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Impact of ionization potential depression on single particle imaging
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Ultraintense and ultrashort x-ray free-electron laser (XFEL) pulses promise single particle imaging (SPI) via
enabling collection of diffraction data for nanocrystals, or nano-size nonperiodic objects before the destruction
of the sample. Photoionization and subsequent processes lead to plasma generation within the sample in such
experiments. The continuum energy levels of electrons for atoms and atomic ions are lowered due to plasma
screening, also known as ionization potential depression (IPD). We theoretically investigate the plasma formation
and the effect of IPD in the context of SPI with calculations performed on bulk glycine, mimicking the interior of
irradiated biological macromolecules, e.g., proteins or viruses. To simulate the plasma formation dynamics, we
employ a nonequilibrium, hybrid quantum-classical approach, combined with the evaluation of the transient IPD
from first-principles electronic structure calculations considering the time-dependent microscopic environment,
which in earlier work was applied to a solid-density plasma consisting of a single atomic species [Phys. Rev.
E 106, 015206 (2022)]. Here, this approach is extended to more than one atomic species for applications to
biological macromolecules in SPI studies. Our work quantifies the effect and importance of IPD in XFEL-based
imaging of biological systems and provides further guidance for simulations of electronic radiation damage

dynamics toward successful SPI experiments.

DOI: 10.1103/6vbz-cxkn

I. INTRODUCTION

One of the most important questions in the present age of
molecular biology is the determination of protein structures
and understanding their function as they form the basis of life
[1]. Traditional x-ray crystallography has been an efficient and
successful technique to determine structures for a large num-
ber of proteins [2]; however, the bottleneck lies in the fact that
many protein macromolecules, especially membrane proteins,
are difficult to crystallize [3]. Moreover, a recent breakthrough
in predicting protein structures from available amino-acid
sequence data has been made using AlphaFold [4-8], but it
still has limitations, for example, considering protein-protein
interactions and multiple conformations in a limited way [9].
Cryogenic electron microscopy as well has made remarkable
progress [10—12] in achieving near-atomic resolution for static
structures. Even with all these developments, the challenge is
still capturing conformational changes or transient states of a
single biomolecule within a near-physiological environment
at room temperature.

The high-intensity and ultrashort pulses generated by x-
ray free-electron laser (XFEL) sources open the arena for
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such single particle imaging (SPI) studies [13—15]. XFELs
have proven successful not only in determining structures of
nanocrystals with serial femtosecond crystallography (SFX)
[16-21] and carrying out time-resolved SFX studies [22-24],
but also in imaging living cells [25], cell organelles [26], and
viruses [27-30]. Due to the ultrashort pulse duration, atomic
motions in the sample are effectively frozen, so that mea-
surements can be performed at physiological temperatures
(particularly if measured in a liquid environment) [31]. A
significant number of works [32—38] within the past few years
have been pushing the field of SPI because of its importance;
yet, atomic resolution SPI has not been reached.

XFEL sources are capable to deliver pulses with a few-
femtosecond temporal duration, having a photon energy in
the hard x-ray regime, which is desirable for high-resolution
SPI experiments. Though the concept of “diffraction before
destruction” underlies this approach to molecular structure
determination, radiation damage is nonetheless a limiting fac-
tor in such studies [39,40]. X-ray photons from XFEL pulses
participate in photoionizing an organic sample that is exposed
to it, at a much higher rate than in elastic scattering. Photoelec-
trons and subsequently generated Auger-Meitner electrons
further enhance ionization of the atoms via collisions, leading
to a severe modification of the electronic structure of the
sample. Thus, high-intensity XFEL pulses inevitably turn the
irradiated region of the sample into a plasma.

