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High radiation dose causes changes in 
molecular structure 

Tolerable dose in cryogenically-
cooled crystals is 30 MGy

1 Gy = 1 J/kg

30 MGy  ≈ 0.3 eV / Da
 ≈ 0.02 eV / atom

(about one ionization per 
 20 amino-acid residues)

 ≈ 6 ⨉ 1010 ph/µm2

Elspeth Garman, U. Oxford
micrograph of crystal after exposing to x-rays 
and warming up



X-ray free-electron lasers may enable atomic-
resolution imaging of biological macromolecules

50 fs2 fs 5 fs 10 fs 20 fs

R. Neutze, R. Wouts, D. van der Spoel, E. Weckert, J. Hajdu, Nature 406 (2000)



First EUV-FEL experiments show that pulses are indeed 
destructive

Si/C multilayer

ϑ

40 micron

Nomarski micrograph of crater

Plasma forms, 
layers ablate

After the pulse

Electron temperature 
reaches 28 eV
(300,000 K)



First EUV-FEL experiments show that structural 
information can be obtained before destruction

Reflectivity unchanged
Multilayer d spacing not changed by more than 0.3 nm

30 fs pulse reflectivity at 
32 nm wavelength, 1014 W/cm2
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We used the same strategy as at FLASH to 
monitor sample destruction during the pulse

Si/C multilayer

ϑ

FLASH:  Wavelength 100 Å
Structures: 100 Å to microns

LCLS:  Wavelength 6.8 Å
Structures: 6 Å to microns

0 fs 20 fs

Stefan Hau-Riege, LLNL



a = b = 288 Å
c = 167 Å

Petra Fromme,     ASU



LCLS X-ray pulses

Liquid jet

Interaction 
point

Rear pnCCD
(z = 564 mm)

Front pnCCD
(z = 68 mm)

200 µm

Nanocrystallography is carried out in a flowing 
water microjet

80 mm

Liquid jet

Interaction 
point

Front 
detector
(68 mm)

Rear 
detector

(564 mm)

4 µm jet 3 µm X-ray beam

0.2 - 2 µm crystals
CAMP Chamber: L. Struder et al. 



Samples are delivered to the beam in a liquid 
jet

First and Last Name  |  Title of Presentation  |  Date  |  Page 4

Coherent Imaging Division, CFEL

> Sample delivery (“injection”) technology is critical to the success of 
serial crystallography and many other FEL experiments  

Gas dynamic nozzle creates liquid streams with 
diameters down to 200 nm.

“Droplet on demand” offers potential reductions in 
sample consumption of an order of magnitude. 

Dan DePonte, CFEL
See poster for more details!



Optical emission is observed for dose rates 
above about 20 MGy/fs



The crystal shape can be used to obtain additional 
information about the molecular transform
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Each pattern is indexed

b*

a*

c*

Tom White (CFEL)
Rick Kirian (ASU)



We have merged indexed patterns into a 3D 
diffraction pattern

Tom White (CFEL)

CrystFEL software now available:
http://www.desy.de/~twhite/crystfel/index.html

http://www.desy.de/~twhite/crystfel/index.html
http://www.desy.de/~twhite/crystfel/index.html


We have a new DESY system for processing 
and storage 

SGI Altix
72 physical cores
360GB RAM
Shared memory
Direct connected storage

Data Direct 
Networks 
SFA10000
60-bay HDD / 4U unit
~1 PB/rack (formatted)
(600 x 2 TB HDDs)

Anton Barty, Tom White

LCLS Data
Dec 2009: 
1 week
30 Hz
>20 TB data
>6,000,000 patterns

May-June 2010: 
4 experiments
5 weeks
60 Hz
>120 TB data

Jan-Feb 2011:
2 weeks
120 Hz
> 250 TB data

Can process 30 patterns / second



Molecular replacement reconstructs the 8.5Å 
structure

Nature 470 73 (2011)

3000 MGy / pulse

Axel Brunger (Stanford) 
using DEN



Bragg peaks are observed even with 300 fs 
pulses

Resolution at corner = 8.6Å
with 300 fs pulse

0 femtoseconds

20 femtoseconds

70 femtoseconds

Stefan Hau-Riege, LLNL



A crystal only gives Bragg diffraction when it is 
a crystal!
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The diffusion of ions in a plasma is calculated 
using a hydrodynamic plasma code

collision frequency

temperatureIon	  diffusion:

RMS	  displacement:

Di(t) =
kbTi(t)
mivi(t)

Barty et al. Nature Photon 6, 35–40 (2012)
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A crystal only gives Bragg diffraction when it is 
a crystal!
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The diffusion of ions in a plasma is calculated 
using a hydrodynamic plasma code

collision frequency

temperatureIon	  diffusion:

RMS	  displacement:

Di(t) =
kbTi(t)
mivi(t)

Barty et al. Nature Photon 6, 35–40 (2012)

Dose	  rate
rate	  of	  energy	  absorbed	  /	  mass

= I0・µ / ρ

1017 W/cm2
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5⨉1016 W/cm2
60 MGy/fs

6 MGy/fs
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Diffraction at d=3Å 
resolution turns off at 
RMSD = d/2π = 0.5Å 

2 keV

µ = 1/(13 µm) at 2 keV
µ = 1/(850 µm) at 8 keV
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We see a degradation of the sample at longer 
pulse durations
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The explosion accelerates during the pulse
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Ionized states have higher binding energies
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1 Center for Free-Electron Laser Science (CFEL), DESY, Germany
2 Department of Physics, University of Hamburg, Germany

Abstract

Conclusions

Introduction

Theory
We implement an integrated toolkit, XATOM, to treat x-ray-induced 
processes based on nonrelativistic quantum electrodynamics and 
perturbation theory within the Hartree–Fock–Slater model.

Physical processes

 > Photoionization

 > Auger (Coster–Kronig) decay

 > Fluorescence

 > Shake-off

 > Elastic x-ray scattering

 > Resonant elastic x-ray scattering (dispersion correction)

The toolkit can compute photoionization cross sections, Auger / 
fluorescence rates, shake-off branching ratios, and atomic form 
factors for a given electronic configuration of any atomic species.

Damage dynamics
To simulate electronic damage dynamics in intense x-ray pulses, 
we use the rate equation approach with photoionization cross 
sections, Auger rates, and fluorescence rates, for all possible n-hole 
electronic configurations for all possible +n charge states.

Applications

 > Ionization, relaxation, and scattering dynamics at high intensity 

 > Nonlinear x-ray absorption processes

 > Charge distribution analysis of noble gases in XFELs

 > Photoelectron / Auger / fluorescence spectra

 > Multi-wavelength anomalous diffraction at high intensity

Electronic damage 
to heavy atoms

XATOM toolkit

Multiwavelength anomalous diffraction 
at high x-ray intensity

Generalized Karle-Hendrickson equation

MAD coefficients at high x-ray intensity Femtosecond x-ray 
nanocrystallography

The multiwavelength anomalous diffraction (MAD) method is 
widely used in x-ray crystallography with synchrotron radiation to 
determine phase information by employing dispersion corrections 
from heavy atoms on coherent x-ray scattering. X-ray free-electron 
lasers (XFELs) show promise for revealing the structure of single 
molecules or nanocrystals within femtoseconds, but the phase 
problem remains largely unsolved. Because of the extremely high 
fluence of XFELs, samples experience severe and unavoidable 
electronic radiation damage, especially to heavy atoms, which 
hinders direct implementation of the MAD method with XFELs. We 
propose a generalized version of the MAD phasing method at high x-
ray intensity. We demonstrate the existence of a Karle–
Hendrickson-type equation for the MAD method in the high-
intensity regime and calculate relevant coefficients with electronic 
damage dynamics and accompanying changes of the dispersion 
correction. Here we present the XATOM toolkit to simulate detailed 
electronic damage dynamics and discuss how the proposed method 
is applicable to the phase problem in femtosecond x-ray 
nanocrystallography.

 > We propose the MAD phasing method in extreme conditions of 
ionizing radiations.

 > Our analysis combines electronic response at the atomic level 
and molecular imaging during intense x-ray pulses.

 > We demonstrate the existence of a generalized Karle-
Hendrickson equation for the MAD method at high x-ray intensity.

 > Our results show that the generalized version of the MAD 
method is still applicable to the phase problem even in the 
presence of severe radiation damage.

 > The beaching effect on the scattering strength of heavy atoms, 
which unexpectedly enhances the coefficient contrast in the MAD 
method, can be beneficial to phasing.

> Our study opens up a new opportunity of solving the phase 
problem in femtosecond nanocrystallography with XFELs.

References
 > Present work: Son, Chapman & Santra, Phys. Rev. Lett. 107, 
218102 (2011).

