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ABSTRACT

Knowing the characteristic relaxation time of free electrons in a dense plasma is crucial to our understanding of plasma equilibration and
transport. However, experimental investigations of electron relaxation dynamics have been hindered by the ultrafast, sub-femtosecond time-
scales on which these interactions typically take place. Here, we propose a novel approach that uses x rays from a free electron laser to gener-
ate well-defined non-thermal electron distributions, which can then be tracked via emission spectroscopy from radiative recombination as
they thermalize. Collisional radiative simulations reveal how this method can enable the measurement of electron relaxation timescales in
situ, shedding light on the applicability and accuracy of the Coulomb logarithm framework for modeling collisions in dense plasmas.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0217826

I. INTRODUCTION

Warm dense matter (WDM), with a typical density of a solid and
a temperature of tens of electron volts, is of fundamental interest as it
underpins a broad range of processes in planetary science,”” astro-
physics,” and inertial confinement fusion applications.’ Despite its sig-
nificance, understanding its transport properties, such as radiation
transport or thermal and electron conductivity, remains challenging, ™
This is not only because the ultrafast electron relaxation processes that
govern these properties take place on sub-femtosecond timescales but
also because of the strong Coulomb coupling in dense charged particle
systems.

In a dense plasma, the principal mechanism underlying most
relaxation and equilibration processes stems from collisional charged
particle interactions. The relaxation time of free electrons, 7., is the key
parameter that characterizes electron relaxation. Generally, this param-
eter is determined by four contributions: electron-electron (e-e) colli-
sions, electron—ion (e-i) collisions, electron-natural-atom (e-n)
collisions, and electron-phonon scattering. While there is no general
consensus on how all these processes should be described in a compu-
tationally efficient way for a generic dense plasma system, much effort

has been dedicated to deriving analytical expressions for these colli-
sional terms across various regimes of interest.” "’

Electron—phonon scattering is commonly assumed to be negligi-
ble in warm dense matter systems,l ! and the other three contributions
will dominate the relaxation process. Nevertheless, electron-phonon
interactions could still be important in certain laser-produced plasmas,
especially during plasma creation,'” and models can be constructed to
account for such interactions, e.g., via the Boltzmann transport equa-
tion assuming near-thermal equilibrium."” The contribution of e-n
collisions, while not negligible, is generally believed to be well under-
stood, and accepted cross section models have been widely adopted in
the literature. ™'

In contrast to the two processes mentioned above, modeling e—i
and e-e collisions poses a more substantial challenge in the WDM
regime. For weakly coupled systems, they are commonly described as
binary processes, assuming that cumulative small-angle collisions
dominate hard Coulomb collisions. With this assumption, the interac-
tion can be described in terms of a Coulomb logarithm (CL), which in
various forms dictates collision frequencies in plasmas.'*'> However,
this assumption fails for moderately or strongly coupled systems,
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where strong collisions and many-body interactions become impor-
tant. At high densities, the argument of the CL tends to zero, leading
to a divergence in the collisional rates, thus necessitating revised
models or new approaches altogether. Despite these limitations, the
simplicity of the classical CL model remains appealing and continues
to be widely used in simulation codes today.'®

There have been several attempts to correct the CL to allow it to
be used at high densities. Some of the most recent attempts that still
operate under the semi-classical Coulomb potential scattering (or
Yukawa potential scattering) include applying Born’s approximation
to cylindrical screening'” or applying partial wave analysis.”'” There
have also been several attempts that go beyond these CL approach,
including the introduction of a quantum Landau-Fokker—-Planck
(qLEP) operator to the Boltzmann equation'® " or using the semi-
classical Boltzmann-Uehling-Ulenberg (BUU) equation.”””” Further
beyond the semi-classical framework, there have also been quantum
treatments, both within the framework of linear response theory” **
and by making use of other advanced methods.”” **