Both theoretical and experimental studies exist on
XFEL-induced plasma formation in solids [41,42] and in
nano-size atomic clusters [43—45]. Also, theoretical studies of
plasma formation in protein crystals [23,40,46,47] have been
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performed. Within plasmas, the threshold energy required
to further ionize an atomic ion is lowered compared to the
scenario where atomic ions are isolated, because of the
screening by the plasma environment. This phenomenon is
known as ionization potential depression (IPD) [48,49]. It has
been widely discussed in the context of solid-density plasmas
[41,50-55], but it has been mostly omitted in simulations of
plasmas formed in biological molecules in the context of SPI,
with a few exceptions [56,57]. To the best of our knowledge,
no IPD measurements on biological macromolecules,
x-ray-heated to SPI-relevant conditions, exist.

It is important to note that XFEL-generated plasma lies
far from local thermodynamic equilibrium (LTE) [58] within
the XFEL pulse duration. This is because (1) the electron-ion
relaxation timescale is picoseconds [59,60], i.e., orders of
magnitude longer than the duration of such XFEL pulses,
and (2) even the electron-electron relaxation time is typi-
cally a few tens to hundreds of femtoseconds (in case of
biological systems irradiated by hard x-rays) [61-63], which
is comparable to the XFEL pulse duration. Hence, non-LTE
(NLTE) or nonequilibrium approaches are, in general, criti-
cal for describing XFEL-created plasmas [64]. Such plasmas
have been treated not only with an LTE approach based on
the two-temperature method [65-67], but also with various
NLTE approaches [68—72] where detailed atomic dynamics
are considered based on collisional-radiative models [64,73].
Available NLTE plasma codes such as CRETIN [68] and FLY-
CHK [69] still evaluate IPD within LTE conditions, e.g., using
the Ecker-Kroll [48] or Stewart-Pyatt [49] model.

In the present study, we address the impact of IPD on
electronic radiation damage of biological macromolecules un-
der realistic irradiation conditions, using a nonequilibrium
approach. To this end, we employ XMDYN, a Monte Carlo- and
molecular-dynamics (MC-MD)-based simulation tool [74,75]
to describe the nonlocality and nonthermal-equilibrium fea-
tures of XFEL-produced plasmas [76—80].

II. METHODOLOGY

Here, we provide a brief review of the MC-MD approach
implemented in XMDYN [75,81], which is used in the present
work. Detailed implementations can be found in Ref. [74].
XMDYN is a modeling framework that provides a microscopic
description of the dynamics of matter exposed to intense x-ray
pulses. By utilizing an approximate first-principles (hybrid
quantum-classical) description of the elementary processes
and of the interactions between particles, XMDYN evolves the
particles in time, without imposing any assumptions about
thermodynamic/statistical properties of the system. One simu-
lation run yields a realization of the stochastic dynamics (later
referred to as a trajectory), i.e., a time series of snapshots
containing particle properties (position, velocity, charge, elec-
tronic configuration, etc.) of the evolving system perturbed
by the stochastic ionization events. In the XMDYN framework,
neutral atoms, atomic ions, and free electrons are treated as
classical particles; i.e., their motion in real space is governed
by Newton’s equations of motion. The dynamics of electron
configurations of atoms and atomic ions are described by
tracking the occupation numbers of individual atomic orbitals
via a Monte Carlo on-the-fly algorithm. The atomic electronic

structures are obtained by using XATOM [74,81,82], which
performs ab initio [Hartree-Fock-Slater (HFS)] quantum-
mechanical calculations for individual electron configurations
formed during the dynamics, providing atomic parameters
such as orbital binding energies of atoms and atomic ions,
as well as cross sections and rates for relevant x-ray-induced
physical processes (photoionization, Auger-Meitner decay,
and fluorescence). Collisional ionization and recombination
are handled with semiclassical algorithms in XMDYN, relying
on the computed orbital energies.