 > Electronic response to XFEL: Young et al., Nature 466, 56 (2010).

 > Review of ultrafast x-ray scattering: Gaffney & Chapman, Science 
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 > Review of phase problem: Taylor, Acta Cryst. D59, 1881 (2003).
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Suppl. S7, 357 (1980); Hendrickson, Trans. Am. Crystallogr. Assoc. 
21, 11 (1985).

 > XATOM: Son, Young & Santra, Phys. Rev. A 83, 033402 (2011).

bismuth crystal confirmed the ability of the EOS
measurement to accurately determine the shot-to-
shot time delay (30).

In this study, fs laser pulse excitation of
bismuth changes the equilibrium structure of the
unit cell and leads to coherent vibrational motion
(31–33) (Fig. 1, C and D). This coherent motion
generates large-amplitude oscillations, in partic-
ular Bragg peaks such as the (111) reflection (34).
This experimental observation of strong ~300-fs
period oscillations in the (111) Bragg diffraction
intensity rigorously demonstrated the utility of EOS
as a timing diagnostic (29, 30). These measure-
ments also provided a detailed characterization of
the excited state potential, further demonstrating
the utility of ultrafast x-ray scattering for the

study of structural dynamics. Coherent vibration-
al motion in a ferroelectric crystal has also been
observed with ultrafast x-ray diffraction by using
laser-sliced x-ray pulses from a synchrotron (35).
X-ray slicing sources represent an important
development in ultrafast x-ray science with per-
formance attributes distinct fromXFEL sources. A
complementary discussion of nonthermal melting
and displacive excitations, as well as a discussion
of data analysis, can be found in the Supporting
Online Material (SOM) text.

Coherent X-ray Imaging with
Atomic Resolution
Electromagnetic radiation can be used to im-
age objects with a spatial resolution ultimately

limited by the wavelength, l, of the radiation. Im-
age formation can be simply described as inter-
ferometry; the light scattered by an object must
be recombined so that it interferes at the image
plane. Performing this reinterference directly
with an aberration-free lens makes diffraction-
limited imaging possible with visible radiation.
In the simple case of illumination with a coherent
plane wave, the achievable resolution equals d =
l /sin q, where q represents the highest scattering
angle collected by a lens or detector. At x-ray wave-
lengths, however, manufacturing lenses that ac-
cept and redirect light scattered at high angles
becomes increasingly difficult. Focal sizes of tens
of nanometers can be achieved (36), but atomic-
resolution lenses do not appear feasible.

Imaging at near-atomic res-
olution can be achieved without
lenses by conducting the rein-
terference of the scattered light
computationally. The numeri-
cal determination of the image
from the measured x-ray scat-
tering pattern requires that the
phase of the diffracted light be
determined in order to apply
the correct phase shift to each
reinterfering spatial frequency.
Because the detection of the
scattering pattern only mea-
sures the intensity of the scat-
tering radiation rather than the
amplitude, no phase informa-
tion can be directly measured.
Avariety of methods have been
developed for alleviating the
information deficit in crystal-
lography, such as examining
the wavelength dependence of
the diffraction pattern near an
atomic absorption edge or by
knowing part of the structure
or a similar structure. With co-
herent diffractive imaging, an
alternative route to reconstruct-
ing the scattered x-rays into an
image can be used.

Sayre has noted that the
continuous diffraction pattern
of a coherently illuminated unit
cell contains twice the informa-
tion obtained from the diffrac-
tion pattern of a crystalline
arrangement of identical copies
of that unit cell (2, 37). If ade-
quately sampled, this pattern
provides the exact amount of
information needed to solve the
phase problem and determinis-
tically invert the x-ray scatter
pattern into an image of the scat-
tering object. The past several
decades have seen substantial
advances in the experimental
and numerical techniques re-

Fig. 2. Schematic depiction of single-particle coherent diffractive imaging with an XFEL pulse. (A) The intensity pattern
formed from the intense x-ray pulse (incident from left) scattering off the object is recorded on a pixellated detector. The pulse
also photo-ionizes the sample. This leads to plasma formation and Coulomb explosion of the highly ionized particle, so only
one diffraction pattern [a single two-dimensional (2D) view] can be recorded from the particle. Many individual diffraction
patterns are recorded from single particles in a jet (traveling from top to bottom). The particles travel fast enough to clear the
beam by the time the next pulse (and particle) arrives. The data must be read out from the detector just as quickly. (B) The full
3D diffraction data set is assembled from noisy diffraction patterns of identical particles in random and unknown orientations.
Patterns are classified to group patterns of like orientation, averaged within the groups to increase signal to noise, oriented
with respect to one another, and combined into a 3D reciprocal space. The image is then obtained by phase retrieval.
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Figure from Gaffney 
& Chapman, Science 
316, 1444 (2007).
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The scattering intensity (per unit solid angle) is given by

We made the following assumptions:

 > Only heavy atoms scatter anomalously and undergo damage dynamics during an x-ray pulse.

