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Chapter 1

Introduction

An attempt to model the experimentally measured magnetic field in the damping
wigglers in PETRA III has been made in this project. A fit function has been
generated with multiple harmonics and the residual of the two fields i.e., one due
to the fit function and the other due to the available data is minimized using Least
Square Non Linear Fitting function in Matlab R2007b. Many improvements were
made to the program during the course of the project which also led to some very
good results with even a few harmonics. Also, many observations were made which
can help reduce the processing time for minimizing the residual with some of them
listed in this report.

The equations of motion applicable in the fields calculated with this
method are integrated numerically since a large number of harmonics
are involved.
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Insertion Devices

A wiggler is an Insertion Device (ID) usually used in a storage ring. It is a series
of magnets designed to periodically laterally deflect ('wiggle’) a beam of charged
particles (invariably electrons or positrons) inside the storage ring of a synchrotron.
These deflections produce emission of broadband synchrotron radiation much like
that of a bending magnet, but the intensity is higher due to the contribution of
many magnet dipoles in the wiggler.

Wigglers and undulators are used for the production of synchrotron radiation
or to control beam sizes in storage rings. Their introduction in the lattices
of storage rings cause some problems due to the strong nonlinearities of the
magnetic fields. Hence the analysis of the particle dynamics under the influence
of the wiggler magnetic fields.

Some properties of Synchrotron Radiation:

1- Continuous Spectrum: Synchrotron radiation is emitted in a broad continuous
spectrum from infrared to hard X-rays.

2- High Flux: The flux of photons in a given frequency interval is usually higher
than from any other light source (X-ray tube or LASER) available.

3- High Brightness: The strong forward emission of synchrotron radiation and the
small size of the source (electron beam) allows for high brightness.

4- Time Structure: The bunched structure of a stored beam leads to the same time
structure of the synchrotron radiation which enables time resolved experiements.

A wiggler typically has a broader spectrum of radiation than an undulator.
Undulators are preferred for photon science experiements though.
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Technical Parameters - PETRA III

’ Parameter \ Value ‘
Energy 6 GeV
Emittance 1 nm rad

Positron/Electron Current | 100(200) mA

In reference to the emittance of 1 nm rad, it may be noted that such an emit-
tance is achieved with the help of 80 m of damping wigglers. Also, in an experiment,
it is not only the wavelength which allows the observation of a certain object but
the resolution of an experiement using light is determined by the brilliance of the
light source i.e., amount of light which is emitted within a certain area and solid
angle, giving the spot size and photon flux on the probe. Hence the importance of
such a small emittance like that in PETRA III.

In damping wigglers electrons emit very intense synchrotron radiation into a
very small solid angle in longitudinal direction. The energy the electrons lose when
emitting radiation is completely returned to them in the cavities by a forward mo-
mentum. On average, the transverse expansion of the beam can thus be reduced.

Wigglers are magnetic structures (similar to undulators) with a periodically
alternating vertical field in which the electrons oscillate in the horiontal plane.
This leads to intense synchrotron radiation in the X-ray range which is emitted
in forward direction. Damping wigglers for PETRA III are built in permanent
magnet technology with a length of four metres. The radiation power generated in
the damping wigglers has to be absorbed by intensely cooled apertures and must
not impinge other components of the beamline.

There will be two damping wigglers in the straight sections of the PETRA III
storage ring. They consist of a continuous sequence of wigglers, absorbers and fo-
cussing magnets. Two stretches with ten damping wigglers each will be built and
will generate a radiation power of up to 2 x 420 kW, thus reducing the emittance
of the electron beam by factor of four.

Technical Parameters - Damping Wigglers in PETRA III

’ Parameter \ Value ‘
Maximum Field 15T
Total Length 80 m

Total Radiated Power (200 mA) | 820 kW
Energy Loss in one 40 m segment | 2.05 MeV
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Figure 2.1: Aerial view of the PETRA III experimental hall. The insertion devices
are installed in the smaller arc of the building.

Figure 2.2: External view of one of the wiggler installed in PETRA III.
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Figure 2.3: Inside view of one of the wiggler installed in PETRA III.
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magnetic field, By (Gauss)
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Figure 2.4: 3D field map of the wiggler # 11. The data points from the actual
field measurements taken using Hall probes have been used here.



Chapter 3
Field Modeling|2]

The idea is to incorportate the effect of wiggler magnets in calculations of beam
dynamics of storage rings. An analytic model of wiggler fields can be used with
simplectic integration to evaluate such effects. Coefficients needed by the model
are generated by fitting to the results of a finite-element field calculation which is
usually obtained from a Hall probe array which is used for measurement of the field
map. In contrast to models based on Fourier transforms, the model presented here
uses a relatively small number of terms, leading to correspondingly fast integration
times. Fringe fields are included and no assumption about the periodicity of the
field is made.