To incorporate the plasma environment effects into the
atomic electronic structure, we utilize real-time and real-space
information of atomic ions and free electrons from individual
XMDYN simulations [79]. At every time point, the atomic
environmental potentials V™ are constructed for a given
atomic particle A with the positions of ions and electrons after
spherical averaging, and then they are grouped into individual
charge states of a single atomic species and further averaged
over all atomic particles in the respective charge states. The
transient IPD effects of an atom are then captured by taking
the constructed plasma environmental potential into consider-
ation as an external potential within the self-consistent-field
(SCF) scheme of HFS. By choosing whether or not we in-
corporate the plasma environmental potential into the atomic
electronic structure calculation, we perform XMDYN simula-
tions with or without IPD feedback. This framework has been
tested for dense aluminum plasmas [79], where it quantita-
tively reproduced the atomic ionization potential shifts caused
by the IPD effect in comparison with experiment [41]. Also,
it has been demonstrated that the IPD effects are important
in theoretical modeling of nonequilibrium evolution of alu-
minum dense plasmas [80].

For the present study of biological molecules, the modeling
framework has been extended to treat systems consisting of
more than one atomic species. We group the atoms and atomic
ions into classes according to their element type and charge
state (i.e., classes of C'+, C2*, N2+, O?*, etc.). At every time
point during an XMDYN simulation, each atomic particle finds
itself in a different local environment; i.e., it experiences a
different plasma environmental potential V. For the sake
of numerical efficiency, we assign to each class at a given
time point a single plasma environmental potential (i.e., V. J;",
by averaging the individual environmental potentials over all
atomic particles in that class, which can be expressed as

1 class

() = = D Vi),
Nelass A

where N, 1S the number of atomic particles in the given
class. Note that the influence of this averaging scheme was
discussed in Ref. [79]. In addition to the spherical averaging
(required for a central atomic potential) and the environmental
potential averaging schemes, a soft-core potential [74,79] is
employed to avoid the Coulomb singularity. Those treatments
tend to reduce the sensitivity to transient local structures in the
IPD calculations.

For every atomic configuration in the corresponding elec-
tronic structure calculations, the environment potential of the
class is used to which the given configuration belongs. For
example, electronic energy levels for the O'* configurations
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1522522p%, 15225'2p*, and 1s'25%2p* are calculated using the
same plasma environmental potential belonging to the O!F
class. Even though the same environmental potential is used,
the atomic potentials for individual electron configurations
are all different, providing different energy levels and wave
functions. By using the above averaging scheme, the simula-
tion time becomes affordable, because the electronic structure
calculations are performed on the number of visited electron
configurations in different classes (~100 in our case), rather
than the number of individual atomic particles in the system
(1050 in our simulation).

In addition, we eliminate the ad hoc muffin-tin-like ap-
proximation that had been employed [80], which imposed a
constant connecting potential outside the touching radii of the
atoms. In the current implementation, each atom class has its
own asymptotic potential calculated up to a distance equal to
half of the length of the shortest supercell edge. The ionization
potential is evaluated with respect to this asymptotic value.
We numerically confirmed that, for the dense aluminum case
discussed in Ref. [80], the results obtained from the current
framework and using the original muffin-tin approach show
no significant difference. Moreover, the present choice has
two advantages: On one hand, it improves the numerical
convergence of the SCF procedure, in comparison with the
muffin-tin-like approach employed in Ref. [80]. On the other
hand, when there is no equilibrium, charges are not perfectly
screened and therefore there may be transient potential gradi-
ents, which are captured by this approach (in contrast to the
muffin-tin model).

We also note here that the SCF procedure may occasionally
fail for an ion class for a given instantaneous environmental
potential. In order to avoid the failure of the whole trajectory
calculation in such cases, a set of fallback strategies was
implemented in Ref. [80]. In essence, when there is an SCF
failure, the environmental potential evaluated and used in an
earlier time step is reused, thereby approximating the actual
atomic parameters.

Note that XMDYN, in combination with XATOM, has been
validated through comparison with a series of XFEL exper-
iments (see Ref. [74] and references therein). More specif-
ically, it successfully explained x-ray-induced nanoplasma
formation in rare-gas clusters [44,45] and x-ray-driven frag-
mentation dynamics of gas-phase molecules [75,83-85]; it
correctly captured the structural evolution of sulfur-sulfur
pairs in a protein, as measured through SFX [23]; and it
quantitatively reproduced the IPD observed in x-ray-heated
aluminum [79,80].