 > Heavy atoms are ionized independently.

 > Only one species of heavy atoms is considered.

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

 > MAD coefficients:                                                                              → calculated with detailed electronic damage dynamics by XATOM. 

 > 3 unknowns at a given Q:                                                                                  → solvable with measurements at 3 different wavelengths.
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i

a(Q,!), b(Q,!), c(Q,!), and ã(Q,!)
��F 0

P (Q)
��,
��F 0

H(Q)
��, and �0

P (Q)� �0
H(Q)

Population dynamics of Fe charge states during an XFEL pulse 
of 8 keV, 5×1012 photons/µm2, 10 fs FWHM

Dispersion corrections of atomic form factors of Fe and its ions

The ground-state configuration for neutral Fe: 1s22s22p63s23p63d64s2

For electronic damage dynamics of a Fe atom, 27,783 coupled rate 
equations are solved.

MAD coefficients at Q=0 for Fe as a 
function of the photon energy. The 
fluence is given by 2×1012 photons/A 
and 10 fs FWHM is used.

 > With three or more different wavelengths, the unknowns can be solved by the least-squares method.

 > L-shell ionization dynamics dominates below the edge, whereas K-shell ionization dynamics dominates after the edge.

 > Bleaching effect: MAD coefficients ã and b are dramatically bleached out and their minimum is deepened and broadened.

 > The contrast in ã and b becomes enhanced; the contrast in c is reduced but not completely eliminated.

 > Broadening of the edge at high intensity makes precision of the photon energy less important in experiments.

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

 > In our model, resonant absorption processes and shakeup or shakeoff processes are not included.

Experimental implementation
 > The pulse shape and the fluence at a given position x in the x-
ray beam may differ from shot to shot.

 > Ensemble average: we numerically confirmed the following 
relation to within 3%.

 > The total signal can be obtained by integrating over the 
interaction volume:

 > The basic structure of the equation remains unchanged.

MAD phasing for nanocrystals
 > Bragg peaks (proportional to NH2): the second term implies that 
all heavy atoms are described by the same dynamical form factor.

 > Diffuse background (proportional to NH): the last term represents 
fluctuations form all different configurations induced by electronic 
damage dynamics.

 > (a–ã) is an order of magnitude smaller than ã and not confined 
to the Bragg peaks, implying that the high x-ray intensity does not 
fully destroy the coherent signals.
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Multiwavelength anomalous diffraction (MAD)
 > The phase problem is a fundamental obstacle in constructing an 
electronic density map from x-ray diffraction.  Since we can 
measure only scattering intensity, we may lose phases that contain 
more important information for the structural determination.

 > The anomalous scattering at different wavelengths provides a 
simple way (MAD phasing with the Karle-Hendrickson equation) to 
solve the phase problem.

 > Advantages of MAD: (a) algebraically solvable, (b) different 
datasets obtained by physical changes (wavelength), (c) no atomic 
replacement in sample preparation, (d) no chemical rearrangement 
during x-ray pulses, (e) no need for iterative phase retrieval 
algorithm, and (f) no need for previously known crystal structures.

 > The MAD method has been a well-established phasing method 
with synchrotron radiation sources since late 80’s.

Ultrafast x-ray scattering
 > Another bottleneck of x-ray crystallography is the need for large-
scale high-quality crystals, which are very difficult to be grown or 
are simply not available in many cases of interest.

 > The unprecedented high x-ray fluence from XFELs provides a 
sufficiently large number of photons to enable structure 
determination from diffraction measurements of streams of single 
molecules and nanocrystals.

 > Due to an extremely high fluence that is ~100 times larger than 
the conventional damage limit, samples are subject to severe 
radiation damage.

 > The ultrashort x-ray pulses generated by XFELs enable us to 
carry out “diffraction-before-destruction” within femtosecond 
timescales to suppress nuclear motion.

