
J. Chem. Phys. 152, 144303 (2020); https://doi.org/10.1063/1.5134801 152, 144303

Dynamics of rare gas solids irradiated by
electron beams
Cite as: J. Chem. Phys. 152, 144303 (2020); https://doi.org/10.1063/1.5134801
Submitted: 01 November 2019 . Accepted: 23 March 2020 . Published Online: 10 April 2020

 J. Candanedo,  C. Caleman,  N. Tîmneanu, O. Beckstein, and  J. C. H. Spence

COLLECTIONS

Paper published as part of the special topic on Ultrafast molecular sciences by femtosecond photons and

electronsFEMTO2019

ARTICLES YOU MAY BE INTERESTED IN

Assessing the structural heterogeneity of supercooled liquids through community
inference
The Journal of Chemical Physics 152, 144502 (2020); https://doi.org/10.1063/5.0004732

The Molpro quantum chemistry package
The Journal of Chemical Physics 152, 144107 (2020); https://doi.org/10.1063/5.0005081

Excitation and characterization of long-lived hydrogenic Rydberg states of nitric oxide
The Journal of Chemical Physics 152, 144305 (2020); https://doi.org/10.1063/5.0003092

https://images.scitation.org/redirect.spark?MID=176720&plid=1085727&setID=378408&channelID=0&CID=358608&banID=519992853&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=a6e1cecbc242d3b912549e1a9893d52b6202f329&location=
https://doi.org/10.1063/1.5134801
https://doi.org/10.1063/1.5134801
http://orcid.org/0000-0002-7600-138X
https://aip.scitation.org/author/Candanedo%2C+J
http://orcid.org/0000-0003-2638-1940
https://aip.scitation.org/author/Caleman%2C+C
http://orcid.org/0000-0001-7328-0400
https://aip.scitation.org/author/T%C3%AEmneanu%2C+N
https://aip.scitation.org/author/Beckstein%2C+O
http://orcid.org/0000-0002-4209-2949
https://aip.scitation.org/author/Spence%2C+J+C+H
/topic/special-collections/femto2019?SeriesKey=jcp
/topic/special-collections/femto2019?SeriesKey=jcp
https://doi.org/10.1063/1.5134801
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5134801
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5134801&domain=aip.scitation.org&date_stamp=2020-04-10
https://aip.scitation.org/doi/10.1063/5.0004732
https://aip.scitation.org/doi/10.1063/5.0004732
https://doi.org/10.1063/5.0004732
https://aip.scitation.org/doi/10.1063/5.0005081
https://doi.org/10.1063/5.0005081
https://aip.scitation.org/doi/10.1063/5.0003092
https://doi.org/10.1063/5.0003092


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

Dynamics of rare gas solids irradiated
by electron beams

Cite as: J. Chem. Phys. 152, 144303 (2020); doi: 10.1063/1.5134801
Submitted: 1 November 2019 • Accepted: 23 March 2020 •
Published Online: 10 April 2020

J. Candanedo,1,a) C. Caleman,2,3 N. Tîmneanu,2 O. Beckstein,1,4 and J. C. H. Spence1

AFFILIATIONS
1Department of Physics, Arizona State University, Tempe, Arizona 85282, USA
2Department of Physics and Astronomy, Uppsala University, Uppsala SE-75120, Sweden
3Center for Free-Electron Laser Science, Deutsches Elektronen-Synchrotron, Notkestraße 85, Hamburg, Germany
4Center for Biological Physics, Arizona State University, Tempe, Arizona 85282, USA

Note: This paper is part of the JCP Special Topic on Ultrafast Molecular Sciences by Femtosecond Photons and Electrons.
a)Author to whom correspondence should be addressed: jcandane@asu.edu

ABSTRACT
The remarkable success of x-ray free-electron lasers and their ability to image biological macromolecules while outrunning secondary radi-
ation damage due to photoelectrons, by using femtosecond pulses, raise the question of whether this can be done using pulsed high-energy
electron beams. In this paper, we use excited state molecular dynamics simulations, with tabulated potentials, for rare gas solids to investigate
the effect of radiation damage due to inelastic scattering (by plasmons, excitons, and heat) on the pair distribution function. We use electron
energy loss spectra to characterize the electronic excitations responsible for radiation damage.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5134801., s