In contrast to the rich collection of theoretical development in
the modeling of collision dynamics in the past few decades, the valida-
tion of these models is severely hampered by the lack of experimental
measurements of electron interaction dynamics and relaxation time-
scales in high-density systems. Very few attempts have been made to
measure the electron relaxation time experimentally. Sun et al.
reported a measured value of 7, ~ 1.7 fs in fused silica’ by measuring
the plasma opacity in a pump-probe experiment. This method was
developed by Pan et al.” to investigate the opacity dependence on elec-
tron density, but was limited to densities below that of a solid.
Generally, there is little data for systems at densities around or exceed-
ing that of a typical solid. It is worth stressing that determining plasma
opacities is in and of itself a challenging problem in the warm dense
matter regime,””* and the use of such data to infer collisional rates is
often heavily model-dependent.””**

In recent years, x-ray free electron lasers (XFELs) have proven
capable of creating matter under extreme conditions of tempera-
ture, pressure, and density.” *” Specifically, plasmas with a tem-
perature of hundreds of eV and remaining at exactly solid density
have been created at LCLS by isochorical x-ray heating: during a
typical ~30 fs XFEL pulse, the sample has no time to expand, and
thus remaining at its original solid density, facilitating the study of
transient warm dense plasmas in well-defined thermodynamics
conditions.”” Interestingly, the x-ray-matter interaction process by
which samples are isochronally heated by an XFEL is via x-ray
absorption and the generation of copious amounts of non-thermal
electrons, either directly via photoionization or indirectly through
Auger decay.”* While the electrons subsequently collide and their
distribution thermalizes, they also recombine into core holes, thus
emitting photons that encode their distribution. Similar techniques
of utilizing free electron radiative recombination feature have
been well developed in electron-beam ion traps for measuring vari-
ous important quantities, including cross sections and cooling
rates,””*” but only at densities far below that of a solid. They have
also not been widely used in exploring the electron relaxation
dynamics on an XFEL facility. In this work, we show that by
observing the emission spectrum from such non-thermal electrons,
information regarding the electron distribution function and the
characteristic relaxation time can thus be revealed.

ARTICLE pubs.aip.org/aip/pop

Here, we propose an experimental method to make use of this
physical process to explore electron relaxation dynamics. Our approach
focuses on tracking the evolution of non-thermal electrons within a
broader electron distribution in a dense plasma on ultrafast timescales.
This is achievable through the use of an XFEL, which can photoionize
core electrons from atoms in a plasma, resulting in sustained and,
importantly, well-defined non-thermal electron distributions. We pre-
sent simulations conducted using the CCFLY collisional-radiative
atomic-kinetics code integrated with a Fokker—Planck collisional opera-
tor.">****** Our results indicate that adjusting the XFEL pulse duration
from sub-femtosecond to a few femtoseconds enables a measurement
of the relaxation timescale of non-thermal electrons in the plasma.
Notably, we have chosen to build our simulation based on the CL
model to demonstrate the effectiveness of our method. This is not only
because of the simplicity of CL but also due to it being well-known to a
broad range of plasma physicists working on all density regimes.
Nevertheless, all various types of collisional operators, including the
above-mentioned qLFP and BUU, are equally compatible and can be
evaluated using the same experimental method proposed in this work.
This allows us to glean insights into electron collision processes on
ultrafast timescales and to assess the validity of various assumptions
used by the different collisional models in the warm dense regime.

