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limited by the wavelength, l, of the radiation. Image formation can be simply described as interferometry; 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 diffractionlimited 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 wavelengths, however, manufacturing lenses that acCoherent X-ray Imaging with
cept and redirect light scattered at high angles
Atomic Resolution
becomes increasingly difficult. Focal sizes of tens
Electromagnetic radiation can be used to im- of nanometers can be achieved (36), but atomicage objects with a spatial resolution ultimately resolution lenses do not appear feasible.
Imaging at near-atomic resolution can be achieved without
lenses by conducting the reinterference of the scattered light
computationally. The numerical determination of the image
from the measured x-ray scattering 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 measures the intensity of the scattering radiation rather than the
amplitude, no phase information can be directly measured.
Avariety of methods have been
developed for alleviating the
information deficit in crystallography, such as examining
the wavelength dependence of
the diffraction pattern near an
atomic absorption edge or by
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316, 1444 (2007).
alternative route to reconstructing the scattered x-rays into an
image can be used.
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of that unit cell (2, 37). If adequately sampled, this pattern
Fig. 2. Schematic depiction of single-particle coherent diffractive imaging with an XFEL pulse. (A) The intensity pattern provides the exact amount of
formed from the intense x-ray pulse (incident from left) scattering off the object is recorded on a pixellated detector. The pulse information needed to solve the
problem and determinisalso photo-ionizes the sample. This leads to plasma formation and Coulomb explosion of the highly ionized
1particle, so only phase
tically
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one diffraction pattern [a single two-dimensional (2D) view] can be recorded from the particle. Many individual diffraction
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1 orientations. decades
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in the experimental
Patterns are classified to group patterns of like orientation, averaged within the groups to increase signal to noise, oriented advances
NH
with respect to one another, and combined into a 3D reciprocal space. The image is then obtained by phase retrieval.
and numerical techniques re-

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

> The phase problem remains largely unsolved.

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

Ribonuclease H

> 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:

tein bonds drawn in blue. The selenobiotin
groups used for MAD phasing are shown in red.
(B) Ribonuclease H from Escherichia coli, which

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-

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).
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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.
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Anomalous scattering is intimately associated with the resonant either occur naturally in macromolecules or can be introduced in a
absorption of x-rays that occurs when the frequency of the incident variety of ways (Table 1).
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- X-ray Sources
gests, most pronounced in the immediate vicinity of the absorption
MAD experiments require sources capable of producing x-rays at
edge. The resonances associated with K and L,,, absorptions are of
greatest interest for MAD experiments, and these must of course be various suitable wavelengths. With conventional x-ray tubes the
within the accessible x-ray spectrum to be useful. The anomalous options are limited primarily to the characteristic lines from usable
scattering profiles for isolated atoms of a few elements are shown in target materials. Nevertheless, a pioneering demonstration of feasiFig. 1A. These examples illustrate a number of points: (i) Edge bility was performed on Chironomus hemoglobin by using two x-ray
Theory
positions for a given orbital occur at systematically increasing energy tubes (11), and instruments have been developed to use multiple
number increases. (ii) Apart lines from mixed targets or L emissions (12). Indeed, MAD data
(shorter wavelength) as the atomic
We implement an integrated toolkit,
x-ray-induced
alike and all measured from a Pt derivative with Au L-line x-rays were used
are essentially
of transition, all Kto
edgestreat
from the energyXATOM,
to determine
the structure of a CD4
L edges are alike. (iii) L,,, edges, which are associated with the six together with MIR data
The
ground-state
configuration for neutral Fe: 1s22s22p63s23p63d64s2
processes based on nonrelativistic
electrodynamics
fragment (13).
factor magnitudes on the and
have anomalous scattering
2p electrons,quantum
The bremsstrahlung continuum from x-ray tubes is another
order of three times greater than those for K edges, which are
and wavelengths
selected
in Fig. 1, B and C, possible source for MAD
experiments,
with the two is electrons. As shownmodel.
For
electronic
damage
dynamics of a Fe atom, 27,783 coupled rate
perturbation theory within the associated
Hartree–Fock–Slater
the anomalous scattering profiles that are actually observed from from the continuum emitted by a Mo anode were used to solve the
molecules are typically more strongly featured than the calculated structure of selenolanthionine (14), a small molecule. The
solved.
is much weaker than are
that in characteristic
ones for isolated atoms. These resonant "white-line" features, which bremsstrahlung intensityequations
correspond to transitions to unoccupied molecular orbitals, can be lines, but it can be optimized by using a high-Z anode material such
as Au.
threefold greater than those expected from isolated atoms (8, 9).
Physical processes
Although MAD experiments are possible
An accessible spectral range for MAD experiments can be consid1.0at conventional "home"
ered to be the window from -0.3 to ~3.0 A in wavelength (4 to 40 sources, the sporadic availability of characteristic emissions and the
Fe0+
keV in energy). This range includes the K edges from atomic relative weakness of the bremsstrahlung (Fig. 2) are limitations. On
> Photoionization
number Z = 20 (Ca) to Z = 58 (Ce) and L,,, edges from Z = 51 the other hand, the spectral brightness of synchrotron radiation
Fe5+
The bending-magnet
(Sb) to Z = 92 (U). Thus, all elements at least as heavy as calcium (Fig. 2) is well suited for MAD work.
0.8 at Cornell, NSLS at
Fe10+
are possible candidates for MAD experiments. Diffraction experi- radiation from several existing sources (CHESS
> Auger (Coster–Kronig) decay
ments have also been conducted at the S K edge (X = 5.02 A), but Brookhaven, SSRL at Stanford, the Photon Factory in Tsukuba,
Fe15+
these require vacuum chambers and very thin samples (10). Even LURE in Orsay, DESY in Hamburg, and SRS at Daresbury) can
Fe20+
experiments at the Ca K edge would be compromised by absorp- provide adequate flux for many experiments. Wigglers give enhigher energy and can make
tion. Experience at the high-energy extreme is very limited, but such hanced flux and extend the spectrum to 0.6
> Fluorescence
experiments should be readily feasible. All elements normally used as third-generation, low-energy sources suitable (such as ALS at
heavy atoms in MIR plus many that are too light for use as MIR Berkeley, MAX-II in Lund, SRRC in Hsinchu). Undulators on the
derivatives are all well suited for MAD experiments. Such elements high-energy, low-emittance sources that are under construction
> Shake-off

