle of
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6.16. EMBL Proposals for Structural Biology Beamlines 417

multilayers, the available energy range in ‘pink beam’ mode will be 8 to 13 keV.
A pair of elliptically bent mirrors in the KB configuration will be used for harmonics rejec-
tion and focusing. The first mirror positioned at 42 m from the source will provide focusing
in the vertical direction (1:12 demagnification). The second mirror will reduce the horizontal
beam size (1:14 demagnification). The rather broad X-ray energy range makes it necessary
to coat each mirror with two different metal stripes, rhodium and platinum. Rhodium coating
will be used in the energy region between 5 to 18.5 keV at a fixed incident angle of 0.2◦. In
order to provide harmonic rejection at energies below 8 keV, we propose to use an additional
plain silicone mirror positioned at 2 m from the focus. The platinum coated mirror will be
used at a fixed incident angle of 0.15◦ in the energy region from 18.5 to 30 keV and at a fixed
incident angle of 0.10◦ in the region from 30 to 35 keV.
The focal spot size will be variable in both directions (from 25 to 300µm horizontally and
from 6 to 300µm vertically). In order to achieve this, the image of the source provided by
each individual mirror must be adjustable.
To our knowledge, ES1 would be the first MX-station to allow high-energy resolution MAD
(SAD) experiments with very high intensity over such a wide range of X-ray wavelengths
and at the same time serving as reliable high-energy beam line for ultra-high resolution crys-
tallography.

MX station 2 - high throughput structure production

ES2 is intended for high throughput structure production. It will use undulator U1 from
the straight section 8 and will be located near to the Large-Scale crystallization facility,
Fig. 6.16.2. Fig. 6.16.4 shows the proposed layout of the optical components. The fixed exit
Si (111) double crystal monochromator will lift the beam in vertical direction by 300 mm to
separate the beams from undulators U1 and U2. The large distance between the monochro-
mator crystals will restrict the available energy range to an upper limit of 16.5 keV (0.75 Å)
but maintaining a certain degree of tunability over the common absorption edges is required
to allow high throughput SAD or MAD experiments.

Figure 6.16.4: Layout of the optical components for ES2.
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418 6. Beamlines and Experimental Stations

Over the last two years 80 % of the experiments at EMBL beamlines requiring tunabil-
ity exploited the anomalous signals from selenium, mercury, bromine, platinum and iron.
Therefore the station will be tunable over the range 6 to 16.5 keV (encompassing most ab-
sorption edges of these elements) with a band pass of 2·10−4 and adjustable focus. Focal
spot size will be variable from 24 to 300µm in the horizontal direction and from 6 to 300µm
vertically.
Both KB mirrors will have rhodium coating. In the energy range from 6 to 8.5 keV an
additional plain mirror either made from Si or SiO2 or coated with a low-Z material like
aluminum will be used for harmonic rejection. The first KB mirror positioned at 48 m will
provide focusing in the vertical direction (1:14 demagnification), the second mirror will focus
in the horizontal direction (1:16 demagnification). The mirrors will work at a fixed incident
angle (0.2◦).
A large and fast area detector and state-of-the-art systems for sample mounting and center-
ing as well as automatic data evaluation are indispensable features for the end station of this
beam line.
The end-station will be close to the high-throughput crystallization facility being established
at the EMBL-Hamburg Outstation. In addition to the “standard” mounting-type experiments
we are planning to develop a protocol for direct X-ray scanning of the free interface diffusion
plates or even standard vapor diffusion plates to characterize the diffraction properties of the
crystals in the trays directly. This option will be combined with the use of the microfocused
beam described below.

MX station 3 - microfocus applications

This station will use undulator U2 from the last straight section (section 9), Fig. 6.16.2.
The proposed layout for ES3 is shown in Fig. 6.16.5, some of the result of ray tracing in
Fig. 6.16.6. The end-station will cover the photon energy range from 6 to 18 keV with the
focus size smaller than 15µm and a divergence of 0.5 mrad in the horizontal direction at the
position of the protein crystal.
A fixed exit Si (111) double crystal monochromator will lower the beam in vertical direction
by 300 mm to separate the beams from undulators U1 and U2. A plain silicone mirror posi-
tioned at 1 m distance from the focus will be used for the harmonic rejection in the energy
range of 6 to 8.5 keV. Both KB mirrors will have rhodium coating and will work at a fixed
incident angle (0.2◦). The first KB mirror positioned at 58.5 m will provide focusing in the
vertical direction (1:23.5 demagnification), the second mirror will focus in the horizontal
direction (1:30 demagnification). In special cases, focusing to 1x1µm2 or smaller will be
achieved by the addition of refractive lenses after the KB mirrors.
Given the downward trend in crystal size, reflecting the increasing sizes and complexities
of the samples investigated, and the frequency with which initial crystallization conditions
yield very small crystals, means of characterization will become critical to determine if the
crystallization conditions warrant optimization. Large plate-like crystals susceptible to radi-
ation damage can be exposed in different places to allow complete data sets to be collected,
as demonstrated, for instance, for the nucleosome core particle (Luger et al., 1997). In addi-
tion, diffraction properties often vary as a function of the way a particular part of the crystal
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6.16. EMBL Proposals for Structural Biology Beamlines 419

Figure 6.16.5: Layout of the optical components for ES3.

Figure 6.16.6: Ray tracing for the station ES3: (a) spatial distribution of the beam at the focal point
and (b) the energy resolution as simulated by SHADOW at an energy of 12 keV.
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420 6. Beamlines and Experimental Stations

Figure 6.16.7: Layout of the future S3 X-ray facility.

has grown. The beamline ES3 will allow to screen different parts of the crystal allowing
focused measurements of the “best” part that may be single or may diffract to the highest
resolution.
A key feature of this end-station will be a micro-goniometer with advanced optics and a very
small sphere of confusion for the rotation axis. Many of the concepts being used for the
micro-goniometer at the ESRF could be adapted. Given the small volumes of the diffracting
material the most important parameter for the choice of the detector will be the sensitivity.

MX station 3 - future expansion

Given the above listed specifications for ES3 it would be the obvious choice for measuring
“difficult” crystals. A further option is then to expand into a field for which currently no facil-
ity exists. Handling of certain viruses, prions and other hazardous compounds underlies strict
safety rules, ranging at the level of S3. This imposes certain restrictions on the end-station
construction, as it has to be ensured that the entire experimental hutch is well separated from
the surroundings and can be chemically and biologically decontaminated. Also, it will be
directly linked to an S3 lab for sample preparation and handling. A schematic layout of the
S3 facility for applications in biological crystallography is shown in Fig. 6.16.7.
Although actual construction of an S3 facility is not a part of this proposal, allowance will
be made already at this stage for the beamline ES3 to have a beam pipe, which could exit
the planned experimental hall and lead to an S3 containment building where diffraction ex-
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6.16. EMBL Proposals for Structural Biology Beamlines 421

periments on pathogenic organisms could be performed under the required safety regime. It
seems essential to offer the users an opportunity to access a facility that would allow handling
and measurements of samples at an S3 safety level. Topics and potential applications that
currently are of high scientific interest include the following: prions causing bovine spongi-
form encephalopathy (BSE); human Creuzfeld-Jakob disease (CJD), kuru; retroviruses hu-
man immunodeficiency virus (HIV), T-cell leukemia virus (HTLV) and hepatitis viruses A
to E.

6.16.2.4 End-station design: specifications for the basic end-station

EMBL will implement a novel design of the crystallographic end-stations where one basic
model can be extended to the particular technical demands of each beamline. A number of
technical specifications will be similar on all beamlines. Accessory equipment (e.g. a laser
for experiments in time resolved crystallography or a high-pressure cell for high-energy ap-
plications) can be added when necessary. The end-stations will be designed to operate in a
fully automated manner with a possibility of remote control.

Fast Shutter

Due to the high photon flux of the synchrotron radiation extremely short exposure times per
frame can be anticipated. Given the prospect of pixel detectors with read-out times in the
range of milliseconds that are currently being developed at various laboratories it is consid-
ered that diffraction data can be collected in a continuous rotation mode or with very fine
slices (less than 0.1◦). This requires an extremely fast and accurate shutter-system that is
able to close and open the X-ray beam within less than 1 msec.

Microfocusing and collimation

An accurate slit system is required to match the beam size optimally to the crystal size. The
ES3 station will be specifically designed for applications with very small crystals down to
5µm or even smaller. The accuracy of the slits system thus has to be better than 1µm. Com-
mercially available systems can already provide the required accuracy.

Beam viewer

A beam viewing system is an integral part of modern end-stations, e.g. the micro-goniometer
at the ESRF, as mentioned above. In order to ensure that the synchrotron beam actually hits
the sample at a required position, a high-accuracy beam viewing system is required. This
can be accomplished by a single crystal scintillator or by a small CCD camera that is moved
into the beam in order to determine the center of the beam experimentally. Should the beam
be misaligned, an automatic feedback system to the optical instrument (i.e. the final mirror)
will move it into the desired position. Alternatively, the entire setup could be placed on an
optical bench that is positioned into the beam.
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422 6. Beamlines and Experimental Stations

Visible and fluorescence light coupled to a high-resolution video microscope

In order to identify single crystals of biological macromolecules frozen in a cryo-loop there is
a need for image recognition in visual light and, possibly, in UV ranges. The idea of utilizing
the inherent UV fluorescence of biological macromolecules has been originally suggested by
G. Rosenbaum (Rosenbaum, unpublished) and research exploring the feasibility is currently
underway at the EMBL-Hamburg Outstation and elsewhere. Whereas two images taken at
0 at 90 degrees will be sufficient to center the crystal a series could be used for shape de-
termination. The precise determination of the shape of the sample could then be used for
various applications including an empirical absorption correction for long-wavelength data
collection.

Phi-goniostat and kappa goniometer

The end-stations will be equipped with a fast and accurate direct drive phi-goniostat that
would also allow the collection of continuous rotation data. Due to the small beam aperture
and crystal size the accuracy of the crystal position as well as the sphere of confusion has to
be within 5µm for the standard operation and within 1µm for the microfocus ES3 beamline.
The rotation speed required is 360◦ per second or even faster.
The end-station ES1 will be equipped with a kappa-axis goniostat, which will allow ex-
act crystal alignment and re-orientation for completion of blind regions in high-resolution
data collection. It will be particularly useful in a critical phasing experiment or for semi-
empirical absorption correction using psi-scans. The specification for the accuracy will be
slightly lower for a kappa goniometer with sphere of confusion of 5µm.

Motorized beamstop

Motorization of a beamstop is an integral component of the overall automation of the end-
station. A versatile beamstop with an integrated X-ray sensor developed at SSRL has proved
reliable for a variety of applications including the rapid alignment, exposure control, exami-
nation of the direct beam profile, characterization of the shutter timing and energy calibration
(Ellis, Cohen & Soltis, 2003).

Robotic sample mounting

A high degree of automation including robotic sample mounting is mandatory. Full soft-
ware control is needed not merely to accelerate the mounting process as such, but to pro-
vide robustness in sample handling and screening and to allow complete remote control of
the experiment. The vast majority of the samples will be frozen in cryo-loops on standard
magnetic caps in plastic vials and supplied in standard sample containers. A sufficient-size
storage container for several sample pucks will be installed at each end-station. We antici-
pate that by the time of the construction of the PETRA III beamlines the sample container
and shipping systems will be standardized
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6.16. EMBL Proposals for Structural Biology Beamlines 423

Detector gantry

Given the fast rate of the development of X-ray detectors it is not clear which type of detector
will be available by the time of construction of the beamlines at PETRA III (see Tab. A.1.2
for the current anticipations). Therefore, we will stick to a framework that will be able to
account for spatial demands and accommodate very large and heavy detectors (optionally
even two different detectors). A sufficiently wide range of the sample-to-detector distance
will be made available. In order to decrease air scattering at longer wavelengths an option of
a helium cone covering the space between the crystal and the detector will be allowed.

6.16.2.5 End-station area

Beamline operators

Each MX beamline will contain sufficient space for the beamline operators and provides easy
access to electrical connections, computers for motor controls, monitors for temperature of
optical elements, vacuum and beam position. Ideally this area will be close to the beamlines
optical hutch and will be enclosed (4 to 6 m2 is the minimum). Regular beamlines users will
not have access to this area.

User area

The user area for each beamline will be quiet (and therefore insulated from the main ex-
perimental hall), will provide the necessary control, processing and graphics computers (the
future is likely to see the majority of structures being processed and solved “on-site”) and
will be in close proximity to the experimental hutch. Local experience at DORIS and at other
synchrotron facilities will suggest an area of no less than 4x5 m2 for each of the three user
control areas. Given the likely shortage of space one could think of placing these user areas
on top of the respective end-stations.
Indispensable components of the user area are: event-monitors for crystal, cryo-system,
spindle axis, detector distance, slits, ring current, ion chamber readings, sample changer,
fluorescence detector, table alignment and space for the overall set-up, desks for up to four
scientists, wardrobe, safe, computers for: monitoring beamline and end-station status, data
collection, data processing, computer graphics, PC for word processing and data backup fa-
cilities.

Sample storage facility

In order to meet the demand which is likely to arise from the “crystal in the mail”-type data
collection, a facility will be installed in close proximity to the experimental hutches, in which
samples received from users and ready to be mounted on the end-station, will be stored at
liquid nitrogen temperature until they are scheduled for X-ray measurements. Such a storage
facility will be adapted to the to be agreed standards with respect to shipping containers,
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424 6. Beamlines and Experimental Stations

carousels and mounting robots.

The facility will include the following components:

• entry gate,

• barcode reader for sample tracking,

• robotic arm to receive and store the samples,

• storage space under liquid nitrogen temperature,

• automated nitrogen refill through a turbulence-free system,

• computer and data base for sample tracking,

• exit gate.

The facility will need to be accessible from both the outside (entry gate) and the inside of
the hutch (exit gate). For practical and space reasons some elements of the manual transfer
between the facility and the end-station hutches will have to be accounted for. A room of
the size of minimum 2 x 3 m2 will be sufficient. Efficient ventilation must be insured to cope
with the use of large amounts of liquid nitrogen.

Sample preparation laboratory

A single laboratory area no less than 20 m2, equipped with benches, balance, fridge, deionised
water, simple chemicals and basic tools for crystal handling, as well as room and tools for
crystal mounting (individually or into carousels), will be in the vicinity. An additional area
of 10 to 20 m2 or a separate enclosure for working with gases (for example for pressure
derivatization of crystals with xenon or krypton), including a fume hood for derivatization
with possibly toxic chemicals with a high vapor pressure and handling of heavy atom com-
pounds (including waste containers) will also be close by. This enclosure must be ventilated
to the outside and must therefore be at the edge of the experimental hall. It will also be pos-
sible to temporarily store crystallization plates in this room, which makes air conditioning /
temperature stabilization necessary. Liquid nitrogen supply and equipment for cryo-freezing
of crystals are absolute requirements and a dewar for storage of crystals at 100 K must be
available.

Large-scale crystallization facility

The large-scale crystallization facility will be installed in the vicinity of the beamline ES2,
Fig. 6.16.2. It will comprise a fully automated facility involving robotics preparation of
solution cocktails for crystallization, drop dispensing, plate sealer, bar-code readers, trans-
port system to and from storage cabinets, optical crystal visualization system and supporting
computer environment for full sample tracking. The facility is planned to be installed by
EMBL on a DESY side in 2004 and will be moved into the PETRA III hall in 2008. The
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6.16. EMBL Proposals for Structural Biology Beamlines 425

Figure 6.16.8: Schematic representation of the planned computing infrastructure for MX.

minimum space requirements are of an order of 7x8 m2.

Computer environment

For data collection and processing each beamline will be equipped with three computers,
one for data collection, one for data processing and one graphics machine, Fig. 6.16.8. The
data collection machine together with the central storage and data processing unit will form
a storage area network (SAN) via fiber channel, where central storage device is connected
via multiplexed FC uplinks. This will allow the fastest possible data transmission and will
be completely independent from the normal network traffic.
The planned data storage unit can be an intelligent fiber channel RAID running RAID level 5
plus hot spare disks and a snapshot functionality so that a normal tape backup will no longer
be needed. The needed capacity of the central storage device is related to the image size and
the read-out speed of the detectors. The capacity will be high enough to keep data files for
at least 10 days, so that users can verify that the data were successfully archived. For data
archiving a fiber channel compatible tape device (LTO, SuperDLT) can be connected to the
SAN switch, which will then be available from all machines in the SAN. Another possibility
for data archiving is the transfer to user laptops via normal network connection.
Data processing machines are basically terminals connected to the central data processing
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426 6. Beamlines and Experimental Stations

unit via normal network connection. The central unit will consist of a cluster of machines,
which can upscaled and extended when needed.
In MX, data processing and archiving frequently still extends beyond the allocated exper-
imental time. A major reason is within the large time-requirements, and with the small
control stations advocated above, the parallel handling of two sets of experiments in this
area becomes impossible. Therefore a second area containing the necessary computing and
archiving facilities will also be available and common for all crystallographic end-stations.
This could be placed almost anywhere in the experimental hall and will have minimum di-
mensions of 3x10 m2. This area will be equipped with at least three computers connected to
the SAN so that fast data transfer to those machines is ensured. They will also be connected
to archiving devices. For the type of those archiving device one may consider DVD burners,
tape devices or transportable disks or whatever else that will be appropriate at the time of
installation.

