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Carl Caleman,†,‡ Gösta Huldt,§ Filipe R. N. C. Maia,§ Carlos Ortiz,� Fritz G. Parak,† Janos Hajdu,§ David van
der Spoel,§ Henry N. Chapman,‡,¶ and Nicuşor Timneanu§,*
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N
ew light sources have had a signifi-
cant influence on natural sciences.
Radio transmitters, X-ray sources,

and optical lasers triggered fundamental
transformations both in science and soci-
ety. As a consequence, expectations are
high regarding the impact of the long-
awaited first hard X-ray lasers. These lasers
produce ultrashort and extremely intense
coherent X-ray pulses with a peak brilliance
exceeding that of conventional synchro-
tron sources by more than a billion. The
FLASH soft X-ray free-electron laser in Ger-
many1 was the first instrument to reach into
X-ray frequencies, and it is a fully opera-
tional user facility today. The LINAC Coher-
ent Light Source (LCLS)2 in the USA is a hard
X-ray laser that has now produced first
light and is lasing at 1.5 Å. Similar projects
are under way in Japan3 and in Europe.4 In
addition to these linear accelerator-based
machines, table-top X-ray lasers, driven by
optical lasers, have started making their
mark.5�7 Short, intense, coherent, hard
X-ray pulses can be exploited for new ex-
periments in disciplines ranging from ex-
perimental astrophysics to structural biol-
ogy. Such X-ray pulses could open the door
to single molecule imaging, that is, retriev-
ing atomic structures from large biomole-
cules without the need of a crystalline
sample.8

Three dimensional structures could also
be determined from nanocrystalline materi-
als. In the process of crystallization, many
macromolecules fail to form large crystals
(e.g., membrane proteins). However, they
often form submicrometer crystals, but
these are usually too small to generate use-
ful diffraction data at a conventional syn-

chrotron source. It has been suggested9�11

that such nanocrystals could be used for
structural studies with X-ray lasers.

Any sample exposed to an intense X-ray
pulse will be ionized, and extensive ioniza-
tion destroys the sample. The time scale on
which this process occurs is critical for ob-
taining an interpretable diffraction pattern
to yield an atomic structure of the sample.
In principle, the X-ray pulse must be short
enough such that the entire pulse passes
through the sample before a major disar-
rangement of the atomic and electronic
configurations takes place. The ionizations
due to direct photoabsorption and subse-
quent secondary processes affect the abil-
ity to get useful structural information from
the diffraction pattern in three ways: (i) Ion-
ization decreases the elastic X-ray scatter-
ing power of atoms. (ii) Removal of elec-
trons from atoms leaves behind positively
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ABSTRACT Structural studies of biological macromolecules are severely limited by radiation damage.

Traditional crystallography curbs the effects of damage by spreading damage over many copies of the molecule

of interest in the crystal. X-ray lasers offer an additional opportunity for limiting damage by out-running damage

processes with ultrashort and very intense X-ray pulses. Such pulses may allow the imaging of single molecules,

clusters, or nanoparticles. Coherent flash imaging will also open up new avenues for structural studies on nano-

and microcrystalline substances. This paper addresses the theoretical potentials and limitations of

nanocrystallography with extremely intense coherent X-ray pulses. We use urea nanocrystals as a model for

generic biological substances and simulate the primary and secondary ionization dynamics in the crystalline

sample. The results establish conditions for ultrafast single-shot nanocrystallography diffraction experiments as

a function of X-ray fluence, pulse duration, and the size of nanocrystals. Nanocrystallography using ultrafast

X-ray pulses has the potential to open up a new route in protein crystallography to solve atomic structures of

many systems that remain inaccessible using conventional X-ray sources.

KEYWORDS: X-ray free electron laser · nanocrystallography · radiation damage ·
molecular dynamics · coherent diffraction imaging
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charged ions that repel each other due to Coulomb

forces, leading to the destruction of the structure. (iii)

Free electrons either leave the sample, if their energy is

high enough, or remain in the sample as a background

electron gas, in which case they will contribute to noise

in the diffraction pattern.