Electronic damage
to heavy atoms

Population

XATOM toolkit
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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.

Generalized Karle-Hendrickson equation
The scattering intensity (per unit solid angle) is given by
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> Charge distribution analysis of noble gases in XFELs
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> 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 KarleHendrickson equation for the MAD method at high x-ray intensity.

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

dI[F (x)g(t)]
d⌦

d3 x

0
H (Q) → solvable with measurements at 3 different wavelengths.

Conclusions

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

Z
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> 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.
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> The total signal can be obtained by integrating over the
interaction volume:
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a(Q, !), b(Q, !), c(Q, !), and ã(Q, !) → calculated with detailed electronic damage dynamics by XATOM.

> 3 unknowns at a given Q:
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Femtosecond x-ray
nanocrystallography

MAD coefficients at high x-ray intensity
1.1

> MAD coefficients:
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> Photoelectron / Auger / fluorescence spectra
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> Heavy atoms are ionized independently.
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> Only heavy atoms scatter anomalously and undergo damage dynamics during an x-ray pulse.
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> Multi-wavelength anomalous diffraction at high intensity
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We made the following assumptions:
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> Nonlinear x-ray absorption processes
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> Ionization, relaxation, and scattering dynamics at high intensity
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Population dynamics of Fe charge states during an XFEL pulse
of 8 keV, 5×1012 photons/µm2, 10 fs FWHM

Applications

growing high-quality crystals → XFEL.

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

0.0
−20

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.

phase problem → MAD,

> Only one species of heavy atoms is considered.

> Elastic x-ray scattering
> Resonant elastic x-ray scattering (dispersion correction)

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

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

c

Fig. 1. Anomalous scattering factor spectra for selected elements. (A)

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

study of structural dynamics. Coherent vibrational 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 performance attributes distinct from XFEL 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.

bismuth crystal confirmed the ability of the EOS
measurement to accurately determine the shot-toshot 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 particular 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 measurements also provided a detailed characterization of
the excited state potential, further demonstrating
the utility of ultrafast x-ray scattering for the

wFig. 5. Illustrations of novel structures determined directly and exclusively by the MAD method. (A) Tetramer of core streptavidin, with pro-

0.0

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

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

0)

Wavelength (A)

Prior 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.

> 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.

= |F (Q)| e

d r ⇢(r) e

Se

Ultrafast x-ray scattering
> Another bottleneck of x-ray crystallography is the need for largescale high-quality crystals, which are very difficult to be grown or
are simply not available in many cases of interest.
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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 xray intensity. We demonstrate the existence of a Karle–
Hendrickson-type equation for the MAD method in the highintensity 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.
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Abstract

> 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.

dI [hF (x)g(t)i]
nmol (x)
d⌦

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

> The basic structure of the equation remains unchanged.
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MAD phasing for nanocrystals
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.
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> Bragg peaks (proportional to NH2): the second term implies that
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> (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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