I. INTRODUCTION

Radiation damage imposes fundamental limitations on the
fidelity and resolution of imaging and diffraction methods. Recently,
it has been suggested and demonstrated that damage may be over-
come using femtosecond x-ray pulses to out-run the damage pro-
cesses.1 Using these pulses, the serial crystallography approach has
made it possible to solve the structure of protein micro-crystals,
record the femtosecond dynamics of light-sensitive proteins in
micro-crystals, and to observe protein dynamics at atomic reso-
lution during enzyme catalysis2. This ability to outrun damage is
important because it circumvents the need to immobilize by freez-
ing proteins to avoid damage in protein crystallography and so
allows observations of dynamics under near-physiological condi-
tions of temperature and chemical environment.3 The aim of this
research is to determine if this can also be done using brief electron
beam pulses for the collection of transmission electron diffraction
data and, if not, to understand the severity of the damage processes
that remain. As a preliminary, in this paper, we study electron-
beam radiation damage in the simple Rare Gas Solids (RGSs) in
order to avoid the complications of interatomic bonds and their
excitations.

Differences between diffraction and damage processes using
x rays and electrons have been compared by Henderson4 (contin-
uous exposure) and Spence5 (pulsed mode). Unlike x rays, elec-
trons are diffracted from both the nuclei (Rutherford scattering)
and the electron density. While the photoelectron cross section
greatly exceeds that for elastic scattering for x rays, elastic and
inelastic scattering cross sections for electrons are comparable. Laser
amplification is now available for hard x rays, but not for elec-
tron beams, which provide fewer electrons per pulse but have a
much larger elastic cross section. The Coulomb repulsion between
electrons makes focusing difficult simultaneously at the brief and
high currents. Flux is the product of source brightness and emit-
tance, with emittance proportional to the product of beam diver-
gence and source size. For transmission Electron Diffraction (ED)
from thin crystals, to avoid overlap of Bragg spots, this beam
divergence must be less than the Bragg angle, which for typical
photocathode emittance values results in a focused beam many
micrometers wide. As a result, Ultrafast Electron Diffraction (UED)
experiments are undertaken with very low fluence at the sample
per shot, and samples, in the form of a thin slab, should be homo-
geneous over an area of several micrometers. A typical fluence6

(integrated flux) of ∼10−4
− 10−6 e/Å2 (or dose as defined in the
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Cryo-EM literature) is therefore much less than that used in Cryo-
EM. These are the conditions for which our simulations are per-
formed. Since the Cryo-EM dose of about <10 e/Å2 produces very
little damage, our first conclusion is that Coulomb interactions in the
beam and the resulting large beam diameters used with picosecond
pulses in the UED field will produce negligible amounts of dam-
age. Our simulations are therefore for much longer pulses than used
in UED.

The simplest form of radiation damage and energy transfer
from the beam to the sample occurs via direct Primary Knock-on
Atom (PKA) elastic collisions between beam electrons and the nuclei
(see Sec. II A). Other than PKA, radiation damage is caused by
inelastic collisions between the sample and beam electrons, causing
the sample to flow on a new potential energy surface. This change
in nuclear–nuclear correlation may be captured by using a time-
resolved Radial Distribution Function (trRDF), which may be com-
puted using Molecular Dynamics (MD) simulations. In this paper,
we describe a program that performs the required excited-state MD
to simulate RGS irradiation for electrons (also x-ray) beam pulses.
The specific aim of this paper is to use this program to compute the
trRDF during irradiation by an electron beam pulse.