There are currently no experiments on the dynam-

ics of radiation damage from X-ray free-electron lasers

(XFEL) at Ångström wavelengths. Experimental data

published so far reach into the soft X-ray regime (to 13.5

nm wavelength).12�14 Theoretical models extend the

picture into the unexplored hard X-ray regime.8,15�17

The explosion mechanism strongly depends on

sample size. Electrons ejected from atoms during expo-

sure propagate through the sample and cause further

ionization by eliciting secondary electron clouds. The

extent of ionization through this mechanism is size de-

pendent. Photoelectrons released by X-rays of 1.5 Å

wavelength are fast (53 nm/fs), and they can escape

from small samples such as “nanosized” crystals18,19 or

single protein molecules, early in an exposure. In con-

trast, Auger electrons are slow (9.5 nm/fs for carbon20)

and calculations show that they will cause secondary

ionization even in a single protein molecule.15,21 Figure

1 illustrates the relevant size domain for the secondary

electron cloud generated by a photoelectron and the

respective cloud originating from the Auger electron in

comparison with the size of a nanocrystal. In the late

phase of an exposure, a significant fraction of the emit-

ted electrons will not be able to escape the increased

positive potential of the sample. It has been theoreti-
cally shown that for small samples (diameter � 10 nm),
the explosion is dominated by Coulomb processes.15

This is driven by the repulsion of the positive ions left
behind by electrons leaving the sample. In big samples
(diameter � 500 nm), most electrons will be trapped
simply because they lose energy before reaching the
surface. Trapped electrons increase the temperature of
the sample through collisional processes, while slowing
the Coulomb explosion by partially screening the posi-
tive charges and creating a net neutral core. Predictions
point to a transition from Coulomb explosion to a hy-
drodynamic explosion with increasing sample size. A
positively charged surface layer is formed and peels off,
destroying the sample from outside toward the center.
The expansion of the core is driven by thermal pro-
cesses as the electron pressure grows.16

The aim of this theoretical work is to predict the
damage caused by ionization in nanocrystals of biologi-
cal material, with sizes up to one micrometer. Crystals
larger than one micrometer are normally considered vi-
able and diffract well enough at conventional synchro-
tron sources. We provide a theoretical screening tool for
nanocrystallography experiments with regard to fea-
sible sample sizes and X-ray laser pulse parameters. Se-
rial crystallography experiments with submicrometer
protein crystals have recently been performed at a syn-
chrotron22 and showed that powder diffraction data
can be obtained using a continuous microjet of nano-
crystals. It has also been theorized that longitudinal co-
herence properties of the X-ray lasers limit the resolu-
tion of single-particle diffraction imaging,23 and it has
been suggested that submicrometer samples are re-
quired to achieve atomic resolution at LCLS.

Descriptions of electron impact ionization and sec-
ondary ionization cascades exist for different
materials.21,24,25 Dynamics of photoelectrons in protein
crystals have been investigated earlier,18,19 without con-
sideration to Auger emission or secondary ionization
cascades. These predictions suggest that radiation dam-
age can be limited by reducing the crystal size. The
present work steps beyond these studies and gives an
integrated description of photoemission, Auger emis-
sion, and cascade processes during exposure of a bio-
logical nanocrystal to an ultrashort and intense X-ray
pulse, to determine the feasibility of nanocrystal imag-
ing and improvement in resolution achievable with
shorter pulses. Our findings are summarized in Figures
1�6, and the methodology is described in Methods
section and in the Supporting Information.

RESULTS AND DISCUSSION
Figure 1 shows the simulated free electron distribu-

tions due to a single photoionization in an infinitely
large urea crystal caused by a 1.5 Å photon. If a nano-
crystal is smaller than the ionization cascades, most
photoelectrons will leave the sample before thermaliza-