Il. METHOD

When a sample is exposed to an XFEL beam with photon energy
exceeding the 1s ionization energy (i.e., above the K-edge), the main
absorption mechanism is K-shell photoionization (PI). In a low-Z ele-
ment, the dominant relaxation of a 1s core hole takes place via Auger
decay, which further excites an electron from a bound state into the
continuum. These processes produce free electrons with well-defined
energies, leading to non-thermal peaks in the electron energy distribu-
tion, as shown in Fig. 1. The non-thermal electrons created by this
method thermalize rapidly yet are continuously replenished within the
pulse duration of the driving XFEL beam. Therefore, there is a non-
negligible probability for the non-thermal electrons to radiatively
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FIG. 1. When a sample is driven by an intense x-ray pulse, K-shell photoionization
and Auger decay create copious populations of non-thermal electrons at well-
defined energies. These electrons thermalize collisionally with ions and other elec-
trons in the system on electron thermalization timescales.
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recombine into a core hole before the electron distribution fully ther-
malizes. Because the dominant radiative recombination channel will
be into a 1s state, the emitted photons will have energies corresponding
to the K-edge plus the energy of the free electron in the non-thermal
distribution. As illustrated in Fig. 2, we can distinguish two main cases:
recombination from PI electrons, with emitting photon energies simi-
lar to that of the driving x-ray pulse, and recombination of Auger-
excited electrons, emitted at energies twice the K, energy.

Radiative recombination to the K shell can only take place in the
presence of a K-shell core hole. These core holes are predominately
produced through photon-ionization, with only a small fraction pro-
duced by collisional ionization due to the relatively low temperature
compared with the K shell ionization energy. Since these holes are
majorly created by the XFEL beam, the x-ray pulse duration will deter-
mine the window within which emission can be observed. For a pulse
length shorter than the relaxation time (typically below 1 fs), the
majority of the emission will occur before significant thermaliza-
tion can happen, leading to a strong non-thermal signature in the
emission spectrum. In contrast, if the XFEL beam delivers the same
number of photons but over a considerably longer pulse duration,
a larger proportion of emission will take place from more thermal-
ized electron distributions, leading to a weaker non-thermal signa-
ture in the emission spectrum. By varying the pulse duration to lie
between these two limits, we can thus experimentally explore the
electron thermalization process in a dense plasma. The ability of
XFELs to deliver quasi-monochromatic x-ray pulses with durations
ranging from sub-femtosecond to several tens of femtosecond thus
makes them uniquely suited for probing electron relaxation times
and, in particular, experimentally validating electron relaxation
and transport models in dense plasmas.

A. The collisional radiative model

We model the x-ray-matter interaction process using CCFLY," a
non-LTE (local thermodynamic equilibrium) atomic-kinetics colli-
sional-radiative code based on the popular SCFLY*”*” and FLYCHK"*
simulation suites previously used to model isochoric heating experi-
ments at XFEL facilities.”” Of importance to this work, CCFLY
includes a Fokker-Planck solver for the free electron distribution
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Photon-ionisation
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function, which is coupled to the full non-LTE atomic-kinetics frame-
work. This allows us to model the time evolution of the electrons
directly during the ultrafast x-ray isochoric heating process and to
compute a time-dependent emission spectrum self-consistently. The
CCFLY code tracks the atomic level populations as a function of time
during the x-ray irradiation process. This is achieved by self-
consistently solving the rate equations,

di’l,‘
G ZMi,jnj7 1)
j

where 7; is the population of the ith atomic state, and the matrix ele-
ments are determined by the transition rates R;_.; through

_ ) R (G # i),
M""{—mm 6= v

For simplicity purpose, we chose to use the superconfiguration atomic
states with maximum principle quantum number n* = 4, so all atomic
states are expressed in the form of K*L!MN?, where a, b, ¢, d denotes
the number of electrons on each shell. The transition rates R;_.; take
into account the full range of transitions between these two levels,
including electron capture, collisional ionization and recombination,
collisional transition, stimulated transitions, photo-ionization, inverse
bremsstrahlung, and radiative recombination.”® We highlight that pro-
cesses which involve free electrons, for example, collisional ionization
(CI), depend on the free electron distribution,

v

Riscr = | coliloy-icalF ooy ©)

B. Electron relaxation

For processes involving free electrons, the transition rates make
use of the non-thermal electron distribution function f|[E, t]. The evo-
lution of the electron distribution is determined by three components:
the elastic collision term O, [f], the inelastic collision term O;[f], and a
source term S that accounts for ionization and recombination
processes which do not conserve particle number. The model is

C . . .« e
) Schmatic representation of emission spectra

4 6 8 10 12 14
Photon energy (a.u.)