6.16.2.6 Resource requirements

We have made estimates for the costs of the construction of three MX beamlines, see Tab. A.1.3
for details. Expenses for construction of insulated hutches have not been accounted for. The
estimates for the optical and vacuum components, X-ray detector, end-station and computer
environment are based on the currently available quotes. We estimate that 9 person-years of
a technical position and 3 person-years of a scientists position are required to construct each
of the MX beamlines.
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6.16.3 Biological small-angle X-ray scattering
Authors: M.V. Petoukhov and D.I. Svergun

External advisors:
Peter Boesecke ESRF, Grenoble, France
Tetsuro Fujisawa RIKEN, SPring-8, Himeji, Japan
Guenter Grossmann SRS, Daresbury Laboratory, Daresbury, UK
Tom Irving BioCAT, Illinois Institute of Technology, Chicago, USA
Javier Perez Synchrotron Soleil, Gif-sur-Yvette, France
Ritva Serimaa University of Helsinki, Finland
Hiro Tsuruta SSRL, Stanford University, USA
Maria Antoinetta Vanoni University of Milan, Italy
Regine Willumeit GKSS Research Center, Geesthacht, Germany

6.16.3.1 Introduction

During the last decade, small-angle X-ray scattering (SAXS) has become an increasingly
important tool for the study of biological macromolecules. The method allows one to study
native particles, from individual proteins to large macromolecular complexes, in solution
under nearly physiological conditions. SAXS not only provides low resolution models of
particle shapes but in many cases answers important functional questions. In particular, ki-
netic SAXS experiments allow one to analyze structural changes in response to variations in
external conditions, protein-protein and protein-ligand interactions, and to effectively study
equilibrium and non-equilibrium processes like assembly/dissociation of (macro)molecular
complexes or folding/unfolding. Fundamental biological processes such as cell-cycle con-
trol, signalling, DNA duplication, gene expression and regulation, some metabolic pathways,
depend on supra-molecular assemblies, and their changes over time. There are objective dif-
ficulties to study such complex systems, especially their dynamic changes by other structural
techniques like spectroscopy, NMR and macromolecular X-ray crystallography (MX). Fur-
thermore, for macromolecules with molecular masses of a few hundred kDa - too large for
NMR and too small for cryo-electron microscopy (EM) - SAXS remains effectively the only
method to obtain their shape in solution. Current trends in the life sciences point to a phase
of integrated systems biology, which aims to understand living systems across the differ-
ent levels of biological organization. Here, SAXS together with cryo-EM will provide the
framework for the analysis of complex structures in which the high resolution models from
MX and NMR can meaningfully be fitted.
The recent resurgence in biological SAXS is attributed to the synergy of software and hard-
ware development. New powerful data analysis methods have become available (Svergun &
Koch, 2002), which tremendously improved resolution and reliability of models deduced
from SAXS data, and the new possibilities have significantly enlarged the user community.
Simultaneously, SAXS instruments have been built on high brilliance 3rd generation syn-
chrotron sources (Irving, 1998; Fujisawa et al., 2000; Narayanan, Diat & Boesecke, 2001).
As the SAXS pattern is collected in the vicinity of the primary beam, the data quality de-
pends critically on the beam size and divergence. SAXS is therefore among the techniques

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



428 6. Beamlines and Experimental Stations

which profit most from the low emittance undulator radiation on 3rd generation sources.
Furthermore, the high flux of these sources is extremely important for the analysis of weakly
scattering biological samples. Currently, high quality scattering patterns can be collected in
less than a second using sub-mm beam sizes on the undulator SAXS beamlines like ID02
(ESRF, Grenoble, France), BL45A (SPring-8, Himeji, Japan), and BioCAT (APS, Argonne,
USA).
The high brilliance undulator beamlines are revolutionizing biological SAXS in several
ways. Firstly, they permit studies using limited amounts of material (sample volumes down
to a few µl and solute concentrations below 1 mg/ml) thus significantly widening the range
of applications. This advantage of the high brilliance sources is comparable to the use of
small crystals in MX. Secondly, kinetic experiments to measure full solution scattering pat-
terns in the millisecond range have recently become possible (e.g. Schmolzer et al., 2002;
Akiyama et al., 2002; Russell et al., 2002). Moreover, the new sources will permit one to
revive earlier and potentially powerful approaches like anomalous SAXS (ASAXS) for the
analysis not only of counter ion distributions (Guilleaume et al., 2002; Das et al., 2003) but
also of bound biologically relevant metals and ions.
The parameters of the major present and planned SAXS beamlines partially used for life
sciences on third generation sources are summarized in Tab. 6.16.2. None of these beamlines
is dedicated to biological SAXS, except for BL45A at Spring-8, designed for high pressure
and time-resolved experiments on solutions. The high flux beamline BL40XU (Spring8)
utilizing pink beam is largely used for fluorescence and diffraction studies. The 8-ID IMMW-
CAT beamline at the APS, which permits coherent scattering studies with pink beam and
time-resolved SAXS experiments, is largely devoted to material science. The 18-ID BioCAT
beamline at the APS, designed for non-crystalline biological objects, is shared between three
techniques (fiber diffraction, EXAFS and SAXS). The ID02 beamline at the ESRF optimized
for the use at 0.1 nm wavelength in wide range of scattering vectors is primarily dedicated
to soft condensed matter research. The ASAXS ID1 beamline yielding wide energy range is
mostly used for materials research. The planned instruments at Soleil (France) and Diamond
(UK) are multipurpose beamlines for research in the areas of condensed matter, materials
and the life sciences.

6.16.3.2 Main features of the biological SAXS (BioSAXS) beamline

The present proposal aims at the construction of an undulator beamline for biological small-
angle scattering at PETRA III. The main idea is to utilize the low emittance of the PETRA III
source and the high brilliance of undulator radiation for providing the user community with
a beamline, where the combination of the hardware and data analysis software opens the
possibilities for high throughput (HTP) experiments and for cutting-edge research. This
beamline will be built in the framework of the general EMBL concept for structural biology
at PETRA III, but will also provide options for non-biological studies. The main features of
the BioSAXS beamline are:

• The beam quality provided by the PETRA III undulator will be fully exploited to obtain
a stable beam of high flux, small size and divergence yielding scattering patterns in the
resolution range from about 2000 to 0.1 nm.
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6.16. EMBL Proposals for Structural Biology Beamlines 429

• The beamline will be tunable over a broad energy range allowing for ASAXS exper-
iments on biologically relevant atoms or ions, from Ca to Mo (K-edges 4.038 and
19.99 keV, respectively). A high flux mode utilizing a multilayer monochromator is
envisaged for the analysis of fast kinetics.

• A pink beam option will be provided for sub-ms kinetic studies, coherent scattering
and pilot experiments for future XFEL applications.

• The beamline will share the infrastructure for biological sample preparation and hand-
ling with other planned EMBL beamlines and endstations. A pipeline will be envis-
aged to rapidly analyze proteins and protein complexes purified for the HTP crystal-
lization facility.

• The sample environment will provide possibilities for performing HTP measurements
with minimum amounts of material and for kinetic studies. An option will be included
to collect crystallographic diffraction patterns from macromolecular assemblies with
large unit cells.

• A data acquisition and analysis system will be installed at the beamline for automated
data processing and interpretation allowing in particular large scale studies of biologi-
cal macromolecules and three-dimensional model building.

6.16.3.3 Expected user community and collaborations

The construction of the proposed BioSAXS beamline responds to the rapidly increasing
number of biological systems being studied and amenable to SAXS. EMBL runs the SAXS
beamline X33 at DORIS III, and the number of biological projects at this beamline has grown
annually by about 20% during the last four years. The BioSAXS beamline, combining ex-
cellent beam properties provided by PETRA III with the expertise in methods and automated
data analysis developed at the EMBL, will make SAXS one of the major methods for the
analysis of biological macromolecules. The current user community of the X33 beamline
is expected to grow further, and the samples for the solution scattering analysis will come
not only from individual research projects but also from systematic HTP protein production
facilities.
A SAXS beamline with the proposed parameters (dynamic range, flux and beam size/di-
vergence) will also be useful for soft condensed matter and material science applications
(analysis of polymers, colloids and micro-emulsions, liquid crystalline phases, nanomate-
rials, fiber diffraction studies). Although the main priority of the BioSAXS beamline will
lie in biological applications, the short measurement times and automation of the data pro-
cessing/analysis will leave about 25% beamtime also for non-biological experiments. As
a competent partner in this field, GKSS Research Center (Geesthacht, Germany) expressed
interest in participating in the construction and operation of this beamline in collaboration
with EMBL.

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



430 6. Beamlines and Experimental Stations
In

st
ru

m
en

t
A

pp
lic

at
io

n
M

on
oc

hr
om

at
or

M
ir

ro
rs

(H
)o

ri
z

/
E

ra
ng

e,
So

ur
ce

-
Sa

m
pl

e-
Fl

ux
Sp

ot
,m

m
2

D
iv

er
ge

nc
e,

(V
)e

rt
.F

oc
us

si
ng

ke
V

sa
m

pl
e,

m
de

te
ct

or
,m

µ
ra

d2

O
pe

ra
tio

na
l

be
am

lin
es

B
L

45
A

SA
X

S
2×

fla
td

ia
m

on
d

(1
11

)
K

B
,V

+H
6.

6-
16

56
0.

5-
10

1×
10

1
3

0.
6×

0.
4

80
×

30

SP
ri

ng
-8

D
C

M
R

h
co

at
ed

@
12

ke
V

B
L

40
X

U
H

ig
h

flu
x

no
ne

,
K

B
,V

+H
8-

17
48

0.
5-

4.
5

1×
10

1
5

0.
25
×

0.
04

N
ot

gi
ve

n

SP
ri

ng
-8

∆
λ
/λ

=2
.0
×

10
−

2
Si

,R
h

co
at

ed
@

12
ke

V

C
oh

er
en

t,
no

ne
(f

or
pi

nk
be

am
)

Fl
at

Si
,

8-
ID

,A
N

L
tim

e
re

so
lv

ed
∆

λ
/λ

=2
.6
×

10
−

2
N

o
fo

cu
ss

in
g

7.
7

55
4.

5
3×

10
1
2

0.
05
×

0.
05

56
×

25

SA
X

S
(s

lit
s)

SA
X

S,
2×

Si
(1

11
)o

r
V

:U
L

E
/P

d/
Pt

1-
2×

10
1
3

18
-I

D
A

N
L

E
X

A
FS

,
2×

Si
(4

00
)D

C
M

co
at

ed
3.

4-
34

63
0.

5-
5.

5
@

12
ke

V
0.

15
×

0.
04

19
0×

16
0

Fi
be

r
(F

la
t+

sa
gi

ta
lly

be
nt

)

ID
-0

2
E

SR
F

SA
X

S
/

Si
(1

11
)

To
ro

id
al

8-
17

56
0.

5
–

10
5×

10
1
3

0.
6×

0.
2

70
×

25

U
SA

X
S

co
at

ed
@

12
ke

V

2×
Si

(1
11

),
V

:S
i/R

h/
Pt

4.
4×

10
1
3

ID
1

E
SR

F
A

SA
X

S
2×

Si
(3

11
)

R
h

co
at

ed
2.

1-
42

46
.1

0.
5

–
5.

0
@

8k
eV

0.
2×

0.
06

50
0×

70

(F
la

t+
sa

gi
ta

lly
be

nt
)

Pr
oj

ec
te

d
be

am
lin

es

B
ea

m
lin

e
11

N
C

D
Fl

at
/b

en
tc

ry
st

al
Fo

cu
ss

in
g

m
ir

ro
r

4-
20

49
0.

5-
10

5×
10

1
2

0.
10
×

0.
01

20
0×

20

D
ia

m
on

d
(“

lif
e

+
Si

(1
11

)o
rm

ul
til

ay
er

(+
m

ic
ro

fo
cu

s)
(∆

λ
/λ

=
(n

or
m

al
)

ph
ys

ic
s”

)
10
−

4
)

0.
02
×

0.
02

(m
ic

ro
)

SW
IN

G
SA

X
S

/
Fl

at
cr

ys
ta

l
K

B
V

+H
5-

15
32

0.
5-

10
3×

10
1
2

0.
40
×

0.
13

∼
75
×

20

So
le

il
W

A
X

S
2×

Si
(o

rG
e)

Pd
-S

i/P
d

(∆
λ
/λ

=

(“
bi

o
+

so
ft

”)
10
−

4
)

Ta
bl

e
6.

16
.2

:P
ar

am
et

er
s

of
SA

X
S

be
am

lin
es

us
ed

fo
rl

if
e

sc
ie

nc
es

on
3r

d
ge

ne
ra

tio
n

so
ur

ce
s.

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



6.16. EMBL Proposals for Structural Biology Beamlines 431

6.16.3.4 Instrument design

Overall scheme and implantation

It is proposed to build the BioSAXS beamline on the second 2 m undulator U2 of a split
straight section. The first 2m undulator of this section will be used by the HTP EMBL MX
beamline (ES2) and the users of the two beamlines (as well as of the XAS experimental
station) will have direct access to the HTP crystallization facility (Fig. 6.16.9). The optical
beam path of the MX beamline will be lifted by 30 cm by a double crystal monochroma-
tor (DCM), which will be positioned in the first ES2 optical hutch. The optical elements
of the BioSAXS beamline will be positioned inside the optics hutch at a distance 35–47 m
from the source, and the beam path will be diverted down and to the right to allow for suffi-
cient separation from the ES2 beam pipe (Fig. 6.16.10A). The vacuum tube with the focused
SAXS beam will pass through the second optical hutch of ES2 and its experimental hutch
(47–60 m), and the SAXS user room (60–65 m). The experimental hutch of BioSAXS will
occupy the space at 65–75 m.

Figure 6.16.9: Overall scheme of the EMBL structural biology area with BioSAXS beamline com-
ponents in red. Top: implantation of the EMBL area into the PETRA III experimental hall.
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432 6. Beamlines and Experimental Stations

Optical elements

Several possible options have been considered for the BioSAXS optics setup to optimize
the beam size/divergence, stability and convenience of use. It was decided to use a flexi-
ble setup separating monochromatizing and focussing elements and to employ a moderately
focussing configuration with small demagnification to minimize the beam divergence at the
focus. Given the extremely low emittance of the PETRA III undulator, such a setup permits
one to obtain a clean low divergence beam and to reach the scattering vectors corresponding
to more than 2000 nm resolution.

The major elements of the beamline presented in Tab. A.1.5 and Fig. 6.16.10 are:

1. Beryllium window and pinhole. To reduce the absorption at low energies, a beryl-
lium window of reduced thickness (250µm) is proposed (at 4 keV, this window yields
transmission T=67% vs T=44% of a 500µm window). The position of the undulator
beam will be detected by white beam monitors WBM (tungsten wire scan and/or slit
scan, the latter detecting also the central cone). A cooled slit system (P) with variable
size will select the most intense portion of the white beam thus reducing the heat load
onto the subsequent optical elements.

2. Monochromators. A flat cryogenically cooled Si(111) fixed exit DCM is positioned
at 37 m distance. We suggest the DCM to be the first optical element as it is relatively
easy to adjust and monitor its position and orientation in the white beam by observing
the Bragg reflection from the first crystal. The DCM will provide ∆λ/λ=1-2×10−4 for
possible ASAXS applications in the relevant energy range (from 4 to 20 keV). For high
flux studies, the DCM will be replaced by a cryogenically cooled Mo/C double multi-
layer monochromator (MLM) at a distance of 38 m yielding two orders of magnitude
gain in flux at the expenses of a broader bandpath (from ∆λ/λ=1.5×10−2 at 7 keV
to ∆λ/λ=2.0×10−2 at 15 keV). Due to the smaller incidence angle of the MLM, the
distance between the two multilayers will be larger than that between the crystals in
the DCM (up to 0.7 m).

3. Slits and beam monitoring. Three pairs of cylindrical horizontal and vertical slits
will be used (Fig. 6.16.10). Slit S1 will select the central cone of the undulator and
define the beam size. Slit S2, located at about 5 m before the sample, will reduce the
background from the optical elements, and the guard slit S3 in front of the sample will
reduce the parasitic scattering from S2. The position of the monochromatic beam will
be monitored by the removable fluorescent screens and pin diodes (beam monitors,
BM). The intensity of the incoming beam will be measured by a removable pin diode
and/or by a non-removable device like ionization chamber or glassy carbon placed
after S3 in front of the sample and the transmitted intensity by the diode mounted onto
the beam stop.

4. Focussing mirrors. A pair of cylindrically bent mirrors in Kirkpatrick-Baez (KB)
configuration will be used for harmonics rejection and focussing (Fig. 6.16.10). The
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6.16. EMBL Proposals for Structural Biology Beamlines 433

first vertically focussing mirror (VFM1), positioned at 40 m, slightly reduces the ver-
tical beam size (1:1.2 demagnification). The horizontally focussing mirror (HFM) at
45 m will reduce the horizontal beam size (1:1.6 demagnification). When used with the
DCM and MLM, the water-cooled mirrors will work at a fixed incidence angle (0.18◦)
and fixed curvatures (11.5 km for VFM1 and 11 km for HFM) to focus the beam at
73 m. Each mirror will have two coatings (Si and Rh) to work in the energy ranges
4-9 keV and 9-20 keV, respectively (Fig. 6.16.11A).

5. Pink beam mode. For extra high flux (three times more than for MLM) and coherent
scattering applications, a pink beam option will be provided with ∆λ/λ=2×10−2. This
mode will be used for the energies around 8 keV, near the maximum brilliance of the
fundamental undulator line. In this mode DCM and MLM will be removed from the
optical path, and the first optical element will be a vertically focussing nitrogen cooled
mirror VFM2 at 43.2 m (1:1.4 demagnification). This Si coated mirror will have the
same focal point and grazing angle as VFM1 to keep the beam trajectory unchanged,
so that there will be no need to adjust the focussing of the HFM.

The above configuration will ensure easy and rapid change of mode of operation between the
DCM, MLM and pink beam options. The mirror inclinations will be fixed in normal modes
of operation but could be changed if additional focussing elements like beryllium lenses will
be introduced. All the optical elements will be positioned in the SAXS optical hutch to work
under ultra-high vacuum conditions. Differential pumping will be employed to ensure that
this portion of the beamline operates in ultra-high vacuum.