 > Electronic radiation damage is unavoidable, which is 
characterized by multiphoton multiple ionization via a sequence of 
one-photon inner-shell ionizations and relaxations.

 > The phase problem remains largely unsolved.

Speculations regarding MAD at XFEL
 > Heavy atoms as anomalous scatters will be more ionized than 
other atoms during intense x-ray pulses, because the 
photoabsorption cross section of the heavy atom is much higher 
than that of the light atom and for heavy atoms a vacancy in deep 
inner shells causes several relaxation steps in the cascade through 
the subshells, resulting in further electron ejections.

 > Anomalous scattering will be dramatically changed when heavy 
atoms are highly ionized.

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

 > MAD would not be an applicable route for phasing in the 
presence of severe radiation damage...

 > 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.

 > Our proposed method can overcome both major bottlenecks 
in x-ray crystallography: 

phase problem → MAD,

growing high-quality crystals → XFEL.

F 0(Q) =

Z
d3r ⇢(r) eiQ·r = |F 0(Q)| ei�

0(Q)

f(Q,!) = f0(Q) + f 0(!) + if 00(!)

Figures from Hendrickson, Science 254, 51 (1991).

similarity in folding and Cu coordination to other members of the
plastocyanin family. Other metalloprotein candidates for MAD
phasing include heme proteins, iron-sulfur proteins, and an ever
increasing group of zinc proteins.

Light metal centers can often be replaced by heavier ones.
Notably, the replacement of the group II ions Ca2' and Mg2+ by
lanthanides yields very strong anomalous scattering at the L,,, edges.
Our recent structural analysis of the calcium-dependent carbohy-
drate recognition domain from an animal lectin, mannose-binding
protein, illustrates this well. A recombinant fragment of this protein
was crystallized as a dimer with Ho3' ions replacing the two Ca2+
sites in each protomer. Data were collected at three wavelengths on
the spherical drift chamber detector at LURE (31). As expected
from the lanthanide white line features shown in Fig. 1B, the
measured signals were extraordinarily strong (Table 2). As a result,
phases were determined with sufficient accuracy that the model fitted
to the MAD-phased map gave an initial R value of 0.359 for all
observations to 2.5 A spacings (22). Because of an imperfection in
wavelength control in this experiment, the ability to refine scattering
factors was crucial. MAD experiments with lanthanide replacements
or replacements of transition metals by heavier L,,,-edge scatterers,
such as replacement of zinc by mercury, can prove very powerful.
Another category ofreplacement that can be very effective is in the

replacement of a natural ligand or cofactor by an analogous deriva-
tized ligand. This strategy has often been effective in MIR experi-
ments; for MAD the range of labeling elements can be extended to
the lighter K-edge scatterers. The structure analysis of streptavidin
as its selenobiotinyl complex is an example (Fig. 5A). In this case,
the data were measured on a single counter diffractometer on a
tunable beam line (32) at the Photon Factory in Japan. Streptavidin
is a tetramer and the asymmetric unit of the crystal contained
one-half of the molecule. The polypeptide chain was traced inde-
pendently for the two protomers in a MAD-phased map at 3.3 A
resolution (25), but the fitting was done after molecular averaging
with probabilistic phase combination (23). Brominated organic
ligands could be quite generally useful for this class of MAD
experiments.

Perhaps the greatest opportunity for future MAD experiments lies
in the use of conventional heavy-atom derivatives. All of the
commonly used substituting elements have L,,, edges in a readily
accessible region near 1 A wavelengths. The one MAD experiment
that has been done with conventional heavy atoms was not per-
formed on a synchrotron. MAD data from a Pt derivative of the

Fig. 5. Illustrations of novel structures deter-
mined directly and exclusively by the MAD meth-
od. (A) Tetramer of core streptavidin, with pro-
tein bonds drawn in blue. The selenobiotin
groups used for MAD phasing are shown in red.
(B) Ribonuclease H from Escherichia coli, which
was solved by use of selenomethionine labels. The
molecular surface and most atomic bonds are
drawn in yellow, those for catalytic site residues
are drawn in red, and a sulfate ion is in green.
[Reprinted from (21) with permission © AAAS]