FIG. 2. Emission from non-thermal electrons features prominently at photon energies corresponding to the process that created the non-thermal electrons. (a) Quasi-elastic: an
electron photoionized from the K-shell recombines back into the K-shell, emitting a photon with energy approximately equal to the incident XFEL photon energy. (b) Auger: the
non-thermal electrons created by Auger processes recombine, emitting a photon with twice the energy of a K,, photon. Other processes, such as L-shell photoionization/recom-
bination, are also possible but have a much lower cross section. (c) lllustration of the dependence of the non-thermal feature as seen in emission as a function of XFEL pulse

duration.
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zero-dimensional, so it does not account for any spatial extent of the
system modeled. The charge state populations and the free electrons
are thus modeled purely in terms of densities. In this model, the
Boltzmann-Vlasov equation for the evolution of the electron distribu-
tion is reduced to

T odn+ 0+ @

The detailed forms of these terms can be found in Refs. 44 and 51 and
references therein. Here, we only highlight that the thermalization is
driven by both electron-electron (e—e) collisions and electron-ion
(e-i) collisions. We will want to explore the importance of each of
these terms to the overall thermalization process.

Because e-e collisions conserve energy of the free electron system,
the effect of this process is completely captured by the elastic collision
term O,[f]. This term is evaluated in the velocity space rather than
energy space (f[E]dE = ¢[v]dv) and adopts the standard Fokker-

Planck formalism,'®>*>*
(6@[1}]) _4nle 10 [1 aW[Q,V]:| )
Ot ) e 3 2 v
with
v 00
Wie, v] = o[v] J olv'lv™ dv' + v o[v] J olv/Ivdv
0 v
o0 U
— SJ g[v']v’dv’J olv'lv dv', 6)
v 0
and I, given by
4
ree—qln[ 2]7 (7)
4neim?

where €, is the vacuum permittivity, . is the mass of the electron, g,
is the elementary charge, and In[Ae] is the Coulomb logarithm for
e—e collisions.

The effect of e-i collisions is, instead, captured by all three terms
in Eq. (4). Bremsstrahlung and inverse Bremsstrahlung are (semi-)elas-
tic e-i collisions that do not change the atomic state of the ion.
Therefore, they are captured by the elastic collision operator O.|f].
Collisional excitations and de-excitations, in turn, do not conserve the
kinetic energy of the e-i system and are included in the inelastic opera-
tor O;f]. Collisional ionization and recombination do not conserve
the number of electrons, so they are captured by the source term S.

While the x-ray isochoric heating process occurs on femtosecond
timescales, the thermalization timescale between electrons and ions is
much longer, on the order of several picoseconds. For the purpose of
this work, we can, therefore, assume the ions are stationary and thus
neglect the contribution of elastic e-i collisions. We adopt the cross
section model by Lotz for collisional ionization and recombination,
and that of Van Regemorter’® for collisional excitation and de-
excitation. Radiative recombination and dielectronic recombination,
though induced by e-i collisions, do not thermalize the electron distri-
bution but only point-wisely subtract electrons at certain energies.
They are thus captured by the source term S in our simulation.
Interestingly, e—e and e-i collisions thermalize the non-thermal elec-
trons in two different ways. Typically, e-e collisions only change the
energy of the electrons by a small amount per collision, but e-i

ARTICLE pubs.aip.org/aip/pop

collisions can remove a large amount of energy at a time. Intuitively,
e-e collisions will thus tend to cause non-thermal peaks in the electron
distribution to broaden while largely conserving the total number of
electrons within it. In contrast, e-i collisions act to depopulate the
non-thermal electron peaks but cause little broadening.