Figure 1. Comparison of crystal size and the modeled size of second-
ary electron cascades. (a) The unit cell of a urea crystal contains light
elements abundant in proteins: carbon (depicted as green), nitrogen
(blue), oxygen (red), and hydrogen (white). (b) A urea nanocrystal of
200 nm would contain about 50 million unit cells. A protein nanocrys-
tal of similar size would contain about 20000 unit cells (using
lysozyme as an example). (c) The overall dimensions of simulated
electron clouds produced during the thermalization of a single 0.4
keV Auger electron ejected from a nitrogen atom (top) and a single
8 keV photoelectron (bottom) inside a large urea crystal after 50 fs.
Similar cascade sizes are produced in protein crystals, during an X-ray
diffraction experiment.
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tion. In a stepwise approach, we first treat the thermal-
ization of electrons with various energies, correspond-
ing to photoelectrons or different Auger electrons in
urea. In the next step, we combine the primary and sec-
ondary ionization effects to describe the entire dynam-
ics of the system during and after the X-ray pulse (Meth-
ods, eq 2). A detailed description of the model, electron
scattering on atoms, treatment of electron�hole re-
combinations and electron�phonon interactions is
presented in ref 21 and in the Supporting Information.

For light elements, a single photoionization re-
leases electrons at two distinctly different energies (Fig-
ure 1). The photoelectron energy corresponds to the
difference between the photon energy (8.3 keV corre-
sponding to 1.5 Å wavelength) and the K-shell binding
energy, while Auger electrons carry kinetic energy de-
pendent on atom type. Auger energies for carbon, ni-
trogen, and oxygen in the urea target are approxi-
mately 250, 400, and 500 eV, respectively, which is more
than an order of magnitude lower than the energy of
the photoelectron. In the energy range considered
here, the number of secondary ionizations produced
by the inelastic scattering of a single electron scales lin-

early with the energy of the initial electron.21,24 In Fig-

ure 1 the total number of ionizations was 18 in the com-

plete Auger cascade, and 390 in the photoelectron

cascade at 50 fs after the emission of primary elec-

trons. At this point, the radius of gyration of the photo-

electron cloud reached 300 nm, and that of the Auger

electron cloud reached 8 nm. The photoelectron cas-

cade is bigger than a typical nanocrystal under consid-

eration here.

The average time for the first collisional ionization

scales with the primary electron energy (Figure 2). The

electron cloud initiated by a photoelectron thermalizes

slower than electrons in Auger cascades, since ener-

getic electrons travel further between scattering events

in the crystal due to their lower interaction cross sec-

tion (Figure 3). At the same time, the cloud generated

by a photoelectron is around 4 orders of magnitude

larger in volume than the Auger electron induced

cloud. After thermalization, the electron clouds keep ex-

panding through diffusion, following a random walk

pattern. Figure 3 shows that the radius of gyration (eq

1) at these impact energies describes well the spatial ex-

tent of the electron clouds. In Figure 3, the 4� integra-

tion over the radius at a fixed time in the 3D volume

gives the total number of electrons, assuming spheri-

cal symmetry when the cascades are added

stochastically.

In a sample that is small compared to the size of

the X-ray beam or the photon absorption length,

photoionization events will occur with equal probabil-

ity throughout the entire sample. At 8.3 keV photon en-

ergy, a single photoelectron will liberate about 400

electrons before reaching thermal equilibrium (Figure

2). The electron gas will have high temperature due to

the high photon energy, and the electrons will be dis-

tributed approximately uniform throughout the

sample. The free electrons will scatter predominantly

Figure 2. Evolution of secondary ionization cascades in a
urea crystal. Number of secondary ionizations produced by
a photoelectron of 8 keV and by Auger electrons (impact en-
ergies: 250 eV for carbon, 400 eV for nitrogen, 500 eV for
oxygen) is shown as a function of time. Figure shows averag-
ing over 1000 simulations on an infinitely large urea crystal.

Figure 3. Spacial evolution of the electron clouds. (a) Cloud from a single photoelectron of 8 keV energy in an infinitely
large urea crystal depicted through the radial electron density as a function of time and radial distance from the point of in-
cidence. (b) Secondary electron cloud from a single Auger electron (nitrogen). The thermalization of electrons from oxygen
and carbon has similar features. Black lines show the radii of gyration (eq 1) of the electron clouds. In the first femtosecond
the electron clouds are highly anisotropic. After 20 fs no more secondary ionizations will occur in the photoelectron cascade
(5 fs for Auger cascades). All cascades include the primary electron and its secondary electrons. Figures show averaging
over 1000 simulations on an infinitely large urea crystal.
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in the forward direction and contribute incoherently to
the background in the diffraction pattern.