D1D2 fragment ofCD4 were measured on a multiwire area detector
with characteristic lines from a Au anode that bracket the LI,, edge
of Pt. These data were combined with MIR phases to yield an
interpretable map. Had it been possible to conduct this experiment
on a suitable synchrotron beam line, more definitive initial phasing
could have been expected. Since isomorphism is not required, MAD
phasing of heavy-atom derivatives both increases the accuracy of
phases and extends the range ofuseful derivatives. Potential disorder
at heavy-atom sites remains a problem.
The final category of MAD applications is an exciting one by

virtue of its potential for generality. Brominated nucleic acid bases
can usefully label nucleic acids without appreciably perturbing their
structures. Our analysis of the complex of the antitumor drug
chromomycin with a duplex of octanucleotides in which one
thymine was replaced by 5-bromouracil illustrates this. The struc-
ture of this complex was solved from imaging phosphor data
measured at the Photon Factory in Japan (32, 33). The DNA
structure was directly interpretable (20), and phase combination
between the MAD probability distributions (23) and those from a
partially refined model were used to complete the drug structure.

In the case of proteins, the incorporation of selenomethionine in
place of methionine residues provides a general vehicle for incorpo-
rating MAD labels into proteins (34). The analysis of ribonuclease
H (Fig. 5B) is a successful example of this approach. The recombi-
nant protein was grown in bacteria with complete incorporation of
selenomethionine, and the structure was solved from imaging-
phosphor data measured at the Photon Factory in Japan (32, 33). In
this case the phases were accurate enough to permit an initial
interpretation into maps at 2.2 A resolution (21). Higher energy
resolution would have given even stronger signals (Fig. 1C and
Table 2). The extension to larger proteins with many Se sites poses
an exciting challenge for future applications.

Prospects
The MAD method can fairly be said to have emerged with vitality

from its long gestation. A lack of readily available, satisfactory
instrumentation has certainly impeded practical realization of the
promise of MAD phasing in macromolecular structure determina-
non. Even now, these experiments remain rather complex relative to
the routine measurements of conventional crystallography. Never-
theless, impressive results have already been obtained in a number of
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Fig. 1. Anomalous scattering factor spectra for selected elements. (A)
Calculated spectra (37) for certain isolated atoms. For each element, the
imaginary component (f") is drawn in the upper curve and the real
component (f') is in the lower curve. Origins for the five elements are
displaced vertically as indicated. The figure is adapted from (14). (B)
Experimental values derived from an x-ray absorption spectrum of Eu-

Anomalous scattering is intimately associated with the resonant
absorption of x-rays that occurs when the frequency of the incident
radiation approaches the frequency of oscillations in a bound
electronic orbital (see Box 1). This anomalous dispersion (frequency
dependence) of scattering is, as the resonance phenomenon sug-
gests, most pronounced in the immediate vicinity of the absorption
edge. The resonances associated with K and L,,, absorptions are of
greatest interest for MAD experiments, and these must ofcourse be
within the accessible x-ray spectrum to be useful. The anomalous
scattering profiles for isolated atoms of a few elements are shown in
Fig. 1A. These examples illustrate a number of points: (i) Edge
positions for a given orbital occur at systematically increasing energy
(shorter wavelength) as the atomic number increases. (ii) Apart
from the energy of transition, all K edges are essentially alike and all
L edges are alike. (iii) L,,, edges, which are associated with the six
2p electrons, have anomalous scattering factor magnitudes on the
order of three times greater than those for K edges, which are
associated with the two is electrons. As shown in Fig. 1, B and C,
the anomalous scattering profiles that are actually observed from
molecules are typically more strongly featured than the calculated
ones for isolated atoms. These resonant "white-line" features, which
correspond to transitions to unoccupied molecular orbitals, can be
threefold greater than those expected from isolated atoms (8, 9).
An accessible spectral range for MAD experiments can be consid-

ered to be the window from -0.3 to ~3.0 A in wavelength (4 to 40
keV in energy). This range includes the K edges from atomic
number Z = 20 (Ca) to Z = 58 (Ce) and L,,, edges from Z = 51
(Sb) to Z = 92 (U). Thus, all elements at least as heavy as calcium
are possible candidates for MAD experiments. Diffraction experi-
ments have also been conducted at the S K edge (X = 5.02 A), but
these require vacuum chambers and very thin samples (10). Even
experiments at the Ca K edge would be compromised by absorp-
tion. Experience at the high-energy extreme is very limited, but such
experiments should be readily feasible. All elements normally used as
heavy atoms in MIR plus many that are too light for use as MIR
derivatives are all well suited for MAD experiments. Such elements

4 OCIOBER 1991
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0.960.99 0.98 0.97
Wavelength (A)

(PhAcAc)3 (Ph, phenyl, and Ac, acetyl). The resonances from left to right are
associated with the L,,,, L11, and L, transitions. The L,,, maximum in f"
occurs at 6982.2 eV, which corresponds to 1.7757 A in wavelength. The
figure is adapted from (8). (C) Experimental values derived from an x-ray
absorption spectrum of selenomethionyl thioredoxin from Escherichia coli.
Reproduced from (34).

either occur naturally in macromolecules or can be introduced in a
variety of ways (Table 1).