Concurrently, dynamical (space–time) correlation may be cap-
tured by the Van Hove function,7 which is directly related, by
the imaginary part of its Fourier transform, to the loss or the
response function. This may be directly measured using the Elec-
tron Energy Loss Spectra (EELS). EELS spectra may be recorded
from nanometer-sized regions in an electron microscope simul-
taneously with the elastic scattering. These spectra may be inter-
preted in terms of a frequency and momentum dependent dielectric
function,8

dσ
dqdω

=
2-λ2

πq
Im(−

1
ε(q,ω)

). (1)

Here, ε(q, ω) is the dynamic dielectric function, with -λ = λ
2π , where

λ is the wavelength (in Bohr radius) of the incident particle, the
scattering vector q = 2 sin θ

-λ , and the energy loss E = h̵ω. EELS spec-
tra for the RGS which form at low temperature have been pub-
lished and interpreted, identifying the specific crystal excitations to
which the beam gives up energy as it traverses a thin slab of crys-
tal. The results are shown in Fig. 1 of the study of Bernstorff and
Saile.9

Two radiative loss mechanisms also captured by EELS spec-
tra are the Bremsstrahlung and Cherenkov effects. Both of these
interactions emit light that can be assumed to escape but contribute

FIG. 1. A visual comparison between a pristine (left) and irradiated (right) Ar4631

cluster by the 10 e/Å2 pulse mentioned in the text.

negligibly to the dynamics of the sample. This is because RGSs are
transparent to visible light due to the large band gap EG, and to
x rays, created by the Bremsstrahlung because of the small sam-
ple size and cross section. The nonradiative forms of energy loss by
electrons beams in matter are valence electron excitation and ioniza-
tion, inner-shell excitation and ionization, plasmons, excitons, and
direct phonon excitations. Although inner shell excitations transfer
more energy to the sample, they are much rarer events with smaller
cross sections and are ignored in this model. Direct phonon excita-
tions are similarly ignored due to their small cross sections relative
to plasmons and excitons.

II. METHODS
A. The model

The dominant features seen in experimental EELS spectra, con-
sist of two types: plasmon and exciton excitation. However, we first
consider the ballistic PKA events, akin to Rutherford scattering.
The maximum energy transfer from the beam electron to a nucleus
occurs for a head-on collision and may result in irreversible nuclear
displacement if this energy transfer exceeds the displacement energy,
which depends on the atomic number (it is 20 eV for copper). The
effect has been studied extensively in high-voltage (e.g., 1 MeV)
TEM using a continuous electron beam. The total cross section for
this process (about 10−6 Å2) is much smaller than that for elastic
scattering or inelastic excitation of valence electrons—for an atomic
number of 20, these are both equal to about 10−2 Å2. The volume
fraction of nuclei displaced by a head-on collision is10 Cd = σjT

∣e∣ ,
where σ is the cross section for displacement of a nucleus in a head-
on collision (scattering angle 180○, largest energy transfer), j is the
beam current density, and T the exposure time. For light elements at
1 MeV, Cd = 0.0125 with a continuous TEM current of 0.2 μA and a
beam diameter of 5 μm after one minute. Since typical UED average
currents are typically about 1 nA (for a bunch charge of a pA at a rep-
etition rate of 1 KHz) and beam diameters, limited by space-charge,
even larger, the volume fraction of atomic displacements in UED
will be far less than this, and the effect can be neglected compared to
other inelastic processes at these current densities.

Plasmon excitations are the dominate form of collective elec-
tronic excitation specially for higher Z RGS9 (also for proteins in
ice11), and they are highly localized and damped, as suggested by
their broad spectral linewidth corresponding to a lifetime of ∼100 as.
The products of plasmon decay are believed to be the main cause of
radiation damage in Cryo-EM, on the basis of their EELS spectra.11

For simulations with a time step larger than 100 as, the plasmon exci-
tation decay is simply modeled as a re-scaling of sample’s nuclear
velocities by the plasmon energy. The plasmon energy is propor-
tional to the square root of the density of valence electrons. Although
a perhaps bad approximation, the RPA dielectric function is used in
conjunction with Eq. (1) to determine the plasmon excitation cross
section.