At 1.5 Å wavelength, the ratio between elastically
scattered photons and photoionization is 1:32 for oxy-
gen, 1:26 for nitrogen, and 1:20 for carbon. Incoming
photons will primarily ionize sample and only a few will
contribute to coherent scattering. The loss of an elec-
tron will decrease the scattering power by 17% for a car-
bon atom, 14% for nitrogen, and 12% for oxygen. One
ionization per atom also leads to atomic displacement
and further degradation of the scattered signal (Figure
4).

Since a focused X-ray pulse will destroy the sample,
three-dimensional (3D) structure determination relies
on the experiment being repeatable. Rather than build-

ing up a complete X-ray diffraction data set by rotat-

ing the crystal and collecting a sequence of diffraction

images, it will be necessary to scale together individual

diffraction images from many different nanocrystals, in

order to assemble a complete 3D data set.26 A crystal

with 5 � 5 � 5 unit cells will produce a discrete diffrac-

tion pattern,8 and conventional X-ray analysis tech-

niques may be used for indexing, merging, and recon-

struction.26 Furthermore, oversampling techniques for

direct phase retrieval may also be employed for a 3D

structural determination.27

To put damage caused by secondary ionization

into a perspective of what resolution one can expect

to achieve in the reconstructed structure, damage

needs to be related to elastic photon scattering. We ex-

press damage-induced errors in terms of degradation

of Bragg peaks (Figure 4), and for the entire diffraction

pattern we calculate an R-value from simulated crystals

exposed to X-ray pulses (Figure 5). The R-value is a

measure of the overall agreement between the crystal-

lographic model and the experimental X-ray diffraction

data (eq 3). Small molecules (such as urea) form more

ordered crystals and an R-value below 0.05 is consid-

ered a good threshold (Cambridge Structural Database).

For macromolecules, values up to 0.20 are acceptable

(Protein Data Bank), and we use the convention R �

0.15 as was done by Neutze et al.8 (Figure 5). Figure 4

shows how Bragg peaks may degrade during exposure

to an X-ray pulse, and how this influences the depen-

dence of the R-value with pulse parameters. The R-value

is also dependent on crystal size, and Figure 5 com-

pares two regimes: crystals where Auger cascades

dominate versus crystals where damage is driven by

photoelectron cascades. Trapping of photoelectrons in

crystals larger than 500 nm leads to a steeper degrada-

tion of the signal and constrains what pulse lengths

and intensities could be used for successful imaging.

Figure 4. Decay of Bragg peaks during exposure to an X-ray
pulse in a urea crystal. Pulse length: 10 fs (FWHM) centered
at t � 0, at 1.5 Å wavelength. The pulse intensity (1.5 � 1011

photons in a focal spot of 1 �m diameter FWHM) is such
that atoms are ionized once in average when 99.5% of the
intensity of the pulse passes through the sample. Peak inten-
sities at different resolutions are represented by the (hkl) re-
flections and are normalized to 1, based on intensities from
undamaged crystals. The (330) reflection corresponds to
1.2 Å resolution and has a pulse-integrated degradation of
50% due to ionization and atomic displacement. The dashed
black line shows the average root-mean-square deviations
(RMSD) in atomic positions during illumination.

Figure 5. Degradation of the signal as a result of radiation damage. Contour plots for the average ionization per atom (z̄)
and the R-value are shown as a function of the X-ray pulse length and intensity (photons/focal spot of 1 �m diameter FWHM).
The R-value (eq 3) is calculated from all the Bragg peaks up to a resolution of 1.5 Å. The red thick line corresponds to an
R-value of 0.15, lower values are considered acceptable for a good reconstructable signal. The blue thick dashed line repre-
sents the damage of 1 ionization per atom. The plot in panel a shows behavior of nanocrystals smaller than 200 nm, from
which the photoelectrons escape early in an exposure, while panel b shows the behavior of crystals larger than 500 nm, when
photoelectrons are completely trapped during exposure.
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Figure 4 presents the impact on the signal of one
ionization per atom on average. At this ionization level,
the scattering power of the atoms is reduced, leading
to a drop of up to 30% of scattered intensity. Such a
drop can be corrected and accounted for by employ-
ing correction algorithms on diffraction patterns based
on statistical methods.28 At the same time, ionization
leads to destruction of the crystalline order and loss of
signal in the Bragg peaks. An increase in photon flux
mandates a reduction of pulse length in order to limit
radiation damage (Figure 5).