We note that Eq. (7) establishes a connection between the spectral
emission from a system irradiated with x rays of some given pulse
duration and the collisional model setting the electron relaxation time-
scale. For example, in the Spitzer and Hérm model,"* the relaxation
time for e-e collisions is

2 m!2e (ks T.)*?
ECZI 77
‘ 6\/; Meq? In [Ace) ®)

where kg is the Boltzmann constant, T, is the effective electron tem-
perature, and . is the electron density. The simulated emission spec-
trum is thus determined by the speed of relaxation given by Eq. (5),
dependent on the CL given by Eq. (7), which can be linked to a
relaxation time via Eq. (8). In this work, we use Huba’s expression for
the e-e Coulomb logarithm.57 However, our Fokker—Planck treatment
is compatible with other approaches and can be used to assess different
collision models.

We note that this relaxation time can only be used to quantify the
collision frequency in the thermal bulk, and the timescale for non-
thermal electrons reaching a thermalized distribution can be different.
In general, electrons with higher energy will thermalize slower.
However, the functional nature of W|g, v] on the right-hand side of
Eq. (5) indicates no simple way to define such a quantity consistently

as one would usually do in relaxation time approximation (%[f]

zw, where fy is the thermal distribution), even if an explicit

dependence on electron energy is included. This is because the rate
evaluated at a certain energy E is not only affected by the pointwise
value f[E| but rather the whole distribution. Nevertheless, under the
assumption that the non-thermal fraction remains small, the relaxation
timescale given by Eq. (5) still indicates the overall collision rate, which
is the key quantity of interest that captures the dependence on collision
models, and can be evaluated by the method we proposed in this work.

lll. RESULTS

We first simulate the interaction of a 10 um thick Al foil with an
x-ray pulse with photon energy hw, = 2000 eV, pulse duration of
0.5fs, and a peak intensity of 10'> W cm ™ on target. In this simula-
tion, we assumed a Gaussian-shaped beam profile both in the time and
frequency domains. We have chosen a bandwidth of 0.8% x incident
photon energy, in this case, 16 eV, which is achievable at XFEL facili-
ties under the XLEAP operation mode” for sub-femtosecond pulse
duration. We note that the intrinsic Fourier limit of the x-ray pulse
becomes larger for shorter pulse operations. However, this only
becomes comparable to our 10eV setup when the pulse duration is
reduced to less than 4In2 .- &~ 0.1 fs, validating our assumption of
XFEL bandwidth. The Al K-edge is located at E;; = 1560 eV, so the
photons carry sufficient energy to ionize the 1 s electrons. Our chosen
focus spot sizes of 1 um? allow for the heating of solid density plasmas
to electron temperatures of ~70eV. This equates to having 50 uJ
energy or ~10'! photons in the beam. Both the pulse energy and the
focusing are readily achievable at various endstations in conventional
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FIG. 3. Evolution of the non-thermal electron distribution. (a) Non-thermal electrons are created via photoionization and Auger decay in the first femtosecond of the pulse. (b)
The electron distribution function thermalized to equilibrium after the x-ray pulse peaked at 1 fs. Note that the electron density is not a constant as electrons are removed by
recombination and collisional processes. We discuss the effect of these processes in Sec. I/ B.

XFEl facilities like MEC at LCLS and HED at EuXFEL. Better focusing
may be achieved by the nanofocusing technique,” while we find defo-
cusing more interesting as this would help to emphasize low-
temperature relaxation dynamics.

We plot the evolution of the electron distribution in Fig. 3. We
see clear non-thermal features corresponding to electrons ejected into
the continuum via K- and L-shell photoionization and from Auger
decay processes on ultrafast timescales. The simulated XFEL pulse
reaches its peak at 1.0fs, and its temporal and spectral profile is
assumed to be a Gaussian. We note that combined XFEL conditions
used in these simulations have not yet been achieved together at an
XFEL facility. However, each individual parameter (intensity, pulse
duration, and photon number) is readily achievable today,” and
jointly, they are likely to become possible in the near future.