Now, a prerequisite for the study of particle dynamics is the ability to calculate
transfer maps for each element in a storage ring. This is difficult for wigglers since
analytic formulas do not exist except in the most simplified cases. Wigglers can
have strong nonlinear components which can be a major limitation on the dynam-
nic aperture and also impose stringent conditions on any analytic approximations.

Simplectic integration is an excellent technique for doing tracking and for con-
structing transfer maps. In order to do simplectic integration through a wiggler,
however, one needs to know the field as well as the gradient and higher derivatives.
This generally precludes simply using data from a measurement or a calculation
since the discrete nature of the data will make the higher derivatives inaccurate.
What we need is a model functional form that fits the data and can be quickly
differentiated. This model has the advantage that the end fields are easily incor-
portated into the model.
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The form of the field used is:

N
Z Z Cmn sm(k:xmx) sinh(k,y) cos(k.nz + ¢zn) (3.1)

n=1m=1

M
N M
Z Z Crn €08(kym) cosh(kyy) cos(kznz + ¢2n)(3.2)

n=1 m=1

M
Z Cmn

=1

(kyma) sinh(kyy) sin(k.nz + ¢2,,)(3.3)

||
-

with,
k, 2

k, is considered to be a function of k, and k, and the relationship between

them ensures that Maxwell’s equations are satisfied.

At present, for the generalized simplistic case where x = 0 and y = 0, we have,

N
Z —Ccos(konz + ¢.n) (3.5)

Now, given a calculation or measurement of the field at a set of points Byata,
the problem is to find a set of IV terms such that By;; and Bgq, agree to some given
precision set by how accurately one needs to be able to track through a wiggler.
This is a standard problem in nonlinear optimization. The solution is to minimize
a merit function M where,

N
M= > |Buta— Bpul” +we Yy _|Cyl (3.6)

data points n=1
The second term in M is to help preclude solutions with degenerate terms that
tend to cancel one another. The weight w,. should be just large enough to prevent
this but not so large as to unduly distort the fit. At present, this term has not
been included in the minimization code. We would like to include it in the next

couple of days.

The minimization of M can be done by any of the well known algorithms and
we use the Isqnonlin function in MATLAB 7.5.0 (R2007b) for executing our
minimization code.
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Figure 3.1: B, as a function of z at x = y = 0. The data points are from the actual
field measurements taken using Hall probes.
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Matlab Work

It was found that the residual was different if the fitting was done in Matlab
R2009a and Matlab R2007b using the same code. What obviously made me look
into it was the vast difference in the quality of the fit that I got when I used the
Matlab R2007b where I saw a dramatic improvement. The word dramatic is not
an exaggeration here.

10
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Suggested Improvements

1- Program should ask for the path of the data file instead of the datafile so that
it is more generalized. e.g. using uigetfile ("*.xIs’)

2- It should be able to save plot in a file with an appropriate name.

3- Interpretation of the By vs. x plot.

4- Currently, it fits only four harmonics without any phase. The program should
be generalised for N harmonics and the phase component should be incorportated.
5- Fitting a function to the 3D map instead so the different vertical coordinate
values are also accomodated for.

6- By is currently assigned a value that is the maximum of all local maxima field
values. Instead, it should be the average of all the local maxima and minima.

7- Optimization of the processing time of the code by looking at the improvement
in the fitting parameters wrt the number of iterations including successive itera-
tions.

8- Fitting the full field instead of fitting any particular period including the end
fields. The following point may generate useful initial values for full field fitting.
9- Generation of more meaningful initial values for k., possible by FFT of the
data and then looking at the coefficients. One can then make use of the dominant
coefficients as initial values for k,q.

10- Generating a linear transport map by integrating the equations of motion.

11- The code should be properly and more appropriately commented for easy com-
prehension.

12- Mention of simplectic integration technique.

13- The differences when using different versions of Matlab to be illustrated with
actual plots that were taken and the same should also be mentioned in the report.
Also, the changes made in the parameters for the Isqnonlin for R2007B should be
mentioned and the importance of the different parameters which help achieve the
dramatic improvement clearly specified.

11



CHAPTER 5. SUGGESTED IMPROVEMENTS 12

Thus, my main contribution was in quality improvement of the minimizing code so
the fit is much better than it was earlier and in time improvement for processing
on inspection of the the intermediate parameters using diagnostic tools in Matlab
which reduced minimization time by more than 1/25 times.
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