II1I. RESULTS AND DISCUSSION
A. Simulation setup

We performed simulations on a bulk system of the simplest
amino acid, glycine (C;HsNO,), irradiated by an XFEL pulse
with a photon energy of 10keV and a pulse duration of 10 fs
full width at half maximum (FWHM). Three photon fluences
were considered: 1 x 10'2, 1 x 103, and 1 x 104 ph/umz.
The choices of the fluences were made on the basis of
the delivering capability of current XFEL facilities. A uni-
form spatial irradiation throughout the sample was assumed.

The bulk environment, mimicking the interior of biologi-
cally relevant macromolecules, is represented by simulating
a supercell under periodic boundary conditions [76-78]. The
simulation box contains 105 molecules and has dimensions of
S,=22.33A,$,=21.95A, and S,=19.68 A. This setup corre-
sponds to a mass density of 1.35g/cm?, which tallies with
the typical protein density. In the limiting case of ionizing
all 40 electrons from every single molecule in the simulation
box, a maximum electron density of ~4 x 10?* cm~3 would
be obtained, which is close to a typical solid density.

We used a time step of 0.5 as for time propagation and a
soft-core radius of 0.6 a.u., i.e., the same values as used in
Ref. [80], since the simulation results with those parameters
quantitatively reproduced the IPDs that have been measured
at an XFEL. When the transient IPD values were incorporated
into the plasma dynamics simulations (i.e., when including
IPD feedback), the plasma environmental potentials for indi-
vidual atomic classes were evaluated in time steps of 100 as,
in order to reduce the computational time, which is justified
by the fact that the environmental potential varied smoothly
on the femtosecond timescale in Ref. [80]. Still, XMDYN sim-
ulations with IPD feedback were much more expensive than
those without IPD feedback. With the present setup of the
simulation, we observed that the computational time including
IPD feedback takes ~3.5 times longer on average than that
excluding IPD feedback.

To improve statistics, 150 XMDYN trajectories for each of
the aforementioned fluences were calculated. The statistical
error bars associated with the data underlying the figures in
this paper are at most 2% of the range of the corresponding
vertical-axis span. Therefore, the statistical error bars are not
shown. SCF convergence issues arose in ~1%—2% of the
atomic parameter calculations and the fallback strategies [80]
were used.

B. Plasma dynamics

Figure 1 illustrates plasma formation and evolution dynam-
ics of the target system interacting with an XFEL pulse at
a fluence of 1 x 10'*ph/um? . The peak of the XFEL pulse
lies at t=14fs and the system is propagated up to t=40 fs, as
the temporal profile of the pulse is depicted with the shaded
region in Fig. 1(c). Figure 1(a) shows an exemplary real-space
snapshot of the target system at t=40fs. The black, blue,
red, and yellow balls represent C, N, O, and H species, re-
spectively. The green dots indicate ionized electrons, forming
a nonthermalized, solid-density plasma, as discussed in the
following. The electron temperature is not yet well defined in
this case because the electron kinetic energy distribution does
not show any thermal equilibrium even at the end of the pulse,
as illustrated in Fig. 1(b). In the energy range of 10-1000eV,
electrons were quasithermalized, but there is still a noticeable
number of high-energy (~10keV) electrons out of equilib-
rium [86-88], which mainly came from photoionization.

In Fig. 1(c), we plot the time evolution of electron density
and average kinetic energy of ionized electrons as an indi-
cator of electron temperature. At the beginning, the average
kinetic energy is high, i.e., starting from several keV. This
is because, right after the first photoelectron ejections, there
is still a negligible amount of slow free electrons (ejected in
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FIG. 1. Plasma formation dynamics of the glycine bulk sys-
tem induced by an intense XFEL pulse with a fluence of 1 x
10" ph/um?. (a) Real-space snapshot of the target system at
t = 40fs, i.e., after the interaction with the XFEL pulse. (b) Electron
kinetic energy distribution at t+ = 40fs. A varying bin width along
the horizontal axis is used, which is 1% of the kinetic energy, but
not smaller than 1eV. (c) Time evolution of free electron density
(red) and average electron kinetic energy (blue). The temporal pulse
envelope is represented by the shaded region.

