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X-ray scattering

> Elastic x-ray scattering form factor

> Carbon at synchrotron radiation: 12 keV, 106 photons on 10µm × 10µm
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Bottlenecks in X-ray crystallography
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Figure taken from http://www.jic.ac.uk/staff/david-lawson/xtallog/summary.htm

http://www.jic.ac.uk/staff/david-lawson/xtallog/summary.htm
http://www.jic.ac.uk/staff/david-lawson/xtallog/summary.htm
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Phase problem

> Phase problem: a fundamental obstacle in constructing an electronic 
density map from x-ray diffraction

> Phases are essential for structural determination, but they are lost in 
measurement. 

> Phasing method: how to recover phases

> MAD (Multiwavelength Anomalous Diffraction) is one of the most 
powerful phasing methods.
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Multiwavelength Anomalous Diffraction

> Dispersion correction:

> MAD phasing: 
The Karle-Hendrickson 
equation provides a 
simple way for phasing 
from the contrast at two or 
more wavelengths.

> The MAD method has been a well-established phasing method with 
synchrotron radiation sources since late 80’s: Science 241, 806 (1998); 
PNAS 86, 2190 (1989); Science 249, 1398 (1990); Science 254, 51 (1991).
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Karle, Int. J. Quant. Chem. 18, 
Suppl. S7, 357 (1980).

Hendrickson, Trans. Am. Crystalgr. 
Assoc. 21, 11 (1985).
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X-ray free-electron laser

> Growing high-quality crystals is 
one of major bottlenecks in x-ray 
crystallography.

> Unprecedented high x-ray 
fluence from XFEL (×106 larger 
than synchrotron radiation)

> Enough signals from nano-sized 
crystals and single molecules

> Single-shot molecular imaging: 
revolutionary impact on 
structural biology
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Chapman et al., Nature Phys. 2, 839 (2006).
Figure taken from Gaffney & Chapman, Science 

316, 1444 (2007).

quired for coherent diffractive imaging (3).
Coherent diffractive x-ray imaging experiments
have primarily used iterative algorithms for im-
age reconstruction, with resolutions approaching
10 nm having been achieved (4, 5).

Radiation damage limits the highest resolu-
tion achievable with coherent diffractive imag-
ing. When using 8-keV x-ray photons to image
low atomic number materials such as a bio-
molecule, for every scattered photon that con-
tributes to the diffraction pattern there are about
10 x-ray photons absorbed. This absorption de-
posits energy into the sample and leads to sam-
ple degradation. When exposed to high average
brightness synchrotrons, biological materials
can withstand doses of roughly 200 photons/Å2

with cryogenic cooling. For a noncrystalline
protein surrounded by vitreous ice, the number
of scattered photons varies as 1/q4. An exposure
of 200 photons/Å2 gives statistically significant
signal only for feature sizes larger than d = 10 nm,
much too coarse for imaging molecular or atomic
structures, which have angstrom scale features.

Delivering the radiation dose to the sample
before radiation-induced structural degradation
provides a strategy to exceed the exposure limit
set by the radiation damage threshold at synchro-
tron facilities. Solem and Baldwin (6) first pro-
posed x-ray laser flash imaging microscopy.
Neutze et al. extended this concept to the use of
XFEL pulses to image single nanoscopic par-
ticles at near-atomic resolution (7). They used a
molecular dynamics simulation to model the
interaction of a focused XFEL pulse on a single
biomolecule. They simulated the influence of
x-ray photo-ionization, electronic relaxation, il-
luminated particle charging, and the resultant
Coulomb explosion while simultaneously cal-
culating the x-ray scattering pattern (Fig. 2). They
predict that x-ray lasers will allow fluences 105

times larger for biological imaging than present-
ly achievable with synchrotron radiation if the
x-rays are delivered to the sample before the
Coulomb explosion. This simulation indicates
that the pulse will need to be tens of fs in
duration or shorter for the explosion to have a
minimal influence on the x-ray scattering pat-
tern. For biological objects, the increased x-ray
dose should allow single-pulse images to be
acquired with about 1-nm resolution. Higher-
resolution images will be achievable with more
strongly scattering high-atomic-number mate-
rials. In addition to these molecular dynamics
simulations, hydrodynamic calculations havemod-
eled the influence of an intense ultrafast x-ray pulse
on the atomic structure of a macromolecule or
cluster (38, 39).

Despite the enormous increase in allowed
fluence, atomic-resolution imaging of single par-
ticles will require averaging of multiple images
(7, 40). This will need to be done serially, with a
new, identical particle being delivered on every
x-ray shot. Ideally, the particle should be the only
scattering object in the beam path, requiring them
to be introduced into vacuum and efficiently

transported to the interaction volume. For ran-
domly oriented particles, the requirement of
orienting each single-pulse single-particle diffrac-
tion pattern sets theminimum scattering intensity.
By following strategies similar to those used in
single-particle cryoelectron microscopy (41), it
will be possible to classify data into groups of
similar orientation and vastly increase the signal-
to-noise ratio by averaging. These classes must
then be assembled into a three-dimensional
coherent diffraction pattern (40), which will be
phased (Fig. 2). Alternatively, the gas-phase par-
ticles could be aligned by a nonresonant laser
pulse (42), greatly easing the single-pulse signal
to noise required for computational alignment
and averaging.