We model the photon noise to be statistical noise
with the signal following Poisson distribution and ex-
emplify different requirements for the minimum num-
ber of photons per Bragg peak: 1, 10, and 100 photons.
We use a criterion for signal detection when full Bragg
peaks are recorded in single exposure, as a result of the
intrinsic bandwidth and divergence of the X-ray source
(see Methods). At 10 photons per peak it should be pos-
sible to detect a diffraction peak, even without averag-
ing over many diffraction images. Using indexing algo-
rithms and averaging over many exposures, one could
detect Bragg peaks even with a photon signal below 1
in a single image.26,29

X-ray free electrons lasers are expected to deliver
monochromatic X-ray pulses, with a very low spectral
bandwidth ��/� � 0.1%, and with a small angular di-
vergence (�1 mrad). These small spectral and angular
spreads will lead to a narrow integration volume in the
Fourier space which will contribute to the scattering
amplitude. Thus, the diffraction patterns from single ex-
posures will contain many partially integrated Bragg
peaks. The criterion for a good exposure is chosen for
fully reflected Bragg peaks in a single shot. Equation 5
is used to account for the general X-ray beam proper-
ties and gives the number of scattered photons from
the incident X-ray beam for the full Bragg reflections in
a single exposure. This provides a tool to map the pa-
rameter space (crystal dimensions, unit cell size, pulse
parameters), to obtain structure at high resolution. As-
suming an R-value of 0.15, one can predict the maxi-
mum crystal size where ionization damage is kept be-
low a certain ionization threshold, corresponding to the
desired R-value.

The signal scales with the X-ray fluence (eq 5), thus
the “1” line in Figure 6 will also correspond to 10 scat-
tered photons for the case of 1012 incident photons,
and the “100” line will correspond to 10 scattered pho-
tons for the case of 1010 incident photons. If larger
bandwidth or divergence is expected, full Bragg peaks
can be recorded at lower resolutions and consequently
the detected signal will be higher (eq 5).

Identical number of unit cells give bigger crystals
with macromolecules than with small molecules, while
maintaining a similar electron density. This affects size-
dependent damage processes. Since high-energy elec-
trons thermalize rather slowly, the shorter the pulse, the

larger the molecule that can be imaged. Our simulations

are done for pulses up to 100 fs long. A single protein mol-

ecule, hit with a 100 fs, 1010 photons/�m2 pulse will be

completely destroyed after the pulse.8 Theoretical calcula-

tions have shown that due to the shielding of the ion-

ized atoms by free electrons in the sample, the explosion

starts from the surface of the sample and travels inward to

the core.15,16 Thus, the inner part of the sample does not

show expansion during the initiating state of the explo-

sion. For example, a carbon cluster of 60 Å radius illumi-

nated by a 1.5 � 1011 photons/fs/(100 nm)2 pulse for 60 fs

shows hardly any radial expansion inside a 45 Å radius

core, which remains neutral.16 This implies that for a crys-

tal of the same size, or larger, exposed to a similar pulse,

there is no expansion of the unit cells in the inner part of

crystal. Hence, crystalline diffraction and useful structural

information might still be obtained from the center of the

crystal.

Considering a photon pulse containing 1011 pho-

tons, that is focused to a spot of 1 �m diameter, a per-

fect crystal of deacetoxycephalosporin, DAOCS (1UNB)30

(an average sized protein with unit cell dimensions of

a 	 10.7, b 	 10.7, c 	 7.01 nm), would have to be of

a size below 200 nm to give a signal of 10 photons in

the fully reflected Bragg peaks (Figure 6). From such a

small crystal most electrons generated from the photo-

electron would escape. To get an R-value below 0.15,

the pulse length would have to be less than 30 fs

(FWHM) (Figure 5a).