Auger-Meitner or collisional ionization events) beside the fast
photoelectrons. However, the average kinetic energy drops
within femtoseconds as such slow electrons appear at a high
rate. As the pulse intensity increases, and, therefore, the
photoionization rate as well, toward the center of the pulse,
the increased energy absorption overall enhances the average
free-electron kinetic energy up to ~1keV at the end of the
simulation. The electron density reaches solid-state densi-
ties by the end of the pulse. Specifically, it comes close to
~3.6 x 10%* cm~3 in the demonstrated case.

Now, we turn to the analysis of how the electronic struc-
ture of individual atomic ions is influenced by a transient
plasma environment evolving during the XFEL-matter inter-
action. In Fig. 2(a), as a representative example, the ionization
potential (IP) values of oxygen 2p, corresponding to the sim-
ulated realizations, are plotted as a function of time when
the sample is interacting with an XFEL pulse at a fluence
of 1 x 103 ph/um? . In the left panel, the distinct lines show
the IP values of isolated atomic ions. Different charge states
are grouped with different colors, and multiple lines for
the same charge state are due to various electron configu-
rations. On the time-evolution panel, the transient IP values
for each charge state are scattered over a broad energy range.
This is, on one hand, because various electronic configura-
tions belonging to the same charge state become populated.
On the other hand, at any selected time, the transient plasma
environment is different in different trajectories (=different
realizations) due to the stochastic nature of the ionization
processes, leading to dissimilar IPs. The characteristic split-
ting of the transient IPs is due to the differences between the
no-core-hole (containing 1s* occupation) and single-core-hole
(containing 1s' occupation) states. In the situation considered,
double-core-hole states do not acquire a sufficiently high pop-
ulation to make a significant contribution. The differences
between transient IPs and isolated-atom IPs for individual
electron configurations provide transient IPD values.

In order to quantify how IPD depends on the atomic species
and on the atomic charge state, time-integrated IPD values
[79] of the 2p subshell are shown in Fig. 2(b) for C, N, and
O species. Here, time-integrated IPD values were obtained
after averaging over all realizations and all atomic particles
for each class (atomic element and charge state) and over
time (the error bars indicate the standard deviations). We
numerically confirmed that these time-integrated IPD values
are not significantly different for different subshells (similarly
to Refs. [79,89]). However, they play different roles in the
ionization dynamics. As an example, let us consider 02t with
a time-integrated IPD of ~30eV, as may be seen in Fig. 2(b).
For 1s (isolated-atom IP ~580¢eV), the relative modification
of the IP by the IPD effect is smaller than for 2s (isolated-atom
IP ~70eV) and 2p (isolated-atom IP ~50eV). ls ionization
happens mainly through photoionization, while 2s and 2p
ionizations are driven to a significant extent by collisional
ionization. The relatively larger change in the valence IP
also affects recombination processes. As collisional ionization
in dense materials is the main mechanism for creating high
charge states [41,42,53,76,80,90], the IPD effect potentially
may affect the progression of the radiation damage.

One interesting observation in the time-integrated IPD val-
ues is that they are not very sensitive to the applied fluence.
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Figure 2(b) was obtained at a fluence of 1 x 10" ph/um?,
but the absolute values for given charge states are similar
for the other fluences we considered. Note that the fluence
only determines the maximum charge state formed during
ionization dynamics, whereas the time-integrated IPD values
reflect the electron density at the time when a given charge
state is most populated. Figure 3(a) shows the time evolu-
tion of the charge-state population of oxygen interacting with
three different fluences. In Fig. 3(b), we plot the spatially
averaged electron densities obtained at the time when the
maximum population for each charge state is reached, for the
three different fluence cases considered. The average electron
densities at the maximum population of each charge state are
similar to each other for different fluences, which explains
the insensitivity of time-integrated IPD to the applied fluence.
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Thus, our results imply that the IPD values mainly depend on
the given charge states, but not so much on the atomic species,
different subshells, and x-ray fluence.