6.16.3.5 Beamline performance

To estimate the beam size, divergence and flux on the sample in the proposed configuration,
ray tracing calculations were performed. The parameters of the 2 m long U2 PETRA III
undulator were: period 2.9 cm, Kmax=2.2, yielding the source size 330×13µm2 and diver-
gence 26×21µrad2 (both horizontal×vertical FWHM). The simulations were done using
the programs XOP (ESRF) and SHADOW (University of Wisconsin) for the three modes
of operation: (i) DCM in the range 4-20 keV; (ii) MLM @ 8 keV; (iii) pink beam @ 8 keV.
The position of the focus was at 73 m from the source, and the offset of the beam cen-
ter with respect to the initial beam direction at the focus point was 17.6 cm (horizontal)
and -18.7 cm (vertical) (Fig. 6.16.10A). All the computations were made for the partial flux
through the aperture of 1.2×0.7 mm2 (horizontal×vertical) at 35 m distance (the pinhole size
corresponding to the central cone). A 0.5µrad mean slope error of the mirrors was assumed;
mirror surface roughness up to 1 nm did not change the size and divergence significantly.
The beam size and divergence obtained by the ray tracing are presented in Fig. 6.16.10B,C.
The materials, positions and orientations of optical elements are given in Tab. A.1.5 and
the computed properties of the beam in Tab. 6.16.4. Fig. 6.16.11B presents the energy
distributions in the partial flux for the configurations with DCM, MLM and pink beam.
From comparison with the existing and planned SAXS beamlines on 3rd generation sources
(Tab. 6.16.2) it can be concluded that the BioSAXS beamline will provide the overall widest
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434 6. Beamlines and Experimental Stations

Figure 6.16.10: Schematic design of the BioSAXS beamline. The bottom scale displays distance
from the source in meters; for explanations, see text. Insert A displays the cross section perpendicular
to the beam direction at the focal point at 73 m from the source (distances are shown in cm). Inserts
B and C present spatial and angular distribution of rays at the focal point simulated by SHADOW for
a DCM setup at 8 keV.

experimental flexibility simultaneously yielding, thanks to the unique properties of the PE-
TRA III beam, the best divergence for the given beam size.
Allowing for a beamstop size five times larger than the beam size (FWHM), the first useful
experimental point in the vertical direction could be measured at about 0.3 mm. For a sample-
detector distance of 5 m and the wavelength λ=0.15 nm (E=8 keV), this yields the minimum
scattering vector smin=2.5×10−3 nm where s = (4π/λ)sin(θ), 2θ being the scattering angle.
This yields the resolution up to d=2π/smin= 2500 nm, comparable with that provided by
USAXS (Ultra Small Angle X-ray Scattering) in Bonse-Hart geometry. This resolution of
the setup is also justified by the ultra-small beam divergence at the sample: over a 5 m
sample-detector distance, the effect of beam deterioration (smearing) due to the divergence
does not exceed 0.1 mm.
If required for future applications (e.g. for observation of a few particle scattering from
flash-frozen samples) the beam size could be further reduced (i.e. with beryllium lenses)
at the expenses of divergence. The space for positioning the microfocussing lenses will be
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6.16. EMBL Proposals for Structural Biology Beamlines 435

Figure 6.16.11: Reflectivity of the Si and Rh mirrors at the grazing angle of 0.18 degrees as a
function of photon energy (A) and the partial flux (in 0.1%BW) of the U2 undulator at 8 KeV through
a 2.0×1.5 mm2 slit at 73 m calculated by SPECTRA (broken line), together with appropriately scaled
SHADOW histograms of energy distribution in the beam using different monochromatization options.

available in the small hutch adjacent to the SAXS user room (gray shaded in Fig. 6.16.9;
60–65 m from the source).

6.16.3.6 Experimental hutch

The experimental hutch will have dimensions 10×5 m2. A motorized table (with a platform
of 1×1 m2 size able to accommodate pre-mounted sample holders of different types) will be
positioned between the slits S3 and the entrance of the evacuated detector tube. A second
copy of the table platform will be available for mounting another type of sample holder
during the current experiment. The sample environment will contain the following options:

• thermostated automated changer of vacuum-tight cells for HTP studies

• thermostated setup with sample circulation to diminish radiation damage

• thermostated stopped-flow apparatus for fast kinetic studies

• cryo-cell to measure flash-frozen samples

• high pressure cell

• a coherent scattering spectrometer

• a triple axis goniometer for measuring crystals with large unit cells.
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436 6. Beamlines and Experimental Stations

In most configurations, the sample will be kept in vacuum so that the detector tube will be
connected to the vacuum tube containing the optical elements. This will allow to avoid extra
windows and to minimize the background scattering and will also be useful for anaerobic
experiments. Configurations to measure liquid and solid samples in open sample containers
in air will be foreseen as well. A mechanical shutter (MS) will be installed between slits S2
and S3 for fast time resolved experiments.
The beam alignment at the sample position will be monitored by a position sensitive ioniza-
tion chamber. Two detectors will be used to register the scattering at small and wide angles,
whenever possible, simultaneously (SAXS and WAXS detectors D1 and D2, respectively).
The sample-detector distances will be variable (SAXS detector: from 1 to 6 m, WAXS detec-
tor: 0.3 to 1 m). Off-center positions of the detectors will be foreseen to cover wider angular
range, which requires a large diameter (about 1.0 m) detector tank (displayed in dashed line
in Fig. 6.16.10). The SAXS detector will provide high count rates at low noise and cover
wide dynamic ranges without spatial distortions. It is expected that the further development
of hybrid pixel detectors (Berar et al., 2002) will lead by 2007 to the detectors of sufficient
size to be effectively used for SAXS data registration. Another option would be e.g. a flat
panel solid state selenium detector (MAR Research), which could also be employed for data
collection at wide angles.
The user room (3×5 m2) will be placed before the experimental hutch for monitoring the
experiment, on-site sample preparation and mounting. In addition to the acquisition system
interface, the room will contain minimum sample storage and handling equipment like re-
frigerator, balance, centrifuge, etc. For specialized biochemical work the users may use the
EMBL on-site facilities. Two offices for four persons (personnel, users) will be required in
the office block of PETRA III.

6.16.3.7 Data analysis system

As the present beamline is designed for HTP studies, adequate real-time data processing and
model-building techniques are indispensable. An integrated software system covering all
the analysis steps from data reduction to automated modelling methods will therefore be in-
stalled at the beamline. It could be run either interactively via a menu-driven graphical user
interface launching the data analysis modules or automatically for which a decision-taking
block will be included to select proper analysis actions and to compare concurrent models.
This system will be primarily oriented towards the analysis of biological macromolecules,
but could also be used for non-biological isotropic and partially oriented objects (inorganic,
colloidal solutions, polymers in solution and bulk).

The major components of the system will be:

• Primary data processing and reduction package based on the recently developed
program package PRIMUS (Konarev et al., 2003) will employ standard data storage
formats like Nexus (Maddison, Swofford & Maddison, 1997) and sasCIF (Malfois &
Svergun, 2000). Major data processing steps will be performed automatically to com-
pute characteristic functions and overall structural parameters.
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Mode/property Size (H), Div. (H), Size (V), Div. (V), Flux, ph/s

mm µrad mm µrad

DCM 4 keV 0.21 43 0.061 20 1.2×1013

DCM 8 keV 0.20 40 0.064 15 2.1×1013

DCM 12 keV 0.21 38 0.067 10 1.6×1013

DCM 20 keV 0.21 35 0.066 10 0.7×1013

MLM 7.9 keV 0.21 45 0.060 26 3.0×1015

Pink 7.9 keV 0.21 45 0.051 28 9.0×1015

Table 6.16.4: Beam properties at the focal point calculated by SHADOW. Fluxes are computed
accounting for transmission of a 250 µm beryllium window.

• Ab initio three-dimensional modelling suite containing advanced and further devel-
oped ab initio programs (Svergun, 1999; Svergun, Petoukhov & Koch, 2001), will
utilize the accurate scattering patterns in wide angular range (which can be reliably
collected on the high brilliance BioSAXS beamline) to build macromolecular models
with resolution to 1-0.5 nm. In large scale studies, these methods will be used to char-
acterize proteins, which could not be crystallized at the HTP crystallization facility.

• Rapid classification of proteins will be performed using a database of scattering pat-
terns computed from known high-resolution structures available in the Brookhaven
Protein Data Bank (PDB). The prototype of the database is currently being developed
Sokolova, Volkov & Svergun, 2003)). Links to Web-based fold prediction sites will
be provided with subsequent screening of the predicted models against the scattering
data and against the ab initio models.

• Addition of missing fragments and rigid body modelling will be employed to fur-
ther characterize proteins and protein complexes solved at high resolution using the
HTP crystallographic pipeline. The recently developed methods (Petoukhov et al.,
2002; Konarev, Petoukhov & Svergun, 2001) will be further developed and amended
for the automated generation of structural models in large scale studies. Additional
information from other methods (e.g. XAS data for metal-containing proteins) will be
incorporated.

• Quantitative analysis of interacting systems and mixtures will be done using para-
metric linear least squares and non-linear fitting procedures and singular value de-
composition (Konarev et al., 2003; Svergun et al., 2000) for time-resolved and titra-
tion experiments in the studies of processes like assembly, protein crystallization and
(un)folding, as well as in the analysis of non-biological systems.

A functional prototype of the analysis system will be developed by 2007 and tested at the
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438 6. Beamlines and Experimental Stations

EMBL beamline X33 at DORIS. It is planned to incorporate a training block into the system
employing neural networks for advanced decision-taking and possible user-less operation.

6.16.3.8 Conclusions

The proposed BioSAXS beamline will adequately exploit the exceptionally high brilliance
of the PETRA III source to provide an experimental SAXS station with excellent parame-
ters (dynamic range, flux and beam size, divergence) and broad capabilities. The BioSAXS
beamline, linked to a HTP protein crystallization facility and equipped with a comprehensive
data analysis system will comprise a unique environment for large scale SAXS analysis of
biological macromolecules, and, in particular, for simultaneous MX/SAXS/XAS analysis.
The beamline will also be available for soft condensed matter and material science appli-
cations. The construction of this beamline will further improve the efficiency of structural
analysis using the small-angle scattering technique, and the expertise gained at BioSAXS
will be shared with other large scale facilities in Europe and worldwide.

6.16.3.9 Cost estimates

The total investment costs of the BioSAXS beamline is estimated to 2.7 Me.

Personnel (minimum requirement assuming efficient support structure): 4 staff×3 years,
60 ke/person/year 0.7 Me

Total construction costs: 3.4 Me

Running costs: 4×staff + maintenance: about 0.5 Me/Year
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6.16.4 Biological X-ray absorption spectroscopy (BioXAS)
Author: Wolfram Meyer-Klaucke

External advisors:
Isabella Ascone LURE, Orsay, France
Holger Dau FU Berlin, Berlin, Germany
Gerald Henkel Paderborn University, Paderborn, Germany
Keith Hodgson SSRL, Stanford, USA
James Penner-Hahn University of Michigan, Ann Arbor, USA
Stefano Mangani Siena University, Siena, Italy
Robert Scott University of Georgia, Athens, USA

6.16.4.1 Present and future challenges for biological X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) determines the electronic structure of probe atoms and
their structural vicinity. Experiments are independent of sample state, providing flexibility
for the combination with a variety of experimental setups. Thus this spectroscopy is per-
formed on small volumes as well as on bulk material, on frozen material or on a continuous
flow of solution. The technique also structurally characterizes dynamic processes, such as
catalytic or light driven reactions.
In biology typical probe atoms are metals (e.g. Fe, Zn, Mo) or other elements of limited
occurrence (e.g. Br, Se, I). In proteins metals fulfill a variety of essential functions: They
stabilize the secondary protein structure, they serve as binding partners in transport pro-
cesses, they define the pathway for electron transfer, and they act as key elements in catalytic
reactions.
Every year an increasing number of proteins is isolated. In at least 30% of these gene prod-
ucts, metals are believed to play a key role; these are classified as metallo-proteins. Some
of them, the metallo-enzymes, are catalytically active. The metal ions can serve as probe
atoms in spectroscopy. X-ray absorption spectroscopy (XAS) is the only element specific
technique that can utilize all metals as probe atoms and determine their metal binding motif.
It can thereby identify the metals function in the protein (e.g. Dau, Liebisch & Haumann,
2003; Pohl et al., 2003; Scott et al., 1982). In biocatalysis XAS characterizes the active
site depending on physico-chemical parameters, like temperature, pH, substrate or inhibitor
concentration, metal content etc. (e.g. Carrington et al., 2003).
In addition to these well-established experiments more and more research activities focus
on dynamic processes. In these experiments reaction intermediates are generated by rapid
mixing devices (Kleifeld et al., 2003) or by light driven reactions (Dau & Haumann, 2003).
The later experiments include pilot experiments for future XFEL applications. Increasingly
BioXAS data are measured with high spatial resolution. Researchers obtain two or three
dimensional maps of metal coordination and oxidation state. In the upcoming system biol-
ogy projects research is no longer limited to isolated proteins. It is the interaction between
proteins and the influence of external conditions that comes into play now. The so-called
Metallome, reflecting the role of metals on the cellular basis, will have an important role. It
is likely that again XAS will be the method of choice to provide element specific informa-
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440 6. Beamlines and Experimental Stations

tion on distribution, oxidation state and environment of metal ions in entire organisms and
subsets.

Current state of the scientific field

In the past decades X-ray absorption spectroscopy (XAS) has become a widely used tech-
nique in biology and biochemistry. The element specific characterization of electronic states
and local environment has illuminated the role of metals in many catalytic reactions. More-
over, it identifies functional metal binding sites. Such detailed information on metal oxi-
dation state and metal coordination with subatomic resolution can be obtained by no other
method on samples of any state, like solutions, crystals, cell extracts, or organism tissues.
The independence of the sample state is a key feature of XAS. Entire organism tissues (e.g.
bone, corals) are transparent for X-rays with more than 6 keV. The local environment of
probe atoms in such organisms helps to understand general biological and geological pro-
cesses (Greegor, Pingitore Jr. & Lytle, 1997). In order to illuminate the structure-function
relation of the metal centers the effect of physico-chemical parameters on such samples is
studied (e.g. Pufahl et al., 1997; Wang et al., 1998b). The higher the number of different
sample states analyzed, the more detailed will the catalytic mechanism be understood.
The role of BioXAS in molecular biology has changed in recent years. In the early days,
the synergism with techniques like NMR (Banci et al., 2003) and protein crystallography
(Scott et al., 1982; Hasnain & Strange, 2003) was not widely exploited. This has changed
dramatically. Excellent scientific achievements could in many cases only be achieved due to
joint efforts of scientists from different fields (Arnesano et al., 2003; Pohl et al., 2003).
At present for most BioXAS experiments, metal concentrations of about 1 mM are required,
except at the most intense synchrotron sources. Although this value represents the lower
concentration limit for data collection it is at the same time a very high concentration for
proteins. Frequently, proteins precipitate at such concentrations. Increasing the maximum
concentration of protein in solution is time consuming and frequently fails. Thus BioXAS
experiments require a tunable high-flux source of synchrotron radiation. At present the only
spectrometer in Europe fully dedicated to BioXAS is the EMBL Hamburg bending magnet
beamline. All other spectrometers in Europe capable of performing BioXAS applications
share the experimental facilities with non-biological applications and are not embedded in
a molecular biological research environment. Therefore, many of these facilities (Asone,
Meyer-Klaucke & Murphy, 2003) are not optimized for BioXAS experiments or will no
longer be available in future (like DCI, France or SRS, UK). The EMBL Outstation Hamburg
plays a central role in European BioXAS as a provider of experimental facilities dedicated
to biological experiments, a host for advanced training courses and a nucleus for methods
development. This key role has to be maintained in future.

6.16.4.2 Science at PETRA III – scientific case summary

High-throughput BioXAS

A BioXAS undulator station at PETRA III will provide a unique opportunity for molecular

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



6.16. EMBL Proposals for Structural Biology Beamlines 441

biology in Europe. Experiments, like the ones summarized above, will be performed in a
high-throughput mode. Compared to present data collection the amount of protein will be
reduced by a factor 100 to 1000, down to about 5µg of protein. Under such conditions
typical BioXAS experiments can be performed in a high-throughput mode. This opens up
new fields for the characterization of metal binding sites in genomics and metallomics.
The advantage of high-throughput XAS is realized by examination of individual compo-
nents of an expressed proteome. The metal sites found in proteins expressed in vitro are
expected to retain biological relevance. Distribution of metals and relative expression levels
of metalloproteins as a function of environment (e.g. microbial growth conditions) could
be determined readily. But the promise of metalloproteomics goes beyond the usual expres-
sion profiling; this is accessible by standard proteomics techniques, in which the polypeptide
chain of a given metalloprotein is quantified and related to environmental influences. For-
mation of biologically relevant metal sites often requires a set of post-translational events,
including metal transport, trafficking, metallocenter assembly, cluster exchange, etc., any of
which could be influenced by environmental changes. These metal-based, post-translational
events are invisible to standard proteomics analysis and are therefore the sole purview of
metalloproteomics (Scott, 2004).
The set-up is also used for the characterization of steady states. By variation of the physico-
chemical environment and by rapid freezing of reaction intermediates, a variety of protein
states can be prepared and stabilized at cryogenic temperatures for the high-throughput XAS
analysis. The much lower threshold for sample volume and concentration will allow to ex-
pand the application of XAS in molecular biology to many metallo-proteins that can either
not be produced in the quantities required at present or not be concentrated up to the mM
metal concentrations, because the protein precipitates. A third advantage of lower concen-
trations is that these are more relevant to in vivo conditions; high protein concentration can
lead to aggregate formation (Ralle, Lutsenko & Blackburn, 2003; Penner-Hahn, 2004) that
is not representative of the in vivo structure. Therefore, such a station is a breakthrough in
the characterization of metallo-proteins. Due to the unique environment to perform molec-
ular biology experiments offered by the EMBL Outstation Hamburg, the characterization
of metal oxidation state and metal environment might even become a standard part of most
biochemical work on metallo-proteins performed in Europe.
Specific requirements and design criteria result from the irradiation sensitivity of the bio-
logical sample. Exposure of metallo-proteins to high-intensity X-rays leads to changes in
redox state (photoreduction) and structure that typically precede the damage to the amino
acid matrix. For very sensitive samples the onset of discernible photoreduction requires at
20 K an integrated X-ray exposure of 1012-1014 photons/mm2. Irradiation by ∼1013 pho-
tons is required for the collection of artefact-free data. This corresponds to scan durations
of ∼1 s and an irradiated sample area of 1 mm2 or greater. At the high-throughput station
the potential photoreduction of protein and metal will be minimized by four means. First of
all the sample will be cooled down to 5 K in a closed cycle cryostat. Second the solid angle
for gathering of fluorescence radiation will be increased compared to present set-ups. An
optimized ratio between incoming photons and collected fluorescence radiation lowers the
number of photons on the sample required for a defined data quality. Third the experiment
will have full control over the undulator gap. The EXAFS signal decays with k3. In order
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442 6. Beamlines and Experimental Stations

to achieve a constant signal to noise ratio over the entire data range of about 1.5 keV the
acquisition times at higher energies must rise in an appropriate way. By joint movement of
undulator gap and monochromator this optimizes the time for data acquisition, which effec-
tively reduces the photoreduction. Fourth the photon flux can be spread over an area of 2 - 5
mm2 by bending mirror 2 depending on the sensitivity of the metal center.