Unlike plasmons, Frenkel exciton excitations in RGS are rel-
atively long lived (∼25 ns),12 and are also prominent in experi-
mental EELS spectra. In order to incorporate the collective effect
on the structural dynamics, the complete static Coulomb interac-
tion (explicit electrostatics between all nuclei and electrons) was
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computed for the sample. Excitons are then incorporated by adding
a new set of Rydberg/Wannier states (ϕn(r)) in addition to the non-
interacting Hartree–Fock (HF) states, given by the Wannier equa-
tion [Eq. (2)] with static dielectric constant ε(0) [αi(0) being the
static polarizability of atom i with Vol being the sample’s volume
and μ being the exciton mass],

(−
h̵2

2μ
Δ +

1
ε(0)

e2

r
)ϕn(r) = Enϕn(r), (2)

ε(0) = 1 +
4π
Vol
(

atoms

∑
i

αi(0)). (3)

At every time step, t, of the stochastic simulation, all atoms are
subject to the following operator:

X(t)ws† + Y(t)w†s. (4)

Where {w†, w} and {s†, s} are creation and annihilation operators
for Wannier orbitals and Slater (HF) orbitals, respectively. Both X(t)
and Y(t) take random Boolean values, {0, 1}. The probability of
1 is dependent on the half-life12 of the Poisson process of decay
(X(t)) and the excitation cross section and beam fluence at time
t (Y(t)). Since the sample is homogeneous, excitons are supposed
to be stationary, affecting only the total electrostatics and thereby
dynamics.

In previous simulations of X-ray Free-Electron Lasers (XFEL)
beam damage,13 secondary radiation damage (that is, atomic ion-
ization due to ejected photo-electrons) was considered. This is very
different in the case of electron beams, where the atomic electrons
ejected by the beam mostly have energies of a few electron volts
and where lower energy excitons and plasmons dominate the spec-
tra. These low energy secondary electrons are detected and used for
image-formation in the Scanning Electron Microscope (SEM). They
have been detected and studied in detail in time co-incidence with
the plasmons seen in EELS spectra in order to understand their ori-
gin.14 In this work, we have assumed that secondary electrons do not
have sufficient energy to ionize neighboring RGS atoms. Due to the
Ramsauer–Townsend effect, we can expect that because of the high
band gap of rare gas solids, the inelastic mean free path of ejected
secondary electrons will be greatly increased.15

B. Stochastic molecular dynamics
In order to study radiation damage, we wish to obtain the

time-resolved structure factor and the radial distribution func-
tion (trRDF), both of which may be computed by MD simula-
tions. MD was used to track the location of nuclei at every time
step during irradiation. The MD was implemented by integrating
Langevin’s equations with a heat bath parameter γ (in a.u.). In the
limit γ → 0, we recover Newtonian dynamics. The primary dif-
ficulty with this implementation of MD is the need for constant
modifications of the potential energy surface and the subsequent
excited state dynamics as ionization events occur during the MD.
These simulations should be performed on RGS clusters on time
scales of typical electron pulses (∼10 ps) and length scales of typical
proteins (∼100 Å).

Ideally, the Ab Initio MD (AIMD) simulation with dynamics
based on the time-dependent Schrödinger equation would be desir-
able to model such a complex environment. However, due to size

and time limitations, post-Hartree–Fock methods are not feasible.
Similarly, dynamics based on Kohn–Sham Density Functional The-
ory (KS-DFT) is also not quite feasible. Although larger space–time
scales may be accessed than those by post-HF methods, the desired
space–time scale is still not achievable. In addition, KS-DFT as cur-
rently developed may not fully capture the dynamical electron cor-
relations, which result in van der Waals interactions, the only form
of cohesion in RGS.

Instead, the Hartree–Fock equations were solved using a STO-
6G basis set for a range of inter-nuclear distances between two RGS
atoms, with either or both excited (excited orbitals were solutions to
Wannier’s equation). This formed a potential energy surface and was
used to create a tabulated potential (implemented with resolution of
0.005 Å) on which nuclei may be propagated via classical MD. In
addition to this tabulated potential, a London dispersion potential
was included from the first Padé approximant of the Casimir–Polder
interaction to incorporate long-range cohesion.

III. RESULTS
A single simulation is demonstrated to show the capabilities

of this program. In this simulation, a 1 MeV electron Gaussian
pulse of 1 ns (0.5 ns FWHM) duration, 10 e/Å2 fluence, and 1
μm spot size ( π4 μm2 beam area) irradiated a solid Argon cluster,
Ar4631, centered and equilibrated at 50 K before the pulse. Visu-
ally, the results are shown on Fig. 1, and this figure compares a
cluster at a pristine condition to after the pulse has left the sam-
ple. The energy of the molecular system is shown in Fig. 2 and
demonstrates discrete jumps, both exciting and relaxing, in potential
energy corresponding to the exciton vertical transitions [see Eq. (4)].
The difference in the total energy before and after the simulation
(or pulse duration) constitutes the energy deposited in the sample
(in this case 2.1 keV) or a dose (when divided by clusters mass)
of 1.1 MGy.