From Fig. 3, we see that as the intensity of the XFEL beam gradu-
ally increases and reaches its peak at 1.0 fs, two PI channels and one
Auger channel continuously produce non-thermal electrons. Electrons
that are ionized from the K-shell sit at E = hiwy — E;s &~ 440 €V, and
those from the L-shell sit at 1900 eV. As the intensity of the x-ray
pulse rises, an increasing number of K-shell core holes are created in
the Al sample. The presence of a core hole increases the K-edge energy
by some 170 eV. Thus, we see the appearance of a small satellite peak
at around 270 eV in Fig. 3 and at times after 0.6 fs. The electrons cre-
ated by KLL Auger decay around 1400 eV also exhibit multiple peaks
in the electron distribution, corresponding to photoelectrons emitted
from different charge states. Furthermore, at t = 1fs, a small peak
occurs above 2 keV, which is not created by direct PI but rather by colli-
sional K — L de-excitations that transfer energy to the free electrons.
This mechanism is also responsible for producing the highest energy
feature near 3keV. We note that these features are weak—some four
orders of magnitude weaker than those due to PI. It is unlikely that such
features could easily be observed experimentally. The various processes
generating non-thermal electrons are listed in Table I, where electrons
are labeled as K, L, or A according to the producing mechanism (K-shell
photoionization, L-shell photoionization, and Auger decay), and Roman
numerals denote peaks arising from different ion configurations.

The ability to tailor the electron distribution function is essential
for measuring electron relaxation timescales. We show that the

non-thermal electron distribution is easily altered by tuning XFEL pho-
ton energy: the energies of the PI electrons are shifted by the same
amount of the XFEL photon energy shift, while the Auger decay peaks
remain unchanged. This is a useful experimental technique because one
needs to distinguish various emission signals in the emission spectrum
and identify which features are exclusively due to non-thermal electrons.
We illustrate this capability with a set of simulations. The XFEL
photon energy was set to 2000 eV in the first simulation and then gradu-
ally increased in 100 eV steps to 2300 eV in the following simulations. In
each case, the XFEL reaches its peak intensity at t=0.5 fs. The pulse
duration of this set of simulations is 0.2 fs, and they are run for 1fs, so
the electrons do not undergo significant thermalization, and the emis-
sion spectra exhibit strong non-thermal features which are easily tracked
in energy. We show in Fig. 4 that as the XFEL photon energies increase,
the energies of the PI electrons are shifted by the same amount. In con-
trast, the energy of the Auger electrons remains the same as the KLL
Auger electron energy depends only on the K shell and the L shell bind-
ing energies. The peaks are less pronounced at higher photon energies
because the cross sections for absorption and emission are lower.

A. Changing the pulse duration

We now proceed to investigate the emission spectrum as a func-
tion of varying pulse duration. We expect that an increased pulse dura-
tion will dampen the non-thermal features in the emission spectrum

TABLE |. Energy of non-thermal electrons, as shown in Fig. 3. K™L" denotes ion
configuration of m electrons in the K shell and n in the L shell. x and y in this table
refer to arbitrary integer numbers.

Electron label Energy (eV) Producing process
K; 270 PI: K’V — K'I¥
Ky 440 PL K'IV — KLY
Ar 1410 AD: K'L® — K?L°
Ay 1500 AD: K'L7 — K?L°
Aq 1625 AD: KL% — K!L7
L 1900 PL: K*IV — K*I~!
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FIG. 4. Tailoring non-thermal electron distributions by tuning the XFEL photon energy. (a) The distribution function of electrons when XFEL pulses reach peak intensities. The
energies of the Pl electrons are shifted by the same amount as the XFEL photon energy, while the Auger electrons are always created at the same energy. (b) The bound-free
emissions from Pl electrons shift accordingly, while the peaks due to Auger electrons remain unchanged.

as the electron distributions thermalize, and we quantify this effect
through non-thermal atomic-kinetics simulations.