Cutting-edge experiments

By cutting-edge experiments new kind of information on the function of metals in biology
will be revealed that is mostly inaccessible to other experimental techniques.

(a) Time-resolved BioXAS experiments facilitate insights in reaction dynamics/kinetics
and structural characterization of intermediate states (Dau, Liebisch & Haumann, 2003;
Penner-Hahn, 2004). The proposed time-resolved experiments represent an exciting new
approach towards understanding of biological function (catalysis) at the atomic level.

The following types of time-resolved BioXAS experiments are planned:

Continuous flow-and-mixing. In combination with rapid mixing intermediate states can be
identified and characterized at a ms time scale (Kleifeld et al., 2003; Penner-Hahn, 2004).
Even for experiments that do not require high time resolution, there is still a significant ad-
vantage in making measurements under flow conditions. This setup allows one to make mea-
surements in fluid solution without the danger of radiation damage. Room-temperature fluid
solution measurements are essential for studies of thermochromic materials (Whittaker &
Whittaker, 1996); such measurements require the small beam and high flux density that will
be possible at PETRA III, but are not feasible using sources such as DORIS.

Voltametry and temperature cycling. The electrochemical potential (or temperature) is varied
and a spectrum is taken, say, every 100 ms by piezo-QXAFS (Richwin et al., 2002).

Triggered reactions with ∆t > 10 ms–100 s. The reaction is initiated by a light pulse (pho-
totrigger, release of caged substances), temperature pulse or jump, potential jump, or stopped-
flow techniques. Then a time series of spectra is collected either by piezo-QXAFS (10ms>∆t
< 1 s) or by rapid scanning of monochromator and undulator gap (∆t > 1 s).

Laser-triggered reactions with time resolutions of ∆t > 1µs. Employing either the photo-
chemical reactions of the investigated metalloprotein itself or of suitable caged compounds,
the investigated process is initiated by a ns laser pulse. For each flash-experiment a specific
excitation energy is chosen and the time course of the excited X-ray fluorescence is mon-
itored. By carrying out this time scan experiment at 20-50 excitation energies, complete
XANES and EXAFS spectra of high quality can be constructed (H. Dau, personal communi-
cation). The practical limit of time resolution is estimated to fall in the range of 1-20µs. For
the (unfortunately rare) processes that can be repetitively triggered on the same sample, also
ns-experiments may become practicable. [microfocus of about 50µm x 50µm to minimize
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6.16. EMBL Proposals for Structural Biology Beamlines 443

sample consumption; plus ms beam shutter to prevent radiation damage]

(b) Spatially resolved XANES (tomography) facilitates spatially resolved speciation with
respect to oxidation state and ligand environment (Schroer et al., 2003a). Most experiments
on tissue will require reference spectra collected under similar conditions. Rapid scans cov-
ering several edges will be one of the new experimental strategies to counteract the radiation
damage problem. Thereby 3-dimensional maps on metal oxidation state and environment
will visualize metal accumulation and distribution, providing new insights into detoxification
processes and metal utilization. Even in the absence of spatial resolution such experiments
receive more and more attention (Harris, Pickering & George, 2003)). [microfocus with spot
size of 70 nm–1µm depending on scientific demands].

(c) Beyond the importance of high-resolution fluorescence for site-specific measurements,
these experiments have the advantage that they provide greatly improved experimental reso-
lution for XANES studies (de Groot, Krisch & Vogel, 2002; Kivimäki et al., 1998; Hämäläinen
et al., 1991). Improved energy resolution is critical for resolving small features on the edge,
and thus for deducting details of the electronic structure of the absorbing site. Another ad-
vantage of high-resolution experiments is that they offer, for the first time, the possibility
of distinguishing directly between different ligation types. In conventional EXAFS like in
most structural methods, it is impossible to tell the difference between, for example, N and O
ligands. However, in high resolution fluorescence it is possible to resolve cross-over bands
(core-electron charge transfer transitions) such as the Kβ′′ transition, that can be used to
distinguish between N and O ligands (Bergmann et al., 1999). [expanded beam to prevent
photoreduction or small spot if continuous flow cell is used].

(d) XAS on protein crystals merges protein crystallography (MX) and X-ray absorption
spectroscopy for the determination and differentiation of active site ligands as CN and CO
or sulfide and oxide (Hedman, in prep.). [focused beam to match crystal size].

Recent publications have illustrated the potential of the experiments mentioned above. A
flexible set-up is required to fulfill the demands of the complex instrumentation. Therefore
in the second hutch user groups will find a modular experimental area consisting of five
main parts: (a) rapid mixing device for time resolved experiments, (b) a laser system for
pump and probe experiments, (c) a system of X-ray lenses for spatial resolved experiments
with a resolution of about 100 nm, (d) a goniometer with xy table for XAS tomography and
(e) a fluorescence analyzer with meV energy resolution. A goniometer for mounting protein
crystals will be transferred from present DORIS stations. In order to minimize set-up periods
all equipment will be mounted on individual honeycomb tables so that components can be
easily exchanged depending on the scientific demands.

6.16.4.3 Experimental considerations for the BioXAS station

The K- and L- edges of most important probe elements in biological material are covered
by the energy range from 5 keV to 35 keV. Thus all elements from Vanadium up to Iodine
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444 6. Beamlines and Experimental Stations

will be accessible at this station. Moreover heavy elements such as Tungsten will be ac-
cessible via their L-edges. For high-throughput and cutting edge BioXAS applications an
insertion device is the only photon source generating a sufficient photon flux. According
to the ring specifications the 2 m PETRA III undulator U2 described in Sec. 4 will fulfill
the requirements. For the energy dependent EXAFS scans over about 2 keV obviously gap
scanning is required. Actually this requirement is met by insertion devices at the operating
3rd generation synchrotrons (e.g. Tanida & Ishii, 2001). Further key parameters in the sta-
tion design are stability and reproducibility of scans and adjustments. The sub-µm stability
of the PETRA III ring will result in a corresponding stability of the spot on the sample. This
is essential in order to eliminate interference with sample inhomogeneities.

The photon source

In order to make use of standardized components we favor at present the use of a 2 m long
undulator with a maximum K value of 2.7 (see Sec. 4). Its first harmonic covers the energy
range from 2.4 to 10.6 keV, the 3rd harmonic can be tuned from 10 to 23 keV and the fifth
harmonic will be used for experiments between 23 and 35 keV. The resulting beam size and
divergence depends on the β-function of the storage ring. For a high-β section it is supposed
to be 127µm and 5.3µm at 12 keV photon energy, for a low-β function 37µm and 5.7µm,
respectively. For tomography experiments for low beta a demagnification below 100 nm is
possible with parabolic refractive Be-lenses (Lengeler et al., 1999a), whereas in the high beta
section a spot size of 300 nm defines the absolute limit for the source-spot distance of 50 m
and a photon energy of 12 keV. With KB mirrors similar spot sizes can be achieved. This
alternative setup has the advantage of a wider energy range for EXAFS scans.

Figure 6.16.12: Layout of the optical components for the proposed BioXAS station. The sec-
ond mirror demagnifies the spot size as defined by the photon sensitivity of the sample under study.
The monochromator tank houses two different monochromator setups: (i) a conventional fixed exit
monochromator and (ii) a quick XAS monochromator for fast scans with tapered undulator. KB mir-
rors or refractive lenses will produce a focus smaller than 100 nm for spatial resolved experiments.
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6.16. EMBL Proposals for Structural Biology Beamlines 445

It is important that the energy width of the undulator flux can be broadened. By tapering
a gain of up to 200 eV in the harmonic width will be achieved at the expense of a reduced
spectral flux. This will enable XANES scans to be easily obtained and ensures compatibility
of the source with the piezo-QEXAFS monochromator used for tomography.

Optics

The first optical element takes most of the heat load produced by the insertion device. Here
it will be a flat double mirror, which can vary the cut-off energy so that higher harmonics
contributions can be minimized. Two different coatings will be available covering the energy
range 5–13 keV and 12–35 keV, respectively. Details on the coatings will depend on ongoing
international R&D. Variations of the double mirror angle will result in changes of the beam
offset between incident and outgoing beam by less than 5µm. The second mirror will be
horizontal bendable in order to spread the photon flux over a larger area.
A monochromator with two plane crystals is the dispersive element. The first crystal will
be cooled by liquid nitrogen. The energy range defined above will be covered by two dou-
ble monochromators, Si(111) and Si(311). An additional Si(511) monochromator for high-
resolved XANES at higher energies is under discussion. Beam stability is one of the most
important issues to be considered for the station. Thus a fixed exit height design is preferred.
The design is aiming at very high stability over the spectral range and especially over the
typical scan ranges of about 2 keV. Avoidance of radiation-induced modifications to the bio-
logical sample require (1) the capability of scanning simultaneously the monochromator and
the undulator gap over 500–1000 eV in∼2 s; and (2) an adjustable focus size (irradiated area
on the sample of 1–10 mm2).

The high-throughput BioXAS applications in the first hutch will be performed with these
stable and easily adjustable optical components. The cutting-edge experiments in the second
hutch require further optical elements. This includes focusing and a fast monochromator.
The fast monochromator is essential for XANES tomography, because conventional systems
can not scan at the required high frequencies. Therefore a piezo-QEXAFS monochromator
will be mounted as an alternative monochromator with repetition rates of 10 Hz (Richwin
et al., 2002). Again the first crystal will be cooled by liquid nitrogen.
A full assessment of microfocussing options will take place in the design phase. Refractive
lenses achieve focal sizes of less than 100 nm combined with easy handling at the price of
limited flexibility in the energy range. In contrast Kirkpatrick-Baez mirror pairs come with
the greatest flexibility for EXAFS measurements, but are more complex in handling and lim-
ited in focusing.

Detectors

Three main detector systems are used in BioXAS presently. The standard at low intensity sta-
tions is a Ge-multi-element detector. Recent developments in fast digital electronics and de-
tector design result in potential signal throughput of up to 800.000 cps per detector element.
In order to cope with the expected fluorescence generated by the sample a multi-element Ge-
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446 6. Beamlines and Experimental Stations

detector with more than 100 elements would be required for this station. Present research on
Si-drift diodes make it likely that such a device again would require a multi-element design
with a similar number of individual detector elements. An alternative are systems based on
energy separation by Laue diffraction (Zhong et al., 1999) or multilayers (Zhang, Rosen-
baum & Bunker, 1998). In that case systems with several scintillator-photomultiplier units
are used for photon counting. At present the later system seems superior, but future devel-
opment has to be awaited. For example, 32-channel boards for digital signal procession are
under development and might be available at attractive prices in 2007.

Fluorescence analyzer (RIXS)

Resonant inelastic X-ray scattering (RIXS) looking at the decay of excited elements is a
powerful tool in determining site sensitive information on probe atoms as well as in under-
standing electronic structure of probe atoms and their ligands. Due to the limited spherical
angle that is covered by analyzer crystals this technique requires high flux. An arrangement
of at least 6 analyzer crystals will be mounted on a honeycomb table for fast exchange of
components in the second hutch. Arrangements on such tables have proven in other ex-
periments that they can be removed and reinstalled without further adjustment. For RIXS
measurements the sample will flow continuously through a small capillary in order to pre-
vent any photo-reduction or the beam will be widened to lower the radiation dose. In the
latter case cryogenic sample temperatures will be obtained by means of a cryo-stream sys-
tem.

Tomography

A focusing system, either KB or refractive lenses, will be used for tomography applications.
Samples will be mounted on a xy table or a goniometer. In both cases the sample can be kept
at cryogenic temperatures by the cryo-stream system. As a fluorescence detector the system
used in high-throughput BioXAS is installed.

Sample environment for high-throughput BioXAS

Present cryostat systems allow mounting of up to 25 samples. This could easily be extended
to 50 or 100 samples without much increase in sample temperature. Such a high-throughput
setup would allow automated data collection for long periods. Data collection on samples
with low concentration still might require about ten hours of beamtime. On the other hand
a tray with up to 100 samples can be quickly screened and then only on the interesting hits
EXAFS data will be collected. Given that these processes will be performed in a highly au-
tomated fashion, users will have sufficient time for sample preparation and preliminary data
analysis.

Energy calibration

A BioXAS experiment typically requires several scans on an increasing number of samples.
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6.16. EMBL Proposals for Structural Biology Beamlines 447

Thus scan reproducibility and accurate energy calibration are essential. Therefore, all motors
will be equipped with encoders and the transmitted beam will be used for absolute energy
calibration (Pettifer & Hermes, 1985).

6.16.4.4 Data acquisition and data reduction software

Data acquisition will be performed in two modes: fully and partially automated. Full au-
tomation will allow unattended operation for the determination of metal content of about
100 samples in high-throughput mode and measuring their EXAFS or XANES when appro-
priate. Demanding applications will be performed in partially automated mode, considering
the experimental requirements. For automated XAS data reduction statistical criteria have
been defined (Lippold, submitted). Further development along these lines will ensure that
when PETRA III becomes available suitable program packages are available.

6.16.4.5 Offline laboratory provision

For the highly specialized BioXAS research an adequate laboratory must be available. This
will include a clean sample preparation area (filtered air). This area will be linked to a
molecular biological laboratory (see above). Essential is equipment for enzyme activity
determinations and a glove box for oxygen sensitive operations. For light sensitive proteins
space in a dark room has to be available. Space will be dimensioned such that for routine
sample preparation two or three user groups can work in parallel.
For data analysis two working places will be available that do not interfere with the groups
collecting data. This will ensure that the user groups can refine their data on site, where suf-
ficient BioXAS specific knowledge is available. This is an essential requirement to support
projects from non-XAS experienced groups.

6.16.4.6 Resource requirements

Costs for the construction the BioXAS station have been estimated and given below. Ex-
penses for construction of insulated hutches have not been accounted for. The estimates for
the optical and vacuum components, fluorescence detector, flexible end-stations and com-
puter environment are based on the currently available quotes. We estimate that 9 person-
years of a technical position and 3 person-years of a scientist position are required to con-
struct an entire BioXAS beamline. If a beamline will be shared with other activities less
investment and man-years are required. Accounting for limited infrastructure of the EMBL
Hamburg initially only the hutch 1 for high-throughput BioXAS is supposed to be oper-
ational from 2008 onwards. The second hutch for cutting-edge experiments will be con-
structed at the same time. Different experimental setups will be implemented iteratively,
starting with equipment for time and spatial resolved experiments.

6.16.4.7 Cost estimate

The total investment costs for a BioXAS station is estimated to 2.0 Me.
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Detector type Costs Comments
Monolithic Ge-multi element Very-high Reliable, but number of elements

goes beyond 100
Si-drift diodes (multi element) high not yet proven under

such conditions
Scintillator/photomultiplier with moderate not yet used
Laue X-ray energy separator
Scintillator/photomultiplier with moderate Tested at APS, works for limited
Multilayer X-ray energy separator number of probe elements

Table 6.16.6: Overview of possible fluorescence detectors to be installed on the BioXAS station.

Personnel (minimum requirement assuming efficient support structure):
4 staff×3 years, 60ke/person/year 0.7 Me

Total construction costs: 2.7 Me

Running costs: 4×staff + maintenance: about 0.5 Me/Year

In case that BioXAS will operate an undulator jointly with another application, running
costs, personnel and hardware will reduce considerably. For a station being operational 50%
of the beamtime the following numbers are estimated. Details strongly depend on overlaps
in investment with the second application.

50% Scenario:
Hardware: 1.2 Me - 1.6 Me
Personnel: 0.4 Me
Total construction costs: 1.6 Me - 2.0 Me
Running costs: 2.5×staff + maintenance: about 0.35 Me/Year
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6.17 Protein Crystallography at PETRA III,
Proposal for a Sector With Two Beamlines

Authors:

H.D. Bartunik MPG-ASMB c/o DESY, Hamburg
G. Bourenkov MPG-ASMB c/o DESY, Hamburg
E. Mandelkow MPG-ASMB c/o DESY, Hamburg
Ch. Betzel Universität Hamburg
R. Hilgenfeld Universität Lübeck

Aiming to provide a basis for efficient and competitive exploitation of the potential of PE-
TRA III for biological structural research with synchrotron radiation, we propose the con-
struction of a sector comprising two beamlines and infrastructure for sample preparation and
data processing. It is intended that the facility will be constructed and used by a consortium,
following a suggestion made by the University Hamburg and the University Lübeck to the
MPG. Other institutions are invited to join the consortium.