For a molecule of the unit cell size of urea (Figure 6,

inset), a 50 nm perfect crystal would give an image with

Figure 6. Photon signal as a function of unit cell and
crystal size for a perfect crystal. The integrated Bragg
peak intensity (eq 5) is shown for the lowest resolution
where a full reflection can be recorded (eq 4). Fully inte-
grated Bragg peaks from single exposures can be used
for indexing and averaging the signal from different
nanocrystal orientations in the beam, and 10 detected
photons are considered to give a good signal-to-noise ra-
tio. The X-ray pulse has an intensity of 1011 photons fo-
cused in a focal spot of 1 �m diameter (FWHM), a wave-
length of 1.5 Å, a beam divergence of 1 mrad, and a
spectral bandwidth, ��/�, of 0.1%. The solid lines corre-
spond to a scattered signal of 1, 10, and 100 photons in
the first fully integrated Bragg peak, when peak degrada-
tion is not taken into account. The inset shows details
for crystals with small unit cells.
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an R-value of 0.15, using a 1010 photon pulse, with a fo-
cal spot of 1 �m diameter and a pulse length of 75 fs.
For a 30 nm crystal the number of photons would have
to be increased above 1011 and the pulse length would
have to be shorter than 30 fs.

CONCLUSIONS
We present a theoretical study of the dynamics of

the electrons generated in a biological sample placed
in an XFEL beam, based on simulations of electron im-
pact ionization and cascade development in urea crys-
tals. Owing to the higher inelastic electron cross section
at lower energies,21 the secondary cascade caused by
an Auger electron is generated faster than the corre-
sponding cascade from the photoelectron (Figure 2).
The electron density associated with the Auger cloud
is higher and more localized around the point where
the initial electron was created (Figure 1). This leads in-
herently to two secondary electron energy regimes and
two electron cloud sizes, which occur simultaneously
in the sample during the exposure.

When deciding which parameters of the X-ray laser
pulse and sample characteristics one should use (Fig-
ure 6), there is an interplay between two effects driven
mainly by photoelectrons; (i) If photoelectrons escape
the sample, the total number of ionizations will be sig-
nificantly lowered. To reduce radiation damage early in
the exposure, the sample has to be smaller than the
size of the photoelectron cascade. The diffraction sig-
nal from the crystal scales with the size of the crystal as
a power law (eq 5); thus, reducing sample size will con-
versely require an increase in pulse intensity in order
to retain the signal at the same level (Figure 6). (ii) If the
pulse is very short, the photoelectric cascade will not
have time to develop to reach a large number of ioniza-
tions. At the same time, short pulses considerably re-
duce the signal degradation due to atomic displace-

ments and ionization (low R-value in Figure 5). In this

case the sample size is less important, and one can in-

vestigate any crystal size at photon fluences that will

provide enough signal. The size could however be con-

strained by coherence requirements due to the pulse

length.23 At extremely short pulses, one would also

need to consider the broadening of Bragg peaks,31 that

is, a bandwidth effect.

The above considerations stress the importance of

having very short pulses as means for radiation dam-

age control, to reduce both the ionization cascades and

the atomic disorder. A photon flux of 1012 photons per

pulse and unit area (�m2) will offer the opportunity to

investigate a wider range of crystal sizes and unit cells

sizes. For lower available intensities (1010

photons/pulse), longer pulse lengths can be accommo-

dated and imaging nanocrystals of small proteins with

a small unit cell, such as lysozyme, could be feasible.

Our calculations show that to achieve an R-value of 0.15

at a fluence of 1011 photons/�m2 pulses have to be

shorter than 10 fs for crystals larger than 500 nm,

whereas for small crystals (�200 nm) pulse lengths

can be as long as 30 fs.