We simulate x-ray pulses with a fixed pulse energy of 20 uJ and a
photon energy of 2000 eV. The pulse durations are varied between 0.2
and 2 fs, leading to a range of different thermalization timescales and
x-ray intensities on target, with the highest corresponding to
1 x 10" Wem™2. The simulation window is 40 fs, chosen to allow
enough time for electron thermalization to take place. The emission
spectra are shown in Fig. 5 and are integrated over the entire duration
of the pulse. They are thus representative of spectra that would be col-
lected experimentally. We see that because longer pulses sample more
extended periods of electron thermalization, they exhibit smoother
electron distributions and emission spectra compared with the sharper
features visible for the shortest pulses. For the shortest 0.2 fs pulse, the
emission peaks from PI and Auger electrons, including the satellite
peaks, are clearly defined. For the pulses around 1 fs, the peaks are still
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visible, but due to extensive electron thermalization, they start to wash
out for pulse durations above 2 fs. This serves as clear evidence that
the relaxation process can be revealed by changing the pulse duration.
As the energy of this set of simulations is kept constant, the electrons
gain approximately the same energy across the various pulse durations
and reach overall temperatures of around 70 eV. The relaxation time
given by Eq. (8) is 0.2 fs.

B. Electron-electron and electron-ion collisions

In Sec. 111 C, we showed how we can track the relaxation of the
electron distribution function by varying the pulse duration of the
XFEL. This process, however, includes the contributions of both e-i
and e-e collisions, both of which thermalize the distribution, but in dif-
ferent ways. To better understand their relative roles, we shall now
examine how the electron distribution function changes in time due to

b)
. Bound-free emission spectra
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FIG. 5. The effect of the XFEL pulse duration on the emission spectrum at constant pulse energy. (a) The electron distribution when the XFEL intensity reaches its peak is
drawn to show that for longer pulse durations, the electron distribution has been significantly thermalized. (b) Corresponding bound-free emission spectra show that the non-
thermal feature vanishes when the pulse duration is long. Emission spectra from pulses with different durations have been offset on the y-axis to provide a clearer comparison.
The actual overall intensities of all these emission spectra are similar across various pulse durations.
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these two types of collisions. The simulation corresponds to 10 um
thin Al foil irradiated by an x-ray pulse with a photon energy of
2000 eV, pulse duration of 0.5 fs, and a peak intensity of 10 Wem™2
The first derivative of the electron distribution function % is shown at
peak intensity in Fig. 6, split into the two contributions. We note that
the e-e contribution to % is negative at the centers of the non-thermal
peaks but positive in the outer wings. These collisions tend to transfer
relatively small amounts of energy, and their effect is thus gradually to
broaden the non-thermal peaks. In contrast, the combined effect of
inelastic collisions and the source term, which include both e-i colli-
sions and photoionization and radiative recombination (PI/RR), mani-
fest differently. Here, the contribution is positive at the center of the
peak due to non-thermal electron generation via PI or Auger pro-
cesses. In the surrounding areas, the contribution turns negative as col-
lisional ionization and recombination redistribute the non-thermal
electrons.

The effect of collisional processes on the electron distribution and
on the observed spectrum can be further explored by selectively

a)
Electron distribution at the XFEL peak
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deactivating them in the atomic-kinetics simulations and in computing
the emission spectrum. We show these results in Fig. 7. When only e-e
collisions are active, we note that the shape of the non-thermal peaks
in the distribution function remains similar to those calculated with
the full simulation, with the only notable difference being their overall
intensity. In turn, e-i collisions are critical to redistributing energy
away from the non-thermal peaks across a wide energy range, as we
observe in the region around 800 eV, far from the K-shell photoioniza-
tion and Auger features. Here, e-e collisions play a negligible role in
the overall thermalization. Similarly, e-i collisions only have a minor
effect in determining the shape of the non-thermal peaks, which are,
instead, predominantly broadened by e-e collisions.

A similar observation can be made for the emission spectrum,
shown in Fig. 7(b). We see that the e—i collisions predominantly redis-
tribute the non-thermal electrons across a wide energy range, filling in
the gaps between the various groups of non-thermal features, whereas
the e-e collisions broaden the non-thermal features, producing a
smooth emission spectrum.
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FIG. 7. Contribution of e~i and e-e collisions to electron thermalization. The electron distribution function is shown in (a), and the corresponding emission spectrum in (b). The
short-time relaxation of the electron spikes is driven by e-e collisions, while the overall equilibration across a larger energy range is primarily determined by e—i collisions.
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FIG. 8. Different CL models can lead to unphysically diverging relaxation times at high densities (a) and low temperatures (b).