6.17.1 Scientific aims
The development of protein crystallography using synchrotron radiation during all its phases
has been substantially influenced and advanced by research activities on the DESY campus,
which started at the EMBL Outstation in the late seventies and were later joined by the MPG-
ASMB. This led to the solution of many important crystal structures. Outstanding examples
of supramolecular structures include the reaction center of photosynthesis, the 26S protea-
some (Fig. 6.17.1), and ribosomal 30S (Fig. 6.17.2) and 50S particles. Crystal structure
analysis in many cases formed the basis for investigations of dynamic aspects of structure-
function relationships, as in the example of the motor protein kinesin (Fig. 6.17.3). A number
of technical and methodological developments, including in particular crystallographic stud-
ies at ultra-high resolution (Fig. 6.17.4), cryo-crystallography, experimental phasing using
anomalous scattering, and time-resolved protein crystallography, made DORIS, despite its
relatively high emittance, to one of the worldwide most productive facilities for biological
structural research. At the same time, such developments provided the basis for many ap-
plications that have been carried out in the field of industrial pharmaceutical and agronomic
research. An overview over the scientific applications on beamline BW6 at DORIS III is
provided by a list of selected references (Blume et al., 2001; Bochtler et al., 2000; Burkhard
et al., 2000; Einsle et al., 1999; Fritz et al., 2002; Gomis-Rüth et al., 1997; Groll et al., 1997;
Groll et al., 2003; Hagemeier et al., 2003; Harms et al., 2001; Harms et al., 2003; Henrich
et al., 2003; Kachalova, Popov & Bartunik, 1999; Kozielski et al., 1997; Macedo-Ribeiro
et al., 1999; Sack et al., 1997; Scheufler et al., 2000; Schlünzen et al., 2000; Song et al.,
2001; Than et al., 2002; Worbs et al., 2001).
The resolution that was reached in the analysis of supramolecular structures, however, was
affected by the experimental limits of DORIS. Studying such structures of very high molec-
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450 6. Beamlines and Experimental Stations

Figure 6.17.1: 26S proteasome from yeast (Groll et al., 1997).

ular weight per asymmetric unit using small crystal volumes in fact requires a source with
low emittance and high brilliance. Similar demands exist for other applications including,
e.g., investigations of short-lived structural states with time-resolved diffraction methods.
The upgrade of PETRA fundamentally improves the conditions for such experiments. Its
low emittance creates the potential for PETRA III to become the world’s top performing
synchrotron radiation source for biological structural research in the hard X-ray regime. In
order to be able to efficiently use this potential, experimental stations have to be developed
that fulfill the requirements defined by the known types of applications and offer the pos-
sibility to be adapted to new future applications. The present proposal aims to design and
construct instrumentation for one sector of PETRA III. In addition, the automation of parts
of the data acquisition that has already been realized at the beamline BW6/DORIS shall be
extended to include all experimental aspects of crystal structure analysis and its control by
an expert system. Furthermore, adequate infrastructure facilities for sample preparation and
for immediate solution and interpretation of crystal structures shall be set up in the close
vicinity of the beamlines.

An important aspect is the intended setup of a network of biological structural research that is
embedded in related activities (structural genomics, proteomics, biomedical and pharmaceu-
tical applications) in the Hamburg area and closely connected to research activities in other
regions. The universities in Hamburg and its surrounding (Univ. Hamburg, Univ. Lübeck,
TU Hamburg-Harburg) are going to widen their activities in the field of biological structural
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6.17. Protein Crystallography at PETRA III 451

Figure 6.17.2: 30S ribosomal subunit (Schlünzen et al., 2000).

research using synchrotron radiation following the creation of new professorships. This of-
fers outstanding possibilities for long-time cooperations in the development of technologies,
in research, and in the professional training of students. At the same time, the experimental
facilities and methods will continue to be accessible and available to structural biologists
within the MPG and other German and foreign research institutions.

6.17.2 Basic concept of the beamlines

Fig. 6.17.5 shows a schematic view of the sector with two beamlines, which have com-
mon infrastructure but may be operated independently. By using as far as possible identical
beamline components and diffraction equipment as well as a joint computer system for con-
trol, data acquisition and evaluation, both the investment costs and the technical personnel
required for the construction and operation will be reduced to a minimum. This concept
requires a joint scientific-technical direction of both beamlines.
The two beamlines each include a 2 m long undulator as source (Fig. 4.1.1). The present
planning assumes the use of fixed-period undulators. Both beamlines shall be optimized for
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Figure 6.17.3: Kinesin dimer moving along the microtubule proto-filament (Song et al., 2001).

Figure 6.17.4: Fe-CO in myoglobin at ultra-high resolution (Kachalova, Popov & Bartunik, 1999).

MAD phasing applications in protein crystallography and at the same time offer small beam
cross-sections (1–30µm) and high flux at the sample position. The relevant parameters are
listed in Tab. 6.17.1. The concept of the beamlines permits macromolecular crystal structure
analysis as well as other applications. For example, experimental setups involving grazing-
incidence beam conditions for investigating structures at surfaces, diffraction measurements
from fibers with extremely narrow diameters, topographic techniques, and a combination of
X-ray diffraction with X-ray fluorescence spectroscopy may be possible.
Beamline BL1 has priority in the planning. BL1 presently is designed for applications to
supramolecular structures and very small crystal volumina. It will be tunable through the
entire energy range from 3.5–35 keV. Both Si (111) and Si (311) monochromators will be
available, including rapid switching from one to the other as function of the energy range
and the desired energy resolution. The focusing may be adapted to particular requirements.
This includes the option for micro-focusing (1–3µm). PETRA III offers excellent conditions
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6.17. Protein Crystallography at PETRA III 453

Figure 6.17.5: Scheme of the sector at PETRA III with two beamlines that may be operated inde-
pendently. BL1 may be operated either with monochromatic beam or with ”pink beam” (bandwidth
2–3 %). Under monochromatic conditions, the beam cross-section at the sample position may be ad-
justed to 1–30 µm (FWHM) and thus adapted to the experimental requirements. BL2 will be operated
under monochromatic conditions. A vertical shift of the beam results in a work height of 1 m at the
sample position.

for work using micro-focus conditions, due to its low emittance and high beam stability. As
a further option, BL1 may be operated using a “pink beam” (bandwidth ∆E/E = 2–3 %); this
condition in particular is of interest for Laue diffraction measurements and diffuse scattering
experiments. Thus, we plan to provide experimental facilities on PETRA III, which will also
be of considerable importance for preparing time-resolved investigations at the X-ray laser
(XFEL), in particular for the development and testing of external excitation conditions.

Beamline BL2 will be operated in monochromatic mode only. Using a Si (111) monochro-
mator, the tuning range for high-flux applications will extend from the uranium M5 edge to
the bromium K edge. As an alternative option, a Si (311) monochromator may be used to
provide high energy resolution, e.g. for determining an oxidation state, within the range be-
tween the K edges of molybdenum and iron. In order to create sufficient space for diffraction
equipment at BL2, the monochromator setup is designed to change the beam height by 0.4 m
(to a height of 1 m). BL2 will be optimized in particular for structural proteomic projects.
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454 6. Beamlines and Experimental Stations

6.17.3 Auxiliary installations

Automatic beamline control: High beam stability at the sample position is of importance for
most applications, in particular for work under micro-focus conditions. The components of
the X-ray optics and diffraction equipment therefore will be designed to permit automatic
control on the basis of automatic beam diagnostics and continuous re-alignment.
Automation of measurements: All experimental steps of protein crystal structure analysis ex-
tending from sample mounting to phasing will be automated as far as possible and controlled
by an expert system. This includes the control of the sample environment (temperature, hu-
midity, anaerobic conditions etc.), remote control of experiments, and compatibility with

A. Monochromatic conditions BL1 BL2
Energy range, keV 3.5 – 35 3.5 – 14 Si (111)

7 – 20 Si (311)
Energy resolution ∆E/E 10−4 0.4 - 2.5 0.4 - 2.5

Focused beam at the sample, FWHM
Min. size, HxV µm 30 x 15 15 x 10

Max. divergence, HxV µrad 400 x 200 600 x 300
Flux at the sample, ph/sec/100mA

@ 12 keV 3 ·1013 3 ·1013

@ 35 keV 1012

Microfocus option
Focus size, HxV µm 3 x 1

Divergence, mrad 2.2 x 1.2
Flux @12 keV > 1012

B. Pink beam conditions
Bandwidth < 9 keV ca. 3 %

> 9 keV 2 – 3 %
Photon flux, photon/sec/100mA

9 keV, 10% 2 ·1016

12 keV, 3% (fixed-period undulator) 1 ·1015

12 keV, 10% (variable-period undulator, ∼ 2 ·1016

1st harmonic shifted to 12 keV)
Photons per bunch @100mA, 40 bunches (192 ns)

9 keV, 10% 4 ·1010

12 keV, 3% (fixed-period undulator) 2 ·109

12 keV, 10% (variable-period undulator, ∼ 4 ·1010

1st harmonic shifted to 12 keV)
Min. focus size, HxV µm 80 x 20

Chopper time window, ns / 1000rpm 25
(rotating mirror chopper)

Table 6.17.1: Parameters of the protein crystallography beamlines.
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6.17. Protein Crystallography at PETRA III 455

high-throughput (HTP) applications.
Sample preparation: Facilities for sample preparation and sample mounting will be available
in the immediate vicinity and jointly used for both beamlines. These include in particular
devices for ad-hoc derivatization (e.g. with xenon), possibilities for developing and testing
cryo-solvents, and air-conditioned rooms or incubators for crystallization and preparation.
Storage of samples at low temperatures and equipment for transferring samples to the beam-
lines are required for HTP applications. The coding and identification of samples shall be
standardized within the framework of a European project (BIOXHIT).
Data evaluation and structure solution: Complete evaluation of the experimental data, in-
cluding an assessment of the quality and interpretability of electron density maps, in general
shall be feasible within short time immediately after completion of the data collection. This
aim has already been reached in many cases on BW6. Furthermore, we aim to an interactive
control of the experiment on the basis of the currently evaluated data. This requires high data
transfer rates and computing performance. An Intel cluster shall be used for this purpose, and
software that is part of the expert system will be parallelized as far as possible. Both beam-
lines will be equipped with the same front-end computers and bus systems and connected
to a joint computing facility, in order to facilitate the system management and software de-
velopment. Measuring strategy, interactive data acquisition, and evaluation methods will be
standardized as far as possible within the framework of BIOXHIT.

6.17.4 Capital investment and personnel
The total investment costs for the proposed beamline endstations without optics, vacuum
system and hutches is 4 Me.
For the operation of both lines 4–6 scientists and 2–4 engineers/technicians will be needed.
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456 6. Beamlines and Experimental Stations

6.18 Experimental Techniques with no Dedicated
Beamline Proposal

In this section two experimental techniques will be presented that certainly benefit from the
beam properties of a 3rd generation synchrotron radiation source, but for which no special-
ized beamline proposal has been made. The first technique, high pressure experiments using
diamond anvil cells, is meanwhile almost a standard at many synchrotron radiation beam-
lines. The second one, which is topography, can easily be carried out at any beamline that
provides a suitable beam such as high a resolution diffraction beamline.

6.18.1 High pressure diamond anvil cell laboratory
Current state of the scientific field Pressure is besides temperature one of the most im-
portant thermodynamical parameters. Its variation over a large range is crucial for many
experiments. Diamond anvil cells (DAC) are a high-pressure technique, which combines
several advantages. They are able to achieve the highest static pressures: several Mbars are
currently possible (1 Mbar = 100 GPa). DACs are compact and can easily be transferred
from one beamline to another. They are a versatile tool enabling to couple X-rays studies
with other physical characterization methods (e.g. Raman scattering, electrical resistance,
magnetic susceptibility, and fluorescence measurements) as well as experiments at low and
high temperature. At moderate pressures they are easy to handle and can be used by experi-
mentalists not specialized in this field. Meanwhile, DACs have become a ‘standard’ sample
environment option at all major synchrotron facilities.
Most X-ray experiments using DACs are powder or single-crystal diffraction studies for the
determination of the crystal structure or the equation of state. Single-crystal diffraction pro-
vides more precise data, however, measurements are only possible under (quasi-) hydrostatic
conditions. In addition, this method requires DACs with large X-rays windows, thus limiting
the maximum achievable pressures to ∼ 50 GPa. Powder diffraction is less demanding to
the cell design and is used in the whole pressure range achievable with DACs. The method
increasingly requires advanced methods for structure analysis, which in particular includes
the application of area detectors for data recording in order to provide the possibility for
texture analysis during data processing.
New 3rd generation synchrotron sources open up new possibilities: (i) studying low-Z ma-
terials (e.g. H2, Li), (ii) sampling data as function of the pressure gradients across the anvil
working flat with high spatial resolution, (iii) studying protein crystals by single-crystal
diffraction. They also enabled the application of new X-ray methods such as inelastic scatter-
ing, fluorescence measurements, and X-ray absorption spectroscopy, which became a stan-
dard method in high-pressure experiments.
In many studies a combination of pressure with for example low/high temperature, external
magnetic fields etc. is applied. Laser heating in a DAC has become a special area of research
often called ‘Studies of matter under extreme conditions’. Currently, temperatures as high
as ∼ 4000 K at pressures up to ∼200 GPa are achievable. However, the issues of absolute
temperature and pressure determination at high temperatures, as well as the characterization
of the sample exhibit an experimental challenge leading to a number of fundamental physical,
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6.18. Experimental Techniques 457

chemical and metrology problems. The role of X-ray based methods is especially important
since at high temperatures the applicability of the optical methods is limited due to the fact
that the signal is obscured by thermal emission. The pressure and temperature gradients
imply further constraints for the incident beam, which should be 3-10µm in size. To obtain
sufficient statistics for powder diffraction a micro-focused high-brilliance incident beam is
needed, which can only be provided by a 3rd generation synchrotron radiation source.

6.18.1.1 DAC facility

Since the parameters of all PETRA III beams (in divergence and size) are in fact suitable
for the application of DACs no special beamline is dedicated to high-pressure experiments.
Instead, the DAC sample environment is an integrated part of the whole facility. It consists
of a number of systems and modules, which are transferable between beamlines such as
powder diffraction, single crystal diffraction, micro fluorescence, structural biology, absorp-
tion spectroscopy, nuclear and inelastic scattering. The DAC environment aims to provide
users with all basic experimental options: compression under quasi-hydrostatic conditions,
pressure generation in the multi-Mbar range, measurements at low and high temperatures.
Accordingly, the environment will include:

• a set of the cells with different geometry ,

• a sample preparation facility (gasket drilling, sample loading etc.),

• a mobile spectroscopic system for online pressure measurement by the ruby fluores-
cence method,

• an off line spectroscopic system for pressure measurement in the multi-Mbar range by
optical methods,

• a gas loading system,

• and a laser heating system.

High pressures cells: The Mao-Bell type cells are proposed for powder diffraction. The de-
sign is most suitable for ultra-high pressure experiments (above 100 GPa). For single-crystal
diffraction two types are suggested: the Merritt-Bassett and the IKAN designs. The X-ray
windows of these cells cover different parts in reciprocal space, so both types are compli-
mentary to each other. In addition to the DACs mentioned two more anvil-type cells can
be used. In the Paris-Edinburgh cell tungsten-carbide anvils are used. The cell has a large
working volume and it is suitable for high-temperature experiments with resistive heating.
The Kurchatov-Institute cell is made of non-magnetic material. Sapphire anvils are used
with a working volume intermediate between a DAC and the Paris-Edinburgh type. The cell
is suitable for magnetic-scattering experiments.
Low temperature option: These cells are equipped with pneumatic drives to apply force to
the anvils. The drives are used instead of the standard screw mechanisms; which are imprac-
tical at low temperatures because of difficulties to transfer mechanical motion into a cryostat.
DAC mounting and sample preparation facility: The facility will include a set of microscopes
and tools for DAC handling. Basically the facility exists at HASYLAB/DESY. However
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458 6. Beamlines and Experimental Stations

some more developments are required to provide conditions for ultra-high pressures.
A gas loading system: The system is necessary for both to provide possibility to study gaseous
samples and to provide studies under quasi hydrostatic conditions.
A mobile spectrometer system for online pressure measurements: This system is the standard
option for the measurement of pressure in the range up to ∼120 GPa.
An off line spectrometer system: This system is necessary to measure pressure in the multi-
Mbar pressure range. It is based on a triple monochromator with subtractive dispersion. Two
lasers Ar+ and Kr+ are included to excite the fluorescence and to initiate Raman scattering.
High-quality optics elements are used to keep the background low and to provide effective
spatial filtering of the signal in the imaging system. A CCD detector will be used to collect
the signal.
Laser heating system: Basic elements of these systems include: (i) one laser for heating
opaque samples (with a wavelength ∼1µm – Nd:YAG or Nd:YLF), (ii) another laser for
heating transparent samples (CO2 laser with a wavelength of 10.64µm), (iii) an imaging
spectroradiometric system for temperature measurements, and (iv) a feedback system for
temperature control. The exact configuration will be defined depending on the progress
achieved in this field by the time when PETRA III becomes operational.
Laboratory space: Two rooms in the experimental hall will be required. One room will be
used for sample preparation. Another room is used as an optical laboratory for the off line
fluorescence/Raman measurements as well as for the development of the laser heating sys-
tem. A separate place about 4 m2 is needed for the gas loading system. For security reasons
the compressor together with the high pressure vessel should be situated in a large hole (to
allow gas expansion in case of an accident) and should be surrounded by a strong protective
fence.

6.18.1.2 Capital investment and personnel

The proposed high pressure equipment amounts to about 400 ke, the laser heating system
will cost another 550 ke. One scientist will be needed to run the high pressure laboratory
with support of the engineer and technician allocated for the general sample environment
facility.