In Fig. 4, we examine the temporal evolution of the av-
erage molecular charge, representing the loss of the bound
electrons. It is worthwhile to note that the degree of ioniza-
tion here is drastically larger, in comparison with that of the
isolated glycine molecule investigated in Ref. [91], because
of plasma-induced processes included in the current study. For
example, the average charge of an isolated glycine at a fluence
of 1 x 10" ph/um? was not higher than +5 in the previous
study [91], whereas it becomes higher than +30 for the bulk
glycine. The particle density in the current study, which was
chosen as a typical protein density, is sufficiently high to
create a dense plasma and to induce significant enhancement
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FIG. 3. (a) Time evolution of populations of various oxygen charge states, for three different fluences. (b) Average electron densities for
different fluences corresponding to the situations where specific charge states have their peak population.
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FIG. 4. Time evolution of average charge per glycine molecule
at different fluences. The blue curve represents the result without
IPD, whereas the red curve means that with IPD. The shaded region
indicates the temporal Gaussian profile of the x-ray pulse considered
in our simulations.

in the degree of radiation damage due to collisional ionization.
Figure 4 depicts the scenarios with exclusion (blue) and inclu-
sion (red) of IPD feedback in the atomic electronic structure
calculation during dynamics simulations. A certain increase
in the average charge is observed due to inclusion of IPD
feedback. For example, at a fluence of 1 x 10'® ph/um? , there
is a relative enhancement of the molecular charge by about
40% at the peak of the x-ray pulse. The increment becomes
smaller as the fluence increases, particularly at the end of the
pulse, due to the saturation of ionization.

C. Implications for SPI

In order to give more detailed insight into the overall
degree of radiation damage affected by the plasma effects,
we plot in Fig. 5 the pulse-weighted average charge for the
individual atomic species, separately. The average charge for
each atom is directly connected to the atomic form factor
used in SPI because the form factor at vanishing photon mo-
mentum transfer (Q = 0) represents the number of electrons
remaining bound to an atom during the x-ray pulse. Such a
pulse-weighted, time-integrated measure is reasonable, since
coherent scattering patterns are obtained as an incoherent sum
of instantaneous patterns constructed with the atomic form
factors weighted by the pulse intensity at every time point
[78]. The blue color refers to the average charge without IPD
and the red color to that with IPD. The differences between
them indicate that inclusion of IPD in plasma modeling en-
hances the degree of ionization by 20%—-40% for every atomic
species in the sample for the given x-ray beam parameters.
The pulse-weighted average atomic charge demonstrates that
the difference with and without IPD increases on an absolute
scale as the fluence increases, which is seemingly in contrast
to the trend seen in the time-dependent plot in Fig. 4.

4 T T T

I with IPD feedback N O
3.5 | [ no IPD feedback C ]

pulse weighted charge
N
Q

1012 1013 1014
Fluence (ph/um?)

FIG. 5. Bar plot corresponds to the pulse-weighted average
charge for nonhydrogen atoms at different fluences. The vertical
error bars on the top show the standard deviation; they are not
statistical errors, but they reflect how much in a given atom and a
given x-ray pulse, the pulse-weighted charge should be expected to
fluctuate about the mean. The red and blue bars represent the results
with inclusion and exclusion of IPD, respectively.

Another observation is that, for lower fluences, a heavier
atom (C < N < O) is less ionized than a lighter one, because
of a smaller collisional ionization cross section. At the high-
est fluence investigated, this behavior is reversed: A heavier
atom gets more ionized because more electrons are available
to be ionized.

The charge differences with and without IPD lie within a
range of 0.1-1.0 per atom in absolute scale over the consid-
ered fluence regime, which is a significant effect. Moreover,
as may be seen in Fig. 5, the impact of the IPD effect is
somewhat higher or similar in the magnitude to the atomic-
charge fluctuations that result from the stochastic nature of
the ionization processes driving plasma formation. Advances
in ultrahigh-resolution crystallography with sub-A resolution
may allow us to analyze charge densities of individual atoms
[92,93]. Thus, in view of the results of our calculations, we
would expect the IPD effect and quantum-mechanical charge-
state fluctuations to become important once such a high spatial
resolution can be achieved in SPI experiments.

