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Abstract. We investigate the radiation damage dynamics of nanocrystals at

high x-ray intensity, by using time-resolved scattering patterns. We present
dynamics simulations for biologically relevant molecules using XMDYN extended to nanocrystals and scattering simulation with XSINC.

1 Introduction
For imaging nano-sized crystals of biological macromolecules (e.g. proteins) at atomic resolution, one calls for high intensity and short x-ray pulses. The shortcoming of high intensities
is the rapid ionization of the atoms on the timescale of a few femtoseconds, which affects the
structure of the system. This radiation-induced damage changes the atomic form factors and
may induce significant atomic displacement on longer times. Thus, radiation damage eventually changes the scattering pattern. The bottleneck one faces is that it is computationally
not feasible to simulate a nanocrystal system with a realistic size using conventional software
tools that are capable of following the radiation damage dynamics, required for imaging studies at high x-ray intensity. Here, we present a methodology to overcome this computational
bottleneck.

2 Methodology
To follow the time-evolution of the nanocrystal, we have developed an extension of
XMDYN [1–3], which is a complex simulation tool for modeling dynamics of molecular
systems (e.g. biological molecules) irradiated by an intense hard x-ray pulse. The methodology involves the subdivision of a crystal into smaller super-cell units. In order to calculate
the dynamics within every unit cell, XMDYN hybrid framework using real space periodic
boundary conditions (PBC) is employed. By combining all the units, we simulate the scattering pattern of a crystal larger than the transverse x-ray beam size using XSINC [4], which
is a situation commonly encountered in serial femtosecond nanocrystallography experiments
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with tightly focused x-ray free-electron laser radiation. Within our approach the formation of
the scattering pattern is described by the following equation:
dI(Q, F , ω)
= F C(Ω)
dΩ
×

X
µ

Z

iQ·Rµ

e

∞

dt g(t)
−∞

PI,r (F , ω, t)

I,r

NX
XX
X

X

2
iQ·rµX, j

fX,IX,µ j (Q, ω) e

.

(1)

j=1

In this equation, Q is the momentum transfer, F is the x-ray fluence, which is considered
to be homogeneous throughout the crystal, the index µ runs over all super-cells and ω is the
photon energy. C(Ω) is a factor depending on the polarization of the x-ray pulse, and g(t)
represents the normalized temporal envelope. fX,IX,µ j is the atomic form factor of the jth atom
µ
µ
of species X in the µth super-cell, IX,
j is the associated electronic configuration, I = {IX, j }
µ
denotes a global electronic configuration, rX, j represents the position vector of the jth atom
of species X in the µth super-cell, and r = {rµX, j } indicates the set of all atomic positions. NX
represents the total number of atoms for species X within a super-cell. PI,r represents the
probability of global electronic configuration I and atomic positions r at time t, determined
by the x-ray induced stochastic dynamics, and Rµ represents the position of the µth super-cell.

3 Results
As a demonstration we have considered a molecular species of biological relevance consisting
of heavy and light atomic species like C, N, O and I. In the simulations, we consider pulse
parameters used for the experiment recently performed at the LCLS free-electron laser [5].
To map out radiation damage as a function of time, we considered an x-ray pump and xray probe scheme, varying a time delay between two identical pulses. For both pump and
probe pulses the photon energy, was 9.7 keV, the pulse duration was 10 fs (FWHM) and the
fluence of 1.0×1013 ph/µm2 (estimated to be at the center of the focus). The beam focus
was considered to be 150 nm × 150 nm in FWHM. Different time delays were considered
between 0 fs and 110 fs. We calculated the dynamics of the particles within individual crystal
unit cells of 184 atoms applying PBC. We repeated the calculations with different random
seeds 50 times in order to sample the stochastic dynamics for the numerical evaluation of
Eq (1). Figure 1 shows the time evolution of charges. The average charge state goes up to
+41 for iodine, which increases further to +47 during the probe pulse. Impact ionization
after photoionization and Auger decay plays an important role in stripping off electrons from
iodine atoms. Even at the end of the probe pulse, simulations show ionization due to impact
ionization for iodine atoms. This shows that highly energetic photo-electrons still exist and
can induce more damage at longer time scales. It may be noted that the system after the probe
pulse is not yet thermalized.
Fig. 2 represents the scattering intensity for a selected Bragg reflections as a function of
time delay. The scattering patterns are obtained using the probe pulse only, whereas the pump
pulse is filtered out. One can see a drastic decrease of scattering intensity as a function of
time delay in Fig. 2 (a-c). The reason for the decrease in the scattering intensity is the higher
depletion of the bound electrons.
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Figure 1. Average charge as a function of time, representing (a) 0 fs delay, where the two pulses are
coincident, (b) 80 fs delay and (c) 110 fs delay. The black curve represents the temporal Gaussian
envelope of 10 fs FWHM. The fluence considered is 1.0×1013 ph/µm2 , whereas the average charge is
calculated using 50 trajectories for each delay.

Figure 2. Contour plot for the Bragg reflection (1 1 1) in the (Qx , Qy ) plane in reciprocal space for
1.0×1013 ph/µm2 .
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