6.18.2 X-ray topography

6.18.2.1 Introduction

X-Ray Topography (XRT) is a non-destructive technique, which can provide a map of the
strain or defect distributions in crystals. This technique is based on the difference in re-
flecting power between perfect and distorted parts of a crystal. It is sensitive to strain fields
extending over more than several micrometers and therefore XRT is mainly used for the
study of strain, dislocations, planar defects, stacking faults, domain walls in ferroelectric and
magnetic materials, growth defects, and large precipitates.
Localized imperfections may act as independent scattering centers e.g. small angle scatter-
ing by small precipitates or thermal diffuse scattering, but it is the strains they induce which
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6.18. Experimental Techniques 459

modify the diffraction of X-rays by a good quality crystal. These strains due to the disloca-
tion perturb the crystal for several microns from the defect, and it is these regions far from
the dislocation core itself, which give rise to the defect image, through a deviation from the
ideal Bragg reflection observed in the more perfect crystalline regions. An example of the
experimental arrangement for a white beam transmission (i.e. Laue mode) X-ray topographic
experiment is shown in Fig. 6.18.1

Figure 6.18.1: Schematic setup of Laue topography.

When a single crystal is immersed in a white X-ray beam a number of lattice planes (h k l)
select out of the continuous spectrum the proper wavelengths to be reflected according to
Bragg’s Law:

2 · dhkl sin ΘB = λ (6.18.1)

where dhkl is the inter-planar spacing of (hkl) lattice planes and ΘB is the Bragg angle. A
beam diffracted in a certain direction 2θB with respect to the incident beam has a spectrum
of wavelengths λ, λ/2, λ/3, etc. corresponding to diffraction lattice planes (h k l), (2h 2k 2l),
(3h 3k 3l) etc. The fundamental reflection h k l or its harmonics may, however, be structure
factor forbidden.
Geometrical resolution is governed by the incident beam local divergence on the sample and,
for typical experimental conditions, lies in the micron range at a 2nd generation synchrotron
radiation source.

6.18.2.2 Technical issues

From the viewpoint of X-ray topography the ultimate achievable resolution on the recording
medium (film, CCD array, etc.) is limited by the apparent source sizes in the horizontal and
vertical dimensions. This is illustrated by the diagram in Fig. 6.18.2. The situation is little
different for back reflection (i.e. Bragg case) X-ray topography. From the above we find that

h =
D

L
H (6.18.2)

In Tab. 6.18.1 the achievable resolution for different topography setups at DORIS III, ESRF
and PETRA III are compared.
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460 6. Beamlines and Experimental Stations

Figure 6.18.2: Achievable resolution in X-ray topography: The geometry shown is for the case
of a Laue (transmission) X-ray topography, where L = distance from the synchrotron source to the
sample, D = distance from the sample to the recording film, H = source size (in either the vertical
or horizontal directions), h = best achievable resolution on the film due to the beam divergence and
geometrical conditions (“hor” - horizontal direction, “vert” - vertical direction).

DORIS III ESRF ID19 PETRA III
L [m] 32 150 100
hhoriz. 4700 nm 200 nm 180 nm
hvert. 470 nm 3 nm 3 nm

Table 6.18.1: Comparison of the theoretically achievable resolution (RMS-values) at DORIS III,
PETRA III and the presently available best topography station (ID19 at ESRF). The comparison was
carried out for D=50 mm (Eq. 6.18.2).

6.18.2.3 Conclusions

The upgrades of PETRA will ensure the competitiveness of HASYLAB/DESY for X-ray
topography experiments. Longer source-to-sample distances (e.g. L > 100 m) will ensure
spatial resolution capabilities superior to current 3rd generation synchrotrons.
Monochromatic experiments should be possible at any beamline with a suitable monochro-
mator, diffractometer to position the sample, and an exposure shutter that is fast enough.
For white (or pink) beam topography the beamline needs to support the pink beam option in
addition.
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Chapter 7

Civil Engineering

7.1 Site Characterization
The outstanding property of PETRA III is the extremely small beam which will be supplied
to the experiments. Using moderate focussing a beamsize of several µm2 can be achieved.
To make efficient use of this beam the positioning of all optical elements and the sample
must be even more precise than that. In general a positional accuracy of 10 % of the beam
size is stipulated. This requires a high level of thermal stability (air conditioning) and ground
stability. In the following section we describe the efforts to characterize the local situation
and compare the expected stability to the situation at similar installations world wide.

7.1.1 Description of the DESY site, geological overview
The ground at the DESY site was mainly formed during the last glacial period. The soil
consists mostly of permeable sands with a few impervious layers of marl or loam of the
Quaternary period. Concerning the area of PETRA the site investigations from 1975 show
sands and glacial loam. The loam in itself is sandy and contains smaller sandy layers within.
The density of the sand is at least middle (see Fig. 7.1.1). The point resistance of the penetra-
tions tests shows low values for the loam but this does not necessarily mean also low bearing
capacity. Of great advantage is the deep ground water table of more than 20 m below surface
level. This results in low effects on the surface by changing ground water table.

7.1.2 Ground motion
Optimal use of the micrometer beam delivered by PETRA III requires a stability of the order
of 10 % of the beam size. Of importance is the relative stability of the experimental setup
with respect to the beam, i.e. the undulator source. Long wavelength motions or slow drifts
pose only a minor problem. Given the size of the facility and a speed of sound in sand of
150 m/s, seismic waves with a frequency higher than roughly 0.5 Hz are potential sources of
instabilities.
DESY has taken a large effort to compare different accelerator sites around the world con-
cerning ground motions. Fig. 7.1.2 shows power spectral densities of the ground motion
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Results from “Baugrund- und Gründungsbeurteilung vom 
Erdbaulaboratorium Prof. Dr. Ing. Karl Steinfeld vom 18.03.1975” 
(”Ground- and foundation examination by soil labs Prof. Dr. Ing. 
Karl Steinfeld from 18.03.1975”). This examination was made for 
the Petra construction in the area of the hall Petra III building 
site. Pictures have been edited by DESY.

Figure 7.1.1: Point resistance of the penetrations tests (left) and layering of the ground below the
experimental hall (right).

measured at ESRF, APS, CERN and DESY. All data were taken during the night and are
averaged over 15 minutes. The overall shape of the spectral densities is determined by the
normal f−4 decay (best seen in the CERN curve). In the range around 10 Hz ”cultural noise”
leads to a significant increase of the vibrational amplitudes. This contribution is almost ab-
sent at the CERN location. In the range below 1 Hz the ”echo” of ocean waves dominates
the spectrum. Comparing the selected curves the following can be stated:

• the DESY site has the most quiet ground in the range below 1 Hz. This is of particular
interest, as usual measuring times are in the order of seconds

• between 1 Hz and 5 Hz the situation at DESY compares well to the one at ESRF

• above 5 Hz the ground is more stable than the ESRF site and almost identical to the
conditions at APS.
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7.2. Experimental Hall 463

Figure 7.1.2: Power spectral densities of ground motions measured at different accelerator sites.
Red: CERN; dark red: APS; blue: ESRF; dark green: DESY.

The spikes superimposed on the smooth decay are due to local resonances. Those may
originate from the geometry of the concrete structure at the location of the measurement or
local activities. Also the vibrational damping characteristics of the ground influences the
curves in detail.

7.2 Experimental Hall

The design of the experimental hall was guided by several boundary conditions:

• The large radius of the machine and the optimal use of the low emittance requires
mostly rather long beamlines (up to 100 m or more).

• The building has to be kept compact in order to minimize costs and to fit on the area
available.

• Due to the radiation shielding concept offices and laboratory space have to be located
on the outer perimeter of the hall.

• The design has to allow a building phase not exceeding eight month.

Thus a concept similar to the experimental hall of ESRF was chosen. However, as experience
showed that offices and laboratory space should be located close to the beamlines, the outer
perimeter of the hall will be used for offices and laboratories from the outset.
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464 7. Civil Engineering

Figure 7.2.1: Schematic top view of the new PETRA III experimental hall.

7.2.1 Overview of the arrangement of the rooms, staircases, elevator,
etc.

As seen in Fig. 7.2.1 the top view of the building describes mainly a segment of a circle with
an inner radius of 260 m, the angle of the sector of the circle is 40◦. In the southeast the
segment is extended tangentially about 36.20 m to meet building 48 (a former PETRA ex-
perimental hall). Due to construction purposes the building walls will not exactly follow an
arc but a polygon line, each straight lined over three posts. The hall is 32 m wide; thereof the
innermost 2.5 m are used as service area mostly for power supplies of quadrupole magnets.
The ring tunnel covers another 5 to 6 m. The actual experimental floor is 20 m wide. The re-
maining 6.5 m are covered by the outer bow of the building which accommodate laboratories,
offices and plant rooms, especially for air conditioning.
The total space of the ground floor is 7514 m2, whereof 86 % is experimental area. The hall
will have four doors on each longitudinal side. The ones of the eastern side will have a
clearance height of 2.5 m in order to let forklift trucks pass through. At each of the front
sides the hall will have one larger entrance gate for lorry traffic. The main door will be the
one at the northern side, where lorries must pass a lock in order to prevent a greater impact
on the thermal conditions in the experimental area.
An overhead crane will span over the total experimental area. Its hook clearance will be
6.0 m, its load capacity 20 tons.
Above the experimental area the building will be one-storied with a height of 8 m underneath
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7.2. Experimental Hall 465

Figure 7.2.2: Schematic cross section of the new PETRA III experimental hall.

the trusses of the roof. The outer bow of the building will have 3 storeys. Therefore four
staircases and an elevator will be provided.
Laboratories will be located on the ground floor with a height of 3.3 m and width of 6 m
each. A schematic cross section of the experimental hall is shown in Fig. 7.2.2. The parti-
tions should be built in a lightweight construction mode so that the length of the rooms is
adjustable to their particular purposes. The laboratories will stretch over a total of 705 m2.
There will be a service corridor (”freeway”) between the laboratories and the experimental
area with an aisle width of about 2 m. On the first floor there will be an office area and the
usual rest rooms. The offices will occupy a total of about 886.5 m2. Along side the offices
will be a corridor which provides visual contact to the experimental area. The aisle width
will be 1.50 m.
On the second floor will be space for technical equipment such as air conditioning devices
and electrical power distribution. The total space will be some 1380 m2. As stability is one
of the major issues for a third generation source both temperature and mechanical stability
of the floor will be addressed. Again the experience of third generation sources built in the
last decade has proven that inside the ring tunnel a temperature stability of the order of 0.1 K
is required. Similar values have to be achieved in some (most) of the experimental hutches.
Thus also the temperature in the experimental hall has to be stabilized to within 1 K. A
temperature change of 1 K changes the length of a steel bar by roughly 10−5, i.e. a monitor
sitting on a 1 m long bar changes its height by 10µm. This is roughly half of the maximum
beam height in PETRA III and three times the minimum beam height. Concerning the floor
stability both APS and SLS have made good experience with a monolithic ring carrying both
machine and experiments. A floor thickness between 30 cm (APS) and 40 cm (SLS) seems
to be appropriate. Below the ring tunnel a foundation of 1 m concrete is planned to ensure
ultimate stability. Currently two schemes to minimize the influence of local vibrations are
discussed:

• to have one monolithic ring segment decoupled from the ”freeway” and the inner ser-
vice area. Needless to say that the crane pillars have to be founded outside this seg-
ment.
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466 7. Civil Engineering

• to separate the above mentioned segment with tangential cuts between adjacent beam-
lines to prevent vibrations to propagate from one experiment to the next.

In any case it seems to be important to have a rigid connection between beamline and ma-
chine (undulator). As beam stability will be one of the main issues at PETRA III and vibra-
tions of the experimental floor disturb experiments using a µ-beam as well as movements of
the particle beam a vibrational monitoring system will be installed on the experimental floor.
This will allow to identify possible sources of ”home-made” vibrations.

7.2.2 Construction method

The building will have to be made of prefabricated elements as far as possible, because of
the requirement to build the entire hall within 8 months.
The load-bearing structure will be made of pillars and trusses probably of pre-cast concrete.
The distance between the posts on the outer perimeter of the hall will be 6 m. A steel or
wooden framework is imaginable as well. This depends on demands coming from structural
fire protection or later adaptation issues.
As there is a high requirement on temperature stability in the hall some special means have
to be considered in the layout of the structure and panelling (in order to reduce impact of
solar radiation and the consequential daily changes of temperature):

1. there should be no windows except in the area of the offices and laboratories (which
are in north eastern direction).

2. the basic material of all structural and panelling elements should be of high volume
density (to get a higher heat storage capacity). The panelling material will either be of
gas concrete with relatively high density or of lime malm brickwork.

3. the entire hall will be thermally insulated.

4. there will be a curtain wall in front of the load bearing inner wall on the southwestern
side. The space between will be about 30 cm where a free airflow is guaranteed.

5. the advantages of a roof with natural cover are being investigated.

6. instead of the above mentioned roof there is also the possibility of a double deck roof
in which a free airflow under the upper deck is guaranteed as well.

As outlined above a high ground stability is required. The definite solution is still under
investigation. The slab for the experimental area will be separated from the foundations of
the hall by using vibration-insulating material. It is also considerated whether to dig a deep
ditch around the building to reflect ground noise near the surface or to put the concrete slab
on a pile foundation.
The floor of the experimental area must be covered with anti-static material. The flatness is
specified to be 1 mm over a distance of 1 m.
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7.2. Experimental Hall 467

7.2.3 General power supplies

The general power supply contains the 10 kV medium voltage and the 400 V low voltage
equipment. It includes the electrical installation of the building (power sockets, lighting,
etc.) and the cables to the consumer loads. The interfaces to the consumers are the power
sockets or, with hard-wired consumers, the terminal blocks.
The requirement for electric power for the new experimental hall amounts to 2.500 kVA.
This is divided into three fields of application:

• 1.100 kVA for the operation of the hall

• 600 kVA as a tranquilized net for the experimental hutches

• 800 kVA for the power supply units of the magnets

For each field its own 10/0.4 kV transformer is necessary. With some spare capacity one
1.250 kVA and two 800 kVA transformers are needed. The 1.250 kVA transformer (Trafo 1)
supplies the electrical load of the hall, such as power sockets, lighting, offices, laboratories,
and air conditioning. The second transformer (Trafo 2) powers the experimental hutches. A
constant voltage, without influences or peaks from other customers will be reached with this
own power-net for the experimental hutches.
The second 800 kVA transformer (Trafo 3) feeds in the power supply units.
Transformers 1 and 2 are set up in a laboratory-room on the ground floor. In order to achieve
cable lengths as short as possible, this room should be in the center of the hall (halfway down,
Fig. 7.2.3). Special dampers are mounted between the transformer and the mounting rail to
prevent vibrations emitted by the transformers. These dampers absorb approx. 90% of the
transformer-vibrations. Next to the transformer-room is the low-voltage room (Fig. 7.2.3).
Here are the two 400 V main distribution boards (Niederspannungshauptverteilung NSHV).
The first NSHV (NSHV 1) is supplied from Trafo1 and feeds six sub-distributions (Unter-
verteilung UV). Three of them (UV1 - UV3) are on the ground floor and three are on the
second floor (UV4 - UV6). The sub-distributions on the ground floor supply the power sock-
ets and the laboratories. Each laboratory is separately fused and has its own fuse-box for the
power-sockets. The benefit is that, in a case of defects, the fuse in the fuse-box in the lab can
be disconnected.
At each pillar in the hall one 400 V and one 230 V power-sockets, supplied from the sub-
distributions on the ground-floor (UV1 - UV3), will be installed.
The three sub-distributions on the top floor (UV4 - UV6) supply the offices on the first floor.
Again we will take care of short cable lengths getting the additional benefit of low fire load.
The ventilation, the crane, the elevator, the lighting and the rolling gates are supplied directly
from NSHV 1. The lighting control is also in the low-voltage room on the ground floor. The
brightness in the hall is designed as a storage hall (100 lux) according to the workplace
guideline (Arbeitsstättenrichtlinie 7/3). Therefore it is mandatory to have additional lights at
the workplaces.
The second main distribution board (NSHV 2) feeds three sub-distributions (UV7 - UV9)
which are also on the ground floor. From these sub-distributions the experimental hutches
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Figure 7.2.3: Schematic representation of the power supply in the PETRA III experimental hall.
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7.2. Experimental Hall 469

are supplied. The hutches contain ’Elektranten’ (Boxes with several 400 V and 230 V power-
sockets) to supply the experimental equipment.
The sub-distributions on the ground-floor (UV1 - UV3 and UV7 - UV9) are also located in
lab-rooms (Fig. 7.2.3). In the top the sub-distributions UV4 - UV6 are in similar positions
like the UVs on the ground-floor.
The third transformer (Trafo 3) is in a separate building on the west side halfway down the
hall (Fig. 7.2.3). The medium voltage switchgear and the main distribution boards (NSHV 3)
are also in this building.
The medium voltage switchgear is a redundant system with two input cables. The main input
is from the Hauptstation B, the second from the Unterstation 2/A. In the case of a breakdown
of one of these inputs switching over to the other input is possible. The advantage is an higher
reliability. The input cables run on the west side of the hall (Fig. 7.2.3) to the switchgear
building. There will be another two cables from the switchgear to the transformers 1 and 2
on the other side of the hall. These cables run from the switchgear building on a cable tray
in the hall, from there up under the roof, onto the other side of the hall and then down to the
transformer room.
The NSHV 3 is fed from Trafo 3. This main distribution board supplies three sub-distributions
(UV10 - UV12) which are located on the west side of the hall. These sub-distributions feed
the power supply units. The cables between the sub-distributions (UV10 - UV12) and the
power supply units are lying on cable trays, which are mounted on the pillars at a height of
5 m (Fig. 7.2.4). On the cable tray the cables are stranded with a twist length of 1 m. With
this configuration it is possible to reduce the magnetic field, excited from the 400 V cables,
lower than 0.1µT in the area of the beam line.
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470 7. Civil Engineering

Figure 7.2.4: Bird eyes view of the main power supply installations in the PETRA III experimental
hall.
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7.2. Experimental Hall 471

7.2.4 Air conditioning
7.2.4.1 Chilled-water systems

The layout of the chilled-water system is shown in Fig. 7.2.5. For the air-conditioning of the
experimental hall and the experimental hutches, chilled water with a temperature of 6◦C is
needed. This water is provided by three special coolers. They will be installed in a pumping
station to be build near the PETRA-location Northeast.
For the air-conditioning of the experimental hall, a total cooling power of 840 kW is neces-
sary. The experimental hutches require a cooling power of 250 kW.
The cooling circuit for the experiments and laboratories is connected to the chilled-water
circuit by an extra heat exchanger. Consequently, this circuit needs extra pumps and a pres-
sure regulation. The water temperature of 20◦C is adjusted at the primary side of the heat
exchanger. To avoid condensed water, all pipes for chilled water will be insulated with a
closed-cell material.