X-ray Sources
MAD experiments require sources capable of producing x-rays at

various suitable wavelengths. With conventional x-ray tubes the
options are limited primarily to the characteristic lines from usable
target materials. Nevertheless, a pioneering demonstration of feasi-
bility was performed on Chironomus hemoglobin by using two x-ray
tubes (11), and instruments have been developed to use multiple
lines from mixed targets or L emissions (12). Indeed, MAD data
measured from a Pt derivative with Au L-line x-rays were used
together with MIR data to determine the structure of a CD4
fragment (13).
The bremsstrahlung continuum from x-ray tubes is another

possible source for MAD experiments, and wavelengths selected
from the continuum emitted by a Mo anode were used to solve the
structure of selenolanthionine (14), a small molecule. The
bremsstrahlung intensity is much weaker than that in characteristic
lines, but it can be optimized by using a high-Z anode material such
as Au.
Although MAD experiments are possible at conventional "home"

sources, the sporadic availability of characteristic emissions and the
relative weakness of the bremsstrahlung (Fig. 2) are limitations. On
the other hand, the spectral brightness of synchrotron radiation
(Fig. 2) is well suited for MAD work. The bending-magnet
radiation from several existing sources (CHESS at Cornell, NSLS at
Brookhaven, SSRL at Stanford, the Photon Factory in Tsukuba,
LURE in Orsay, DESY in Hamburg, and SRS at Daresbury) can
provide adequate flux for many experiments. Wigglers give en-
hanced flux and extend the spectrum to higher energy and can make
third-generation, low-energy sources suitable (such as ALS at
Berkeley, MAX-II in Lund, SRRC in Hsinchu). Undulators on the
high-energy, low-emittance sources that are under construction
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Calculations show that anomalous signals are 
enhanced by high X-ray intensity
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Effective scattering factors for Fe with 2 mJ pulse
Average ionization by end of pulse is +14 for highest fluence

photon energy (keV)photon energy (keV)

c(λ) → f’’b(λ) → f 0+f’

1.6 ⨉ 1017 W/cm2

5 ⨉ 1017 W/cm2

2 ⨉ 1018 W/cm2

2 ⨉ 1019 W/cm2

S.-K. Son, H.N.C., R. Santra, 
PRL 107, 218102 (2011).
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Tapered undulators could increase peak power 
by a factor of 50

Figure 1: GENESIS predictions for amplification of a 5-
MW seed in a tapered, 200-m long undulator for time-
steady (red), full time-dependent “fresh” bunch (blue), and
start-to-end (green) conditions.

FEL on various parameters. Simulation confirmed that
FEL power scales quadratically with current, as one would
expect for coherent emission from a highly microbunched
electron bunch. The requirement on the emittance is rel-
atively loose in the tapered region compared to the expo-
nential growth region. We found that for the above pa-
rameter set, emittances as large as εn = 0.4 mm-mrad
can still produce TW-level output within similar total un-
dulator system length. Due to an energy-spread induced
smearing effect on the microbunching factor in break sec-
tions, a short break distance is also favored. The depen-
dence of output power upon the input seed level is also very
relevant because the nominal, single mode output of self-
seeding scheme will have large shot-to-shot fluctuations.
Figure 2 displays output power at z = 160m as a func-
tion of input seed power PI ; one sees little sensitivity for
PI ≥ 1MW. For a negative exponential input power distri-
bution with 〈P 〉 = 5MW, the RMS output fluctuation level
grows from ≈ 6% at the beginning of the tapered region
to about 17% by z = 160m. By designing the taper for
a somewhat smaller seed power (e.g., 3MW), the fluctua-
tion level can be reduced at the expense of partially reduced
output power. Our results also suggest a TW FEL based on
a tapered undulator is more sensitive to undulator section
tuning errors than is an untapered FEL. For a random, un-
corrected section K-error with rms σ∆K/K ∼ 10−4, our
nominal design shows a 15% reduction in power. The same
error level in an untapered undulator produces a 3.5% re-
duction of the power at saturation.
Sideband Instability Effects – We now turn to time-