The single-pulse diffractive image of a
micrometer-sized test object recorded at FLASH
provides a dramatic illustration of the “flash”
imaging technique (8) (Fig. 3). This demonstrates
that an interpretable coherent diffraction pattern
with excellent signal to noise can be collected
from a small isolated object in a single FEL
pulse. The focused pulse can destroy all material
in its path, including the detector, and it was not
previously obvious whether a diffraction pattern
could be recorded without a large background

resulting from scattering from a beam stop, from
the focusing optics, or from plasma radiation
from the sample. These effects were prevented by
using a novel graded multilayer mirror that only
reflects the elastically scattered light from the
sample onto a charge-coupled device (CCD)
detector located in the optical far field and
harmlessly passes the strong undiffracted beam
through a hole in the mirror. The pulse that
recorded the diffraction pattern heated the sample
up to about 60,000 K, which ablated and melted.
Nevertheless, the image is recorded to the 62-nm
diffraction limit of the detector aperture, showing
no effects of damage. Compared with diffractive
imaging at synchrotrons, which is difficult
because of the low coherent flux available and
the need to filter a single coherent mode from an
incoherent source, imaging with the FEL is
straightforward and requires no spatial or
spectral filtering of the illuminating pulse.

Future Prospects
The importance of ultrafast x-ray scattering and
imaging measurements extends beyond the par-
ticular phenomena and materials studied to date.
Excited state potential energy surfaces govern the
evolution of nonequilibrium systems and also the

Fig. 3. (A) Diffraction pattern recorded with a single FEL pulse from a test object placed in the 20-mm
focus of the beam (8). (B) The diffraction pattern recorded with a second FEL pulse selected with a fast
shutter, showing diffraction from the hole in the sample created by the first pulse. (C) Scanning electron
microscope image of the test object, which was fabricated by ion-beam milling a 20-nm-thick silicon
nitride membrane. The scale bar denotes 1 mm. (D) The image reconstructed from the single-shot
diffraction pattern shown in (A).
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Electronic damage to heavy atoms
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Adapted from Son, Chapman & Santra, PRL 107, 218102 (2011).
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Prior speculations regarding MAD at XFEL

> Unavoidable electronic damage, esp. to heavy atoms

> Dramatic change of anomalous scattering for high charge states

> Stochastic electronic damage to heavy atoms would destroy coherent 
scattering signals in nanocrystals

> MAD would not be an applicable route for phasing at XFEL...?

> We demonstrate the existence of a Karle-Hendrickson-type equation in 
the high-intensity regime.

> We show that MAD not only works, but also the extensive electronic 
rearrangements at high x-ray intensity provide a new path to phasing.

8

Son, Chapman & Santra, PRL 107, 218102 (2011).
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Scattering intensity including elec. damage
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> P: protein, H: heavy atoms; only heavy atoms scatter anomalously and 
undergo damage dynamics during an x-ray pulse.

> All changes among NH heavy atoms are included.
> Heavy atoms are ionized independently.
> Only one species of heavy atoms is considered.
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Son, Chapman & Santra, PRL 107, 218102 (2011).



> MAD coefficients:
→ measured or calculated with time evolution of config. populations

> 3 unknowns: 
→ solvable with measurements at 3 different wavelengths.
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Generalized Karle-Hendrickson equation
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a(Q,!), b(Q,!), c(Q,!), and ã(Q,!)

Son, Chapman & Santra, PRL 107, 218102 (2011).
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XATOM: x-ray and atomic physics toolkit

> X-ray-induced atomic processes for any given element and configuration
 photoionization cross section

 Auger / Coster-Kronig decay rate

 fluorescence rate

 coherent x-ray scattering form factor and dispersion correction

 shake-off branching ratio

> Rate equation model to simulate ionization and relaxation dynamics

> Applications
 Nonlinear x-ray absorption processes; PRL 106, 083002 (2011); PRA 85, 023414 (2011)

 Charge distribution analysis of noble gases in XFELs; Rudek et al., submitted

 Photoelectron / Auger / fluorescence spectra; Son & Santra, in preparation

 Scattering with electronic damage dynamics at high intensity; PRA 83, 033402 (2011)

 Multi-wavelength anomalous diffraction at high intensity; PRL 107, 218102 (2011)
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MAD coefficients
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> bleaching effect: 
minimum deepened and 
edge broadened

> MAD works: enhanced 
contrast at different 
wavelengths

> alternative phasing 
method similar to SIR 
(single isomorphic 
replacement) or RIP 
(radiation-damage 
induced phasing)

Son, Chapman & Santra, 
PRL 107, 218102 (2011).
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Conclusion
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MAD at high x-ray intensity
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