Figure 7.2.5: Scheme of chilled-water circuits
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472 7. Civil Engineering

7.2.4.2 Air conditioning of the experimental hall

For the air conditioning of the experimental hall six climate-control devices working inde-
pendently of each other are conceived. These devices are mounted in the top floor on the
north-east side of the experimental hall.
Fresh air is drawn in from outside via a weather protection barrier at the mixing chamber
of the device. In this device recirculated air can be mixed in upon demand. After filtering
and temperature adjustment, this air is blown by a fan through galvanized steel canals and
twist diffusers into the experimental hall. The direction of the air flow from the twist dif-
fusors is adjusted depending on the temperature: during heating operation the air stream is
directed vertically while in chilling mode the air stream is directed horizontally. The air that
is extracted from the hall is guided through galvanized steel canals to the exhaust fan. The
exhaust part of the air is blown out via a weather protection grid at the mixing chamber. The
air conditioning system for the experimental hall is shown schematically in Fig. 7.2.6.
Continuous speed regulation of the ventilating fans is carried out with frequency converters.
The climate-control devices are supplied with heating and cooling water through the water
supply network of DESY. For the cooling water of a temperature of 8(12)◦C and for the
heating water of 50(30)◦C will be used. The heating of the experimental hall in winter will
occur through the air condition devices.

Figure 7.2.6: Scheme of the air conditioning for the experimental hall

• Temperature control
For the feedback control of the air condition, each system will be equipped with an
individual DDC regulation. The regulation of the temperate is realized as a cascade
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7.2. Experimental Hall 473

control of the intake/interior air. The cascade consists of a guiding regulator and sub-
sequent regulators. The guiding regulator shifts the set-point of the air supply propor-
tional to the deviation of the temperature in the experimental hall. The measurement of
the temperature proceeds via four sensors from which the average will be taken as the
actual value. For the experimental hall no humidification or drying of the air is fore-
seen. Within this concept, hot air exhaust of the experimental hall up to temperatures
of 70◦C is possible.

• Technical Data
Incoming air volume stream : 6 × 60.000 m3/h = 360.000 m3/h
Used air volume stream : 6 × 60.000 m3/h = 360.000 m3/h
Ratio intake/exhaust air : 0 – 100 % variable
Temperature in the experimental hall : 22 ◦C ± 1 K

Figure 7.2.7: Scheme of the air conditioning for the experimental cabins

7.2.4.3 Air Conditioning of the experimental cabins

Every experimental cabin is equipped with an recirculating air condition device which is
suitable for ceiling installation, stand installation and wall installation. The device is cooled
with water of 8(12) ◦C. The air conditioning system for the experimental cabins is shown
schematically in Fig. 7.2.7.

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



474 7. Civil Engineering

• Temperature control

– DDC single-room regulation with communication

– Three-stage ventilating fan control

– Limitation of minimum incoming air temperature

– Ambient temperature sensor

• Technical Data
Circulating air volume stream : 1300 m3/h
Cooling power : 7.6 kW
Cabin temperature : 22 ◦C ± 0.1 K

Figure 7.2.8: Scheme of the air conditioning system for PETRA III
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7.2. Experimental Hall 475

Figure 7.2.9: Cross section of the experimental hall with the main elements of the air conditioning
systems
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476 7. Civil Engineering

7.3 Computing Infrastructure, Experiment Control
The PETRA III computing model involves the IT infrastructure at the experimental stations,
the beamline PCs and supporting IT services. Fig. 7.3.1 shows a schematic view of these
components, which are discussed in the following sections. We start with some general
statements:

• Standards will be employed wherever possible. In the hardware sector this minimizes
the maintenance effort. Also in the software sector standards are important, since beam
time can be used more efficiently, if visiting scientists find software interfaces that are
well known to them.

• The computing power, which is needed in the experimental hall, will be provided by
PCs, because they are very cost-effective. From our present experiences we know that
PCs are well suited for instrument control purposes.

• There will be a clear cut between local and DESY-central IT services. Only those IT
components that are indispensable for the operation of the experiments will be installed
in the PETRA hall. The rest of the necessary IT infrastructure will be provided by the
DESY-central IT group.

Exp. PC PetraExp. PC

  File server
  Compute Server

Computer Center

...

#3

Beamline PC

WanEthernet

...

Experimental Stations

#2 #1

Optical Components

Figure 7.3.1: Computing at PETRA III

7.3.1 Computing at the experimental stations
It is planned to develop a standard online system which includes computers, electronic com-
ponents, interfaces and online software.
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7.3. Computing Infrastructure, Experiment Control 477

Instrument control, data acquisition and monitoring will be done by Linux PCs with VME,
GPIB and CanBus interfaces. This way network overhead caused by I/O operations to these
busses is avoided. In addition, socket interfaces are expected to be of great importance and
serial lines (RS232), provided by terminal servers, will still be needed.
The following table displays a list of those electronics which are going to be standardized.
The interfaces are also given:

• VME: Stepping motor controller, ADC, MCA, timer, counter, I/O register, position
encoder.

• GPIB: Multimeter, amplifier, temperature controller, position encoder.

• CanBus: I/O register, stepping motor control.

• Socket: Communication with the beamline PC, CCD cameras.

• RS232: Monochromator stabilizer.

Ethernet

Monitoring
Date collection
Instrument control

Experiment PC

...

VME

GPIB

CanBus
Web
Analysis

RS232

TCP/IP

Windows PC

Linux
1 0

Figure 7.3.2: Instrument control and data acquisition

It is intended to hold spare parts for all standard components in store and make them available
in case of hardware failures. This applies also for PCs. A backup-restore procedure will be
implemented which allows an almost automatic recovery from disk crashes or other severe
computer break-downs.
Spectra serves as an online program, using Perl as the scripting language and PerlTk for
the graphical user interfaces. The program Spec (Certified Scientific Software, CSS), which
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478 7. Civil Engineering

is known to many of our guests, will be available at the PETRA III beamlines on request.
Spectra and Spec have interfaces to the same hardware and it is ensured that the stepping
motor positions are maintained between two online sessions. Both programs have network
interfaces which enable them to be used as servers or clients depending on the application.
The beamlines will also be equipped with Windows PCs. They can be used to for data
analysis and internet access.
Some experimental stations will be operated by external groups. They are invited to adopt
the standard system. Only this way they can benefit from support by DESY staff.

7.3.2 The beamline PC

The status of the insertion devices, mirrors and absorbers will be made available by a ded-
icated PC, the beamline PC. The data will be communicated using an ASCII protocol on a
TCP/IP socket connection. In addition, the beamline PC is going to distribute information
about the accelerator: the insertion device status, the beam current and the beam position.
The beamline PC will not be associated with a specific experiment. Read-access will be
granted to all experimental stations, write-access to one at a time.

7.3.3 Data storage

Depending on the amount of incoming data, the disk space of the experiment PC may be
sufficient to store the data before it is transfered to the home institutes. Other experiments
that generate more data than can be hold on local disks need a network file system, the
large file store (LFS). It is accessible from Linux and Windows, it has a short connection
to compute servers and it is backuped regularly. The LFS is installed and operated by the
DESY IT group.

7.3.4 Compute servers

In general, data processing will be carried out at the home institutes. There are exceptions to
this rule:

• Data has to be analyzed at DESY, if the ongoing measurement critically depends on
these results.

• It can be useful to perform the necessary calculations at DESY, if the data analysis is a
part of the experimental method, especially if the analysis requires an amount of CPU
power that is not available at all home institutes.

• Data reduction should be considered, if it leads to a considerably lower network load
or disk usage.

Compute servers will be installed and operated by the central DESY IT group.
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7.3. Computing Infrastructure, Experiment Control 479

7.3.5 Data transfer
In general, data will be copied via the network to the home institutes. DESY is a member of
the DFN. It is expected that the bandwidth grows with the need of our user community.
For those who do not have sufficient internet access, it will be possible to copy data to some
medium and carry it back.

7.3.6 Summary
DESY develops a standard system for instrument control and data acquisition and invites
external groups to use it. Beamline PCs will provide an interface to the optical components
and accelerator data. File and compute servers will be supplied by DESY-central IT group.
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Chapter 8

Project Costs, Personnel, and
Management

8.1 Project Cost Estimate
The estimate of the total PETRA III project costs includes all costs related to

• the refurbishment of 7/8, and the conversion of 1/8 of the PETRA storage ring,

• the refurbishment of the pre-accelerators and accelerator infrastructure,

• all construction work necessary for the new experimental hall including radiation pro-
tection, offices and laboratories,

• the insertion devices, beamlines, and experimental stations to be built and operated by
DESY,

• all R&D activities necessary for the storage ring, insertion devices, and beamline com-
ponents from year 2005 on,

• and all costs for personnel.

Within the PETRA III upgrade about 13 beamlines at independent undulators will be pro-
vided. According to the present plan seven of these undulator beamlines will be constructed
and operated by DESY. It is expected that some of the remaining beamlines will be built
and/or financed by external institutions such as EMBL, GKSS, and the Max Planck Society
(MPG). In these cases DESY will cover the costs for beamline front ends, vacuum systems,
and radiation safety measures, which amounts to about 1 Me for each beamline and is al-
ready included in the total capital investment presented here. The remaining costs of the
externally built experimental stations are not included.
The PETRA III project amounts to about 192 Me in year 2003 prices, where

• 71 Me of capital investment are needed for the storage ring,

• 64 Me of capital investment are required for the new experimental hall including the
insertion devices and the DESY operated beamlines, and

• 57 Me cover the total personnel costs.
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482 8. Project Costs, Personnel, and Management

The estimates concerning costs and personnel requirements for the work at the storage ring
are based on the longtime experience of the DESY machine group in the construction and
operation of accelerators and storage rings. The numbers were compiled in close collabora-
tion with the leaders of the respective DESY groups.
The costs of the experimental hall were estimated by the civil construction group at DESY
within an engineering study.
The beamlines costs for insertion devices, vacuum system, beamline optics, and experimen-
tal endstations are based on DESY’s experience in operating DORIS III as a synchrotron
radiation source and on expert knowledge from the most recently built synchrotron radiation
sources like SLS, ESRF, and APS. On average about 4 Me capital investment were assumed
for the construction of each beamline not counting the investment for the undulator.

The cost estimate for personnel assumes about 77 ke/a/FTE1. This amount includes costs for
the working environment and overhead (10%).

A graphical representation of the required cost profile is shown in Fig. 8.1.1. The schedule
presented in Chapter 9 is based on this cost profile.

Figure 8.1.1: Cost profiles for PETRA III in Me for start of construction work in mid 2007.

1Full time equivalent
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8.2. Personnel Requirement 483

Explanation of the proposed spending profile.

PETRA II will be used as a pre-accelerator for HERA until June 2007. In parallel it will
be used for synchrotron radiation experiments and to develop and test components for PE-
TRA III.
In order to keep the time for the transformation into PETRA III as short as possible, all R&D
and design work and a significant amount of the production work will be carried out well
in advance. This has the advantage that the production of components can be spread over
several years which is more cost effective. This is particularly true for the production of the
magnets, vacuum components, and the radiation protection walls.

8.2 Personnel Requirement
About 830 person years are estimated for the PETRA III project for the years 2005–2008.
The required personnel and the personnel available at DESY for this project are shown in
Fig. 8.2.1. The difference in personnel has to be employed for the duration of the project.

Figure 8.2.1: Total required personnel and personnel available at DESY for the PETRA III project.

8.3 Operating Costs
For the operation of the PETRA III storage ring, the pre-accelerators, and for general infra-
structure about 100 FTEs will be needed. In addition the experimental hall including the
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484 8. Project Costs, Personnel, and Management

experiments will be staffed with about 50 FTEs. This means, that each DESY beamline will
be staffed with 4–5 FTEs and a number of FTEs will be available for technical infrastruc-
ture, experiment support group, safety, hall services, etc.. Therefore, the total personnel costs
amount to 8.25 Me/a.

For 5500 h/a operation of the storage ring and the pre-accelerators about 6.5 Me/a will be
needed for energy, spares, replacement, etc.. In addition, about 4.5 Me/a will be needed for
the operation, replacements, infrastructure costs and upgrades of the DESY operated beam-
lines.

Therefore, in total an operational budget for the PETRA III facility including personnel of
19.25 Me/a based on year 2003 prices is estimated.

8.4 Management

8.4.1 Definition of the work packages
The entire PETRA III project is divided into a number of work packages (WP). A short
description of these work packages will be given in the next sections.

8.4.1.1 Reconstruction of the storage ring

All work packages related to the refurbishment and construction of the PETRA III storage
ring are listed in Tab. 8.4.1. For each work package a responsible person has been appointed.

name description name description
WPM1 Magnets WPM2 Magnet Supports and Girders
WPM3 Mains and Utilities WPM4 Magnet Power Supplies
WPM5 RF Power Supplies WPM6 Water Cooling System
WPM7 Vacuum System WPM8 RF System
WPM9 LINAC / PIA WPM10 Kicker and Septum Magnets
WPM11 DESY II WPM12 Topping up Feature
WPM13 Multi Bunch Feedback System WPM14 Damping Wigglers
WPM15 Control and Interlock System WPM16 Diagnostics
WPM17 Beam Protection System WPM18 Alignment
WPM19 Installation / Time Schedule WPM20 Beam Optics / Beam Dynamics
WPM21 Beam Instabilities WPM22 Orbit Movement and Correction

Table 8.4.1: Definition of the work packages for the storage ring related activities.
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8.4. Management 485

8.4.1.2 Experimental hall, beamlines and insertion devices

The tasks for each beamline/experimental station has been merged into one work package
(WPE1 to WPE13, see Tab. 8.4.2). The exact objective of these WPs will be defined as soon
as the final decision on the experiments to be built has taken place. For those beamlines not
to be built by DESY the corresponding WP includes only the DESY portion of the respective
beamline (front end, vacuum and safety system). In addition to the beamlines there will be
two WPs for beamline R&D of critical components that will be common to all beamlines
and one WP for insertion devices. The last WP will take care of general infrastructure and
safety aspects.
The construction of the experimental hall will be within the responsibility of DESY and has
been summarized in one work package (WPE24).

Name description
WPE[1-13] WPs for the 13 beamlines
WPE21 Critical beamline and optical components, design and prototyping
WPE22 Adaption of the generic vacuum and optics design to all other beamlines
WPE23 Design, prototyping, production, and installation of undulators
WPE24 Experimental hall, floor, offices, and laboratories
WPE25 Experimental hall general infrastructure, safety, media

Table 8.4.2: List of work packages related to the experimental hall and the beamlines.
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Chapter 9

Timetable, Milestones

Tentative time tables for the PETRA III upgrade are given in the following sections. Most
important milestones from the present point of view are the start of reconstruction in July
2007 and first light for user experiments in 2009. A simplified overview about the schedule
of the entire project in which summaries of the following schedules have been merged is
shown in Fig. 2.5.1.

9.1 Storage Ring
A first tentative schedule for the refurbishment of the 7/8 of the PETRA II storage ring and
for the construction of the new 1/8 of the PETRA III is given in Figs. 9.1.1–9.1.4. This
schedule includes also necessary work for R&D, tendering and the entire preparation phase.

9.2 Experimental Hall
The schedule for the construction of the experimental hall including all preparation work is
given in Fig. 9.2.1.

9.3 Experiments and Radiation Sources
A schedule for all beamline related activities including the preparation and R&D activities is
given in Figs. 9.3.1 and 9.3.2.
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Figure 9.1.1: Time table (1/4) for the PETRA III storage ring reconstruction. (Please use your
readers zoom function for details.)
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Figure 9.1.2: Time table (2/4) for the PETRA III storage ring reconstruction. (Please use your
readers zoom function for details.)
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Figure 9.1.3: Time table (3/4) for the PETRA III storage ring reconstruction. (Please use your
readers zoom function for details.)
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Figure 9.1.4: Time table (4/4) for the PETRA III storage ring reconstruction. (Please use your
readers zoom function for details.)
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Figure 9.2.1: Preliminary time table for the PETRA III experimental hall construction. (Please use
your readers zoom function for details.)
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Figure 9.3.1: Preliminary time table (1/2) for the beamline, insertion device, optics, and experi-
mental endstation design, prototyping, production, installation, and commissioning. (Please use your
readers zoom function for details.)
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Figure 9.3.2: Preliminary time table (2/2) for the beamline, insertion device, optics, and experi-
mental endstation design, prototyping, production, installation, and commissioning. (Please use your
readers zoom function for details.)
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Chapter 10

Further Upgrade Possibilities

10.1 Beamlines at Damping Wigglers
In order to reach the emittance of 1.0 nmrad damping wigglers will be installed in the long
straight sections of PETRA (Sec. 3.4). In total a magnetic length of 80 m is required which
will be distributed in the west and north. These wigglers produce a rather wide fan of hard
X-rays. The power emitted amounts to 205 kW at a stored current of 100 mA in each straight
section. This is more power than any existing insertion device produces to date. The critical
energy Ec is 35.9 keV. Fig. 4.2.1 shows the spectral distribution emitted by the present wig-
gler design (3.4). The beam size at a distance of 70 m (the location of a potential experiment)
amounts to 200 x 5mm2 FWHM.
Given the fixed budget of the upgrade project the radiation produced by these wigglers will
be dumped in special absorbers inside the ring tunnel. A wide beam port will extract a
decent fraction of the power emitted in forward direction and guide it to a dump, remote of
the storage ring vacuum chamber. This dump can be replaced by a high power front end in
an upgrade step. Furthermore, we will prepare the tunnel shielding to allow for a later use of
these beams.
These beam may be used for different purposes:

• The wide fan can be split by a comb–like slit system to feed several consecutive or
even parallel stations. Each beam would have a size of some mm2. The calculated
intensity is of the order of 1010 photons/(s mm2) behind a Si(111) monochromator. So
these beams would compare to a typical bending magnet station at a third generation
source, however the spectrum extends to higher energies..