dependent effects. Because our design utilizes a long un-
dulator after the self-seeding crystal, even though the seed
is much stronger compared to the shot-noise in the electron
beam, the SASE components originating from shot noise
on the electron bunch can excite the sideband instability
in the tapered region [6, 13]. Furthermore, while the chi-
cane between the two undulators smears out the energy and
density microbunching at x-ray wavelength scales arising
from the first SASE undulator, in general it will not smear

Figure 2: Sensitivity of final FEL power at 160 m as a
function of the monochromatized, input seed power as pre-
dicted by time-steady GENESIS simulation.

out longer scale (i.e., at the coherence length) modulations
induced by the SASE process. In fact, the chicane R56

will induce a current modulation [14] from longer wave-
length, SASE energy modulations. This modulation both
will broaden the bandwidth of the FEL radiation in the ex-
ponential gain region of the second undulator, and, more
importantly, also provide an additional seed for the side-
band instability in the tapered region at a level much above
that corresponding to random shot noise. To distinguish
this additional seed effect, we simulate a “fresh” bunch
scheme as compared to the start-to-end simulation.
Assuming that we start the second undulator simula-

tion with a “fresh” electron bunch to interact with the
monochromatized seed. The full time-dependent simula-
tion shows power saturation at 1.3TW (see the blue curve
in Fig. 1) or less than half the power predicted by time-
steady results. It appears the early saturation arises from
strong, sideband-induced detrapping from the ponderomo-
tive wells; Fig. 3 shows significant temporal modulation in
the radiation power by z = 160m. Surprisingly, the spec-
trum remains quite good as shown in Fig. 4. The bandwidth
is about twice the transform limit for the macroscopic cur-
rent profile. Transversely, about 80% of the total power
resides in the fundamental TEM00 Gaussian mode and the
overall transverse coherence is quite good (M2 ∼ 1.3) 1.
In contrast, in the start-to-end simulation, we start the

second undulator simulation with the same electron bunch
which has experienced the SASE FEL in the first undula-
tor as well as the smearing process in the chicane. In our
case, when the SASE FEL reaches 1 GW, the fundamental
microbunching fraction b1 ≈ 0.1. After the chicane, the
microbunching is smeared out by more than one order of
magnitude to a reduced bunching factor of b1 ≈ 0.008. At
the end of the SASE FEL, on average the SASE spikes de-
velop a relative rms energy spread σδ ∼ 2.0×10−4. Given
the chicane momentum compaction factor of R56 = 12
µm, the rms pathlength change σ∆L ∼ 2.7 nm. Conse-
quently, the chicane strongly washes out energy and den-
sity modulations only within length scales shorter than
2π σ∆L/λr ∼ 100 radiation periods. On the other hand,

1Following an approach of G. Penn at LBL.

W.M. Fawley et al 
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Atomic-resolution diffraction from single 
particles should be possible with 1014 ph/μm2

Laser polarisation (E)

28 nm

1014 ph/µm2  
60 GGy
6000 MGy/fs ⨉ 10 fs

RMS displacement: 0.5Å
half electrons ionized

3 Å resolution
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500 nm

100 nm

Sample delivery of single particles is 
challenging

x-ray beam

100 nm

Aerosol jet



Summary

“DiffracIon	  before	  destrucIon”	  holds	  to	  1.8	  Å	  resoluIon

We	  can	  combine	  millions	  of	  serial	  diffracIon	  measurements	  into	  a	  dataset	  of	  
average	  3D	  structure	  factors

No	  effect	  of	  radiaIon	  damage	  is	  yet	  observed	  in	  refined	  protein	  structures

Isotropic	  atomic	  displacements	  terminate	  the	  diffracIon

IonizaIon	  should	  enhance	  anomalous	  signals,	  
giving	  a	  route	  to	  phasing

The	  key	  metric	  for	  this	  mode	  of	  imaging	  is	  X-‐
ray	  intensity	  (photons	  per	  unit	  area	  per	  unit	  
Ime).	  	  The	  opImal	  X-‐ray	  FEL	  source	  is	  that	  of	  
highest	  pulse	  power