Because of the stochastic nature of this simulation, averages
over many simulations are needed to simulate experimental results.

FIG. 2. This plot shows the evolution of the system’s energy as a function of
time during irradiation of the pulse mentioned in the text. KE = 1

2 ∑i mivi(t)2,
PE = 1

2 ∑ij Vij(t), and TE = KE + PE.
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FIG. 3. Averaged (over 24 simulations) time-resolved (vertical axis) radial distribu-
tion function (z-axis, i.e., the color in a.u.) plotted against the interatomic distance
(horizontal axis) for an experiment irradiating Ar4631 with a 1 MeV electron beam
with 1 e/Å2 total fluence and 1 μm spot size.

In this case, a set of 24 simulations of a 1 MeV electron pulse of
100 ps (50 ps FWHM) duration, 1 e/Å2 fluence, and 1 μm spot size
was used to irradiate the aforementioned cluster, Ar4631. The results
of the simulation-averaged atom-averaged trRDF are displayed in
Fig. 3. This figure shows minimal radiation damage with this 1 e/Å2

fluence pulse. Energy calculations show an averaged deposited dose
of 193 kGy.

Also investigated was the effect of the coupling, γ, of the sample
to a Langevin thermostat from just plasmon excitations (ignoring
exciton excitations). The results from varying this parameter to a
1 MeV electron pulse of 100 ps (50 ps FWHM) duration, 10 e/Å2

fluence, and 1 μm spot size are shown in Fig. 4. This figure shows
that weakly coupled systems, i.e., isolated clusters in vacuum, suffer
from radiation damage to a higher degree than samples connected
to a thermostat (which would effectively cool the sample).

FIG. 4. The change in the integrated trRDF when compared to unirradiated sample
for four different couplings to the Langevin thermostat.

IV. CONCLUSION
This program allows the analysis of radiation damage mecha-

nisms and excitations responsible by suppressing each of them in
turn. It makes use of EELS spectra to identify important excitations
for a given system. Damage mechanisms may be studied under a
wide range of conditions. These include beam energy, exposure time,
fluence (dose), and sample temperature. The program’s choice of
RGS is well-suited as a first step in understanding radiation damage
in soft-matter on these time and length scales. RGS are known for
their small cohesive energies and thus radiation sensitivity. It is thus
unsurprising that a dose of 1–5 MGy appears to cause dissociation
of the cluster on these time-scales. By comparison, the maximum
exposure/dose used in Cryo-EM (protein/soft-matter) samples are
roughly <30 MGy.4 These samples in addition to being in the bulk
(with neighboring unirradiated sample) have much larger cohesive
energies (from covalent bonds) than these RGS clusters. Apart from
covalent bonds, RGS and protein matter have similar EELS spectra11

in the form of excitons (albeit much less dominant) and plasmons.
van der Waals interactions are important in both systems (RGS and
protein crystals).

Although radiation damage from XFELs are largely irreversible,
radiation damage from electron beams may be reversible. Excitons
mostly undergo radiative decay, while plasmons decay into phonons
producing heat. This heat may or may not be conducted away,
depending on the sample geometry. Excitons are more damaging
(potentially irreversible) when they are in close proximity in space
and time (Fig. 1 shows an example of this effect). Distancing these
electronic excitations in time (exciting them at different times and
allowing them to decay) could explain the experimental results of
ultrafast electron beams in paraffin showing increased resistance to
damage.16

The exposures required to resolve the structure of an individual
protein (in single-particle mode) require at least one elastic event per
non-hydrogen atom4 and therefore require a total exposure of ∼103

e/Å2. This is not possible in a single shot with pulsed photocathode
sources due to space-charge limitations.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional specifics. The
code performing all these simulations is freely available at
https://github.com/jcandane.
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