• The beam can be used in total to perform tomography experiments on large (scale of
10 cm) samples. This application would profit most from the hard spectrum of the
wiggler radiation.

• Experiments depending on a white X-ray spectrum which can not be delivered by the
undulator beamlines in the new experimental hall would find an almost ideal source.
This could e.g. be white beam Laue techniques or fast EXAFS measurements over a
wide energy range.
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496 10. Further Upgrade Possibilities

In addition, the long straight east can be used for a specialized ID, for example to provide a
large hard X-ray beam for material science experiments. Between the quadrupole magnets
Q6N and Q7N, a drift of L = 7.2m offers space for one long device (see Fig 10.1.1). The
beta functions at this position are suited even for an undulator (βx ≈ 20m,βy ≈ 11m,αx <
0, αy > 0,). The hall to accommodate the experiment would be located on a free area behind
the buildings of the University of Hamburg. Most of the experimental area will be below
surface, facilitating radiation shielding. The length of the beamline can be between 70 m and
170 m.

Figure 10.1.1: Sketch of the downstream part of the straight section east.

10.2 Additional 20 m IDs
The symmetry of PETRA offers two more straight sections equivalent to the short straight
NE where the 20 m ID will be installed. Potentially another two long IDs could be placed
in the ring at these locations in the SW and SE. The corresponding straight in the SE hosts
the injection area, and moreover this part of the ring tunnel is below ground, making the
construction of a beamline rather involved. In the SW and NW, however, additional experi-
mental halls could be built (see Fig. 2.2.1). The properties of the radiation emitted by these
devices are equal to the planned ID in the NE (Sec. 4.1.8) unless other optimization criteria
should be used for the design of the ID. A very coarse estimate on the investment required
for the installation of a beamline results in 6.5 million Euro including ID and infrastructure.

10.3 Bending Magnet Beamlines
The flux and brilliance of the PETRA III bending magnets has already been discussed in
Sec. 4.3. Since the angle between neighboring insertion device beams at PETRA III will be
only 5◦ it is hardly possible to use the radiation from bending magnets in a systematic way
as it is the case at ESRF, for example.
In order to make more efficient use of the available straight sections the scheme of canted
undulators (Sec.2.2.1, 6) has been proposed for PETRA III. In these cases two experimen-
tal stations will use photon beams with an angular difference of 5 mrad. In a similar way
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10.3. Bending Magnet Beamlines 497

Figure 10.3.1: Scheme for the use of bending magnet radiation in horizontal direction. The center of
the bending magnet beam is indicated in pink color below the undulator beam pipe. A monochromator
vessel is indicated in the optics hutch. A diffracted beam is shown for 20 keV photon energy using a
Si (1 1 3) monochromator crystal.

one could consider for a future upgrade to use the radiation of the bending magnet down-
stream of the undulator in those straight sections where only one insertion device is located.
The angular separation of the two beams could be about 8 mrad which is sufficient to install
separate safety systems and optics which is mandatory for an independent operation of the
undulator and the bending magnet beamline. However, such a scheme will impose some
space restrictions on each beamline which will be less severe if the undulator station needs
a large source to sample distance and if it does not require bulky optics components in the
vicinity of a possible bending magnet station.
In Figs. 10.3.1 and 10.3.2, a horizontal and a vertical scheme, respectively, are shown for the

use of the bending magnet radiation. The vertical scheme has the advantage that the reflec-
tivity of the monochromator is not affected by the polarization of the synchrotron radiation.
The advantage of the horizontal scheme is that eventually larger separations from the beam
pipe of the undulator can be achieved, thus providing sufficient space for larger endstation
equipment at the bending magnet station. An angle of 8 mrad between the undulator and the
center of a possible bending magnet beam results in 32 cm separation between both beams in
40 m distance (7 m behind the shielding wall) from the undulator source. If we assume, for
example, that the translation of a Si (1 1 1) double crystal monochromator with 30 cm beam
offset needs to be about 1 m long for an accessible energy range from 8–25 keV, then more
than 40 cm space is available to the beam pipe of the neighboring station. This is sufficient

Figure 10.3.2: Scheme for the use of bending magnet radiation in the vertical direction. The center
of the bending magnet beam is indicated in pink color below the undulator beam pipe.
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498 10. Further Upgrade Possibilities

undulator

x-rays

bandwidth
100 eV

cooled
monochromator

bandwidth
1 eV

collimating
optics

backscattering
high-resolution
monochromator

bandwidth
1 meV

focusing
optics

bandwidth
1 meV

ring
detector

& sample

R
A

l
D

high-resolution
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Figure 10.4.1: Layout of an exact backscattering beamline with the high-photon-energy in-
elastic x-ray scattering spectrometer. The main components are the high energy-resolution
backscattering monochromator and the analyzer, a two-dimensional array of flat backscatter-
ing analyzer crystals mounted on a surface with spherical shape of a radius RA ' 5− 15 m.
The exact backscattering version of the analyzer in combination with the ring detector is
shown. Parameters of the optical elements of the spectrometer optimized for the desired
spectral resolution, such as Miller indices of Bragg back-reflections, photon energy, radius
of the sphereRA, size of the flat crystal elements, detector-sample distance lD, etc., are given
in Shvyd’ko, 2003.

for quite a number of experimental techniques that do not need large sample environments
or surrounding equipment.

10.4 Exact Backscattering Beamline
Experiments requiring very high energy resolution suffer most from low count rates. A
new ansatz to improve the performance of high energy-resolution beamlines like IXS or
NRS has recently been installed at the APS, Argonne National Lab. The idea is to use
exact backscattering from a monochromator crystal and reflect the beam back through the
undulator. The experiment is then set up on the upstream side of the insertion device.
This set up can be ideally combined with the backscattering analyzer proposed by Shvyd’ko,
2003. The backscattering beamline could use either a 20 m long undulator in the short
straight section or one of the first straight sections in the new arc. The experimental hutch
would in the latter case be located between the new experimental hall and the existing hall
47. The big advantage of exact backscattering is that the energy resolution is decoupled
from the beam divergence. This fact is extensively used in neutron spectrometers (for exam-
ple IN10, IN13 and IN16 at ILL, Grenoble). This allows a much higher throughput of the
optics. Moreover one reflection is sufficient to monochromatize the beam and the sample en-
vironment is not disturbed by a white beam transfer line as in a conventional backscattering
set up.
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Appendix A

Supplementary Material

A.1 Additional Material: EMBL Structural Biology Pro-
posal

A.1.1 Beamline parameters for the structural biology stations
For the MX beamlines, the high beta section 2 m undulators were considered as a source of
radiation. The following parameters were used for calculations: PETRA III U(2m): 6 GeV, ε
= 1 nmrad, κ = 1%, βx = 20 m, βy = 2.38 m, Kmax = 2.2, 100 mA, 29 mm period.

Size x [mm] Size y [mm] Divergence x [µrad] Divergence y [µrad]

0.1407 0.0052 8.97 5.93

Table A.1.1: Source beam parameters in RMS values (K = 0.66).

Detector type Size Readout time Costs Comments

Modular 3x3 CCD 315 x 315 mm2 (ADSC) a few sec high reliable

Flat panel 420 x 320 mm2 (MAR) 1 sec moderate not yet proven

CsI scintillator 410x 410 mm2 25 msec moderate being tested

and amorphous Si (GeE Medical Systems)

Pixel detector 400 x 400 mm2 a few msec high not yet used

Table A.1.2: Overview of possible X-ray detectors to be installed on MX end-stations.
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500 A. Supplementary Material

Optics, vacuum components and support equipment 2.2

X-ray detectors 1.9

End-stations and sample environment 1.0

Computer support and networking 0.6

Personnel 3.2

Infrastructure 0.6

Total 9.5

Table A.1.3: Estimated resource requirements (in Me) for the construction of three EMBL MX
beamlines at the PETRA ring.

A.1.2 Ray-tracing parameters for the BioSAXS beamlines

Position, cm / y 3700–3710, 3800–3837, 4000, 4320, 4500, 7300,
mode of z 0–2.0 0–2.0 2 0, -1.1, -18.7,

operation x 0 0 0 0 0 17.6
Double crystal- DCM VFM1 HFM
monochromator ∼5–29◦ 0.18◦ 0.18◦

∆λ/λ=10−4 Si 111 - Si/Rh - Si/Rh F
2×2 cm2 4×35 cm2 4×50 cm2

r=11.5 km r=11.0 km
Multilayers MLM VFM1 HFM

∆λ/λ=1.5×10−2 1.55◦ 0.18◦ 0.18◦

- Mo/C Si(Si/Rh) - Si(Si/Rh) F
4×6 cm2 4×35 cm2 4×50 cm2

d=2.97 nm r=11.5 km r=11.0 km
100 pairs

Pink beam VFM2 HFM
∆λ/λ=2.0×10−2 0.18◦ 0.18◦

- - - Si Si(Si/Rh) F
4×35 cm2 4×50 cm2

r=11.2 km r=11.0 km

Table A.1.5: Materials, positions and orientations of optical elements of the BioSAXS beamline
used for SHADOW simulations. Specifications for mirrors: type, grazing angle, material, size, radius
of curvature. Monochromators: type, grazing angle, material, size, period (for ML only) and number
of pairs (for ML only).
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ton, E. & Denbeaux, G. (2003). Phys. Rev. B 68, 104419.

Elleaume, P. (1994). J. Synchrotron Rad. 1, 19–26.

Elleaume, P. (2002). ESRF Highlights 2002.

Elleaume, P., Chavanne, J. & Faatz, B. (2000). Nucl. Instr. Methods Phys. Res. A 455, 503–
523.

Ellis, P., Cohen, A. & Soltis, S. (2003). J. Synchrotron Rad., 10, 287–288.

Emery, L. & Borland, M. (1999a). Analytical Studies of Top-Up Safety for the Advanced
Photon Source. PAC 99, volume 4 of Particle Accelerator, pages 2939–2941, New
York.

Emery, L. & Borland, M. (1999b). Top-Up Operation Experience at the Advanced Photon
Source, booktitle = PAC 99. volume 1 of Particle Accelerator, pages 200–202, New
York.

Fienup, J. (1982). Appl. Opt. 21, 2748.

Fiori, F., Girardin, E., Giuliani, A., Lorentzen, T., Pyzalla, A., Rustichelli, F. & Stanic, V.
(2000). Physica B 276–278, 923–924.

Fiquet, G., Badro, J., Guyot, F., Requardt, H. & Krisch, M. (2001). Science 291, 468.

Fischer, G. E. (1984). Invited talk given at 1984 Summer School on High Energy Particle
Accelerators, Batavia, IL, Aug 13-24, 1984.

Fischer, P., Denbeaux, G., Stoll, H., Puzic, A., Raabe, J., Nolting, F., Eimüller, T. & Schütz,
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Fischer, P., Zeller, R., Schütz, G., Goerigk, G., Haubold, H.-G., Pruegl, K. & Bayreuther, G.
(1998). J. Appl. Phys. 83, 7088–7090.

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



BIBLIOGRAPHY 511

Flechsig, U., Patthey, L. & Quitmann, C. (2001). Nucl. Instr. Methods Phys. Res. A 467,
479–481.

Flynn, G. J., Keller, L. P., Wirick, S., Jacobsen, C. & Sutton, S. R. (2003). J. Physique 104,
367–372.

Follath, R., Senf, F. & Gudat, W. (1998). J. Synchrotron Rad. 5, 769.

Foster, A., Brown, G. E., Tingle, T. N. & Parks, G. (1998). Am. Mineral. 83, 553–568.

Frahm, R. (1988). Nucl. Instrum. Methods Phys. Res. A 270, 578.

Frahm, R. (1989a). Rev. Sci. Instr. 60, 2315.

Frahm, R. (1989b). Rev. Sci. Instrum. 60, 2515.

Franz, H., Seebach, M., Ehnes, A. & Werner, M. (2003). Parasitic bunch measurement in
e+/e storage rings. Proc. of DIPAC 2003, Mainz. GSI.

Fratzl, P. (2003). J. Appl. Cryst. 36, 397–404.

Freeland, J. W., Chakarian, V., Bussmann, K., Idzerda, Y. U., Wende, H. & Kao, C.-C.
(1998). J. Appl. Phys. 83, 6290–6292.

Frenken, J. W. M. & Veen van der, J. F. (1985). Phys. Rev. Lett. 54, 134.

Frischholz, H. (2000). 10 years of operational experience with the LEP/RF high power sys-
tem. Proceedings of the CW-RF Users Group Meeting. Argonne National Laboratory,
1.-3. March 2000.

Fritz, G., Roth, A., Schiffer, A., Buchert, T., Bourenkov, G., Bartunik, H., Huber, H., Stetter,
K., Kroneck, P. & Ermler, U. (2002). Proc. Natl. Acad. Sci. USA 99, 1836–1841.

Fujisawa, T., Inoue, K., Oka, T., Iwamoto, H., Uruga, T., Kumasaka, T., Inoko, Y., Yagi, N.,
Yamamoto, M. & Ueki, T. (2000). J. Appl. Cryst. 33, 797–800.

Fukuda, T., Mizuki, J., Ikeuchi, K., Fujita, M., Yamada, K., Baron, A. Q. R., Tsutsui, S.,
Tanaka, Y. & Endoh, Y. (2003). arXiv: cond-mat 0306190, v1.

Fultz, B., Ahn, C. C., Alp, E. E., Sturhahn, W. & Toellner, T. S. (1997). Phys. Rev. Lett. 79,
937.

Funari, S., Barcelo, F. & Escriba, P. V. (2003). J. Lipid. Res. 44, 567.

Garbe, S., Poulsen, H. F. & Juul Jensen, D. (1996). Texture of materials. Proc. of the 11th int.
conf. on textures of materials. ICOTOM-11, Xi’an (CN), 16-20 Sep 1996 1, 100–105.

E
D

M
S

 N
r.:

 D
00

00
00

00
82

23
71

  R
ev

: A
  V

er
: 1

  S
ta

tu
s:

 R
el

ea
se

d 
-  

 D
at

.: 
8.

 A
pr

 2
00

8



512 BIBLIOGRAPHY

Gavin, A., Bosche, M., Krause, R., Grandi, P., Marzioch, M., A., B., Schultz, J., Rick, J.,
Michon, A., Cruciat, C., Remor, M., Hofert, C., Schelder, M., Brajenovic, M., Ruffner,
H., Merino, A., Klein, K., Hudak, M., Dickson, D., Rudi, T., Gnau, V., Bauch, A., Bas-
tuck, S., Huhse, B., Leutwein, C., Heurtier, M., Copley, R., Edelmann, A., Querfurth,
E., Rybin, V., Drewes, G., Raida, M., Bouwmeester, T., Bork, P., Seraphin, B., Kuster,
B., Neubauer, G. & Superti-Furga, G. (2002). Nature (London) 415, 141–147.

Geck, J., Bruns, D., Hess, C., Klingeler, R., Reutler, P., Zimmermann v., M., Cheong, S. W. &
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Lau, J. T., Föhlisch, A., Nietubyc, R., Reif, M. & Wurth, W. (2002). Phys. Rev. Lett 89,
057201.

Lauridsen, E., Juul Jensen, D., Poulsen, H. & Lienert, U. (2000). Scripta Mater. 43, 561–566.

Lauridsen, E. M., Schmidt, S., Suter, R. M. & Poulsen, H. F. (2001). J. Appl. Cryst. 34, 744.

LeBlanc, G. & Wallén, E. (2002). Proceedings of the 8th European Particle Accelerator
Conference (EPAC 2002), Paris, France page 2622.

Lee, T. L. et al. (2003). Sol. State Commun. submitted.

Lee, Y., Kim, S. J., Schoonen, M. A. A. & Parise, J. B. (2000). Chem. Mater. 12, 1597–1603.

Lemly, A. D. (2002). Aquatic Toxicology 57, 39–49.
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Lienert, U., Poulsen, H. F., Honkimäki, V., Schulze, C. & Hignette, O. (1999). J. Synchrotron
Radiat. 6, 979–984.
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Science 292, 914.

Marcellini, F. et al. (1996). Technical report, INFN-LNF, Frascati, Italy. DAΦNE Technical
Note, Note: CD-6.

Margulies, L., Lorentzen, T., Poulsen, H. F. & Leffers, T. (2002). Acta Mater. 50, 1771–1779.

Margulies, L., Winther, G. & Poulsen, H. F. (2001). Science 291, 2392–2394.

Marion, P. & Zhang, L. (2003). New high power primary slit for the ESRF beamlines.
Proceedings of the International Conference on Synchrotron Radiation Instrumentation
(SRI 2003), San Francisco, USA.

Martinetto, P., Anne, M., Dooryhee, E., Drakopoulos, M., Dubus, M., Salomon, J.,
Simionovici, A. & Walter, P. (2001). Nucl. Instr. Methods Phys. Res. B 181, 744–748.
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