The loss of the atomically bound electrons (indicated by
the nonzero effective charges in Fig. 5) gives rise to overall
fading of the scattering patterns. At the same time, considering
that the number of bound electrons is the difference between
the atomic number and the charge, one can also conclude,
based on Fig. 5, that the contrast for distinguishing between
different chemical elements in a reconstructed structure (i.e.,
the difference between the number of bound electrons for
dissimilar elements) does not fade away, even when the IPD
effect is included.

Besides the atomic (bound) electrons, the coherent scat-
tering signal in SPI also strongly depends on the atomic
positions. In our simulations, atomic positions are not fixed,
but the displacements are practically negligible (<0.3 A) at
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the peak of the pulse, even at the highest fluence considered
in this work. Thus, we do not expect that atomic movement
causes significant changes to the coherent scattering signal.

IV. CONCLUSION

In the present study, we have investigated the radiation
damage dynamics of bulk glycine during the interaction with
a high-intensity ultrashort XFEL pulse at x-ray fluences that
are practically relevant for SPI experiments. The analysis pre-
sented here anticipates how XFEL-generated plasma would
influence the dynamics by modifying the binding energies
of constituent atoms in typical biological macromolecules,
such as proteins, under imaging conditions. Since our theo-
retical framework of XATOM and XMDYN is designed to handle
compounds with arbitrary elemental composition, the present
approach can be extended to high-Z-containing systems, such
as metalloproteins.

We have shown that the XFEL-produced plasma does
not attain thermodynamic equilibrium during the short pulse
duration, and an NLTE treatment based on computing the real-
time and real-space evolution of the system during the x-ray
pulse is therefore appropriate to capture the transient modi-
fications in electronic energy levels. Our work demonstrates
an IPD ranging from a few electronvolts to tens of elec-
tronvolts, depending on the charge state of different atomic
species. It is important to note that the present results for
a biologically relevant model system reveal IPD values (up
to ~80eV) that are similar in magnitude to those found in
aluminum plasmas (up to ~140eV) and hence indicate the
impact to be not much less than in a solid-density material.
In comparison to valence binding energies and bond disso-
ciation energies, this is a significant effect. Furthermore, we
have shown that the average charge per molecule increases
due to the inclusion of IPD feedback in each time step of
the simulation. The pulse-weighted average charge for the
nonhydrogen atoms demonstrates that the impact of IPD is
quite strong for all fluences considered, revealing the influ-
ence of plasma-induced electronic-structure modifications on
the atomic charge-state evolution during the x-ray pulse. The
magnitude of this effect indicates the importance of the inclu-
sion of IPD to appropriately capture fractional atomic charges

in high-precision structure recovery. Nonetheless, as long as
even approaching 1-A resolution remains an open challenge
in SPI, simulations excluding the IPD effect can provide a
fair enough theoretical description at a comparatively low
computational cost.

Finally, we note that so far, no IPD measurements have
been performed in the context of SPI. Given the substantial
impact of IPD suggested by our simulations, experimental
validation on biologically relevant macromolecular systems
is critical. Thus, we propose measuring IPD in biological
samples via x-ray emission spectroscopy, as demonstrated for
condensed-matter-density plasmas [51,52]. Our results indi-
cate that the x-ray fluence determines the maximum charge
state and that IPD strongly depends on the charge states
formed during the ionization dynamics. In most cases in
which XATOM and XMDYN were experimentally validated
[44,45,75,83], the spatial distribution of the x-ray fluence
in the interaction region with the target was quantitatively
calibrated [94-96]. Without such a quantitative fluence cal-
ibration, it is impossible to determine through comparison
with experimental data whether a given model is quantita-
tively predictive or not. To the best of our knowledge, such
quantitative fluence calibrations have not yet been performed
in connection with SFX and SPI experiments.
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