Ultrafast single-shot nanocrystallography fills the

gap between single molecule imaging and crystallogra-

phy. It offers the opportunity to investigate biological

molecules which are too small to provide a good sig-

nal on their own in an X-ray laser diffraction experiment,

however they could form nanocrystals which would be

too small to investigate with conventional synchrotron

radiation. Our calculations show that pulses of 1011 pho-

tons/�m2 provide an ideal case for nanocrystal imag-

ing. This number is well within the range of various

X-ray lasers and early operational parameters. The near

future holds the prospect of structural determination

from submicrometer protein crystals.

METHODS
Electron Impact Ionization. Simulations of the ionization cascade

dynamics in crystalline urea (CO(NH2)2) were performed using
the spatial electron dynamics program, EHOLE, that is a part of
the GROMACS32 Molecular Dynamics (MD) software package.
Urea was chosen as a model for a biological sample for three rea-
sons: it has a well-known crystalline structure, it has an atomic
composition of biological character, and its unit cell is small.
In earlier work,21 the inelastic electron cross sections for urea
were derived from first principles calculations. On the basis of
these we have calculated the number of secondary elec-
trons generated by an impact electron in a urea crystal. The
inelastic cross section for electron scattering in urea is com-
parable in magnitude with that for water.21 Thus, urea crys-
tals are a good model for protein nanocrystals, known to con-
tain 30%�60% water. We refer to refs 21, 25, and 33 and
the Supporting Information for further details of these calcu-
lations and how the model compares with experiments on
diamond.34 Considering ri to be the position of electron i with
respect to the center of mass of all free electrons and N(t)
the total number of electrons at a certain time, the radius of
gyration, used in Figure 3, is defined as

Electron Thermalization during the Pulse. We assume that the X-ray
pulse can be described by a Gaussian centered at time t0 	 0
and will consider the incoming X-ray photons to be unpolarized
and have a wavelength of 1.5 Å. Following this pulse, several pri-
mary ionizations are treatedOthe photoelectric effect resulting
in an ejection of a high energy electron (
8 keV), accompanied
by an Auger effect which provides an electron of a lower energy,
depending on atomic species. The emission for these electrons
is described by normalized probability distributions: (i) the pho-
toelectric effect is instantaneous so the emission probability fol-
lows the same Gaussian profile as the X-ray pulse, with the width
w; (ii) the probability for an Auger process to be emitted is a con-
volution of a Gaussian with the exponential decay characteristic
for each individual atomic species. The exponential decays are
taken with corresponding life times � of 11.3 fs for carbon, 8.3 fs
for nitrogen, and 6.6 fs for oxygen. The probability for photoion-
ization in urea is determined by the cross section of the atoms,
which are well-known. For the three atomic species that can un-
dergo an Auger process, the contribution from the atoms C, N,

Rg(t) ) ( 1
N(t) ∑

i

ri(t)2)1/2
(1)
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and O, is weighted according to the photoionization cross sec-
tion on the respective atoms, �C, �N, �O, and normalized to the
total photoelectric cross section for the urea molecule. The single
electron ionization cascades develop mainly along the direction
of the incident electron, however we consider spherical symme-
try when these are stochastically produced. Thus, the entire ion-
ization cascade following an X-ray pulse impinging on a crystal
is given by

where Cphoto(t,t=) and CAuger(t,t=) generally represent the cascade
development with time for a single electron starting from time t=.
These functions are obtained from MD simulations separately
for photoelectrons and Auger electrons. For example, these func-
tions could represent the ionization rate as a function of time
from photoelectrons or Auger electrons N(t,t=) following the cre-
ation of the initial electron at time t= (Figure 2 shows N(t,t= 	
0)). Another example is the radius of gyration Rg(t,t=) from indi-
vidual photoelectrons and Auger electrons created at time t=,
shown in Figure 3 for Rg(t,t= 	 0).

X-ray Interactions and Damage Quantification. The degradation of
Bragg peaks in Figure 4 and Figure 5 has been calculated from
MD simulations on an urea crystal, using GROMACS with a sto-
chastic interaction of X-ray photons with atoms, assuming unpo-
larized X-rays and homogeneous spatial distribution of the free
electrons. The simulation box was 10 � 10 � 10 unit cells of urea,
with periodic boundary conditions, and includes thermal mo-
tion of atoms. The model is described in ref 8 and in the Support-
ing Information. The intensity of Bragg peaks at each time step
is defined by integrating around each peak over a rectangular
area centered on the Bragg peak and with sides of length equal
to 1/10 of the separation between adjacent peaks.11 The spectral
width ��/�, beam divergence or any broadening of the Ewald
sphere are not taken into account here. The degradation of the
Bragg peak is expected to be smaller when integrating through
an Ewald sphere of finite thickness. To estimate the damage in-
duced error we make use of the R-value (used in Figure 5), calcu-
lated up to a resolution q from

where the summation is performed over all Bragg peaks (hkl)
corresponding to scattering vectors less than q. The intensities
of the Bragg peaks Ihkl

0 for the undamaged crystal are used as ref-
erence when compared with the time averaged intensities Ihkl�t

of the damaged crystal exposed to a Gaussian-shaped X-ray
pulse. The latter intensities take into account the ionization dy-
namics and atomic displacement as a function of time during the
X-ray pulse.

Minimum Required Signal. In ultrafast single-shot experiments
at X-ray lasers the crystals will be exposed in random orienta-
tions, X-rays beams are expected to have small divergence (�1
mrad) and are nearly monochromatic (spectral bandwidth ��/�
� 0.1%). Thus, single shot diffraction patterns will contain many
partially reflected Bragg peaks. Full Bragg peaks may be re-
corded on the detector at higher resolution and could be used
for retrieving the original orientation of the nanocrystals and for
averaging the signal from similar orientation26 (partial Bragg
peaks could in principle also be used for indexing). In our esti-
mates for the minimum required signal for successful indexing,
we consider only the signal from fully integrated Bragg peaks at
the lowest resolution where these can be recorded. For given pa-
rameters that control the thickness of the Ewald sphere (beam
divergence ��, spectral bandwidth ��/�), the lowest resolution
where a full Bragg peak can be recorded (qmin) is found by com-
paring the thickness of the Ewald sphere to the size of the Bragg
peak (modeled as inversely proportional to the crystal width A)

For most of the X-ray lasers, the main contribution is expected
to come from the divergence. This equation can be applied to
less monochromatic light sources, where the spectral bandwidth
could give a dominant contribution. Further details can be found
in the Supporting Information.

The average number of photons scattered elastically by a
protein crystal within a Bragg peak for a given resolution qmin

can be approximated by the expression for the integrated re-
flected intensity35

where both small beam divergence and near monochromaticity
are accounted for. I0 is the intensity of the incoming X-ray beam
(number of incoming photons per unit area), integrated over
the angular density of the incident beam. The Lorentz factor �3/
sin �0 takes into account the integration over the thickness of the
Ewald sphere encompassing the Bragg peak, in a similar way
as35 for the stationary case (no rotation) with divergent mono-
chromatic radiation. The polarization factor is given by (1 �
cos2 �0)/2. Furthermore, re is the classical electron radius, � is
the wavelength, A is the crystal side (cubic crystal), a is the unit
cell side (cubic unit cell), fatom is the atomic scattering factor, and
�0 is the polar angle between the incident pulse and the center
of the Bragg peak.

It is assumed that the unit cell structure factor is constant
within the Bragg peak, and that adjacent Bragg peaks do not
overlap; both these approximations improve with the ratio A/a.
The squared structure factor of the unit cell is represented by its
average value at high scattering angles.36 For numerical evalua-
tion, the unit cell was assumed to have a density of 1/30 Å�3

carbon-equivalent atoms (corresponding to a unit cell consist-
ing of 50% nonstructural water and protein with a density ap-
proximately equal to 1.35 g/cm3), and the scattering factor of car-
bon was calculated from the Cromer�Mann parameters.37 The
calculation of the number of photons per Bragg peak (eq 5) is
presented in Figure 6 with the assumption of perfect crystals
with no mosaicity. It has been shown that micrometer sized crys-
tals could consist of only a few highly ordered domains,38 thus
nanocrystals are unlikely to be organized with a mosaic spread.

The above approximations will break down when the crys-
tal size approaches the unit cell size, as the diffracted image
turns from a discrete into a continuous pattern.
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