C. The effect of e-e relaxation timescales

We now explore how different electron relaxation timescales, par-
ticularly for e-e collisions, affect the spectral emission. These time-
scales are important in determining relaxation and transport in warm
dense plasmas, and such a comparison sheds light on how these pro-
cesses are impacted by the accuracy of collisional models, often
described in terms of a CL. We have already shown that the pulse
duration of an XFEL largely determines the shape of the emission
spectrum. Thus, we can imagine an experiment where multiple pulse
durations are used to drive a system to the plasma state, and the emis-
sion spectrum is recorded. The electron relaxation timescale can then
be determined by scanning across collisional models in the simulations
until agreement with the experiment is reached.

The previous simulations assumed relaxation time determined by
Huba’s version of CL. As a first step, we could expand this by adding
additional models as shown in Fig. 8, but we quickly see that at the
solid densities we are interested in, many models suffer from unphysi-
cal divergences. In practice, simulations deploying CL models, such as
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CCFLY, tend to check for such divergences and replace the CL with a
constant (often In[A] = 1) once it starts approaching 0. So, rather
than using different CL models to show the impact on relaxation time-
scales, we will scale the Huba relaxation time of ~ 0.2 fs instead.

We performed two sets of simulations where the elastic e-e colli-
sion operator in Eq. (5) is manually rescaled by a factor of 0.1 or 10.
We again run simulations over a range of pulse durations and show
the results for the emission spectra in Fig. 9. For all simulations, we
have maintained the normal cross section for all e-i collisions; these
are not affected by any scaling factor. We are primarily interested in
how the spectra change as a function of e-e collisional rates only.
When the relaxation time is made ten times as fast as that of the Huba
model, even the shortest simulated XFEL pulse of 0.1 fs cannot detect
any noticeable non-thermal features in the emission spectrum apart
from the Auger knee just above 3keV. We note that at present, x-ray
pulse durations shorter than this are not readily accessible at XFEL
facilities.” The contrasting case where the relaxation time is made lon-
ger (2 fs) than the XFEL pulse duration is shown in Fig. 9(b). Here, the
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FIG. 9. Non-thermal features under different assumptions of e—e relaxation timescales. (a) The relaxation is assumed to be ten times as fast as that given by Huba’s formula.
The non-thermal features are weak even for the shortest pulse duration. (b) The relaxation rate is 0.1 times that of Huba, and non-thermal features are prominent. Note that
even the L shell RR has appeared for this group of simulations. Note that similar to Fig. 5, offsets are applied to different pulse durations to provide a better comparison.
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non-thermal emission features are clearly visible. For the shortest 0.1 fs
x-ray pulses, we observe a multitude of satellite peaks, including from
L-shell recombination. As non-thermal electrons persist for longer,
many of them can recombine at a later time when various configura-
tions of ions with a K shell core hole have appeared, resulting in richer
emission features. The distinction between panels (a) and (b) in Fig. 9
shows how the different relaxation speed influences the spectral
response to pulse durations scan and serve as a key indicator for mea-
suring the relaxation time in warm dense matter. Moreover, if the
relaxation time is close to that in Fig. 9(b) (much smaller than that pre-
dicted by the CL model with Huba’s formula), the difference between
spectra is subtle, indicating the primary limitation of our proposed
method.

IV. CONCLUSIONS

In this study, we have described how the relaxation time of free
electrons in the warm dense matter regime can be inferred from the
emission spectra created by tailored non-thermal electron distribu-
tions. By varying the pulse duration of an ultra-short-pulse XFEL
beam, the thermalization process of non-thermal electrons can be
observed and studied without the need for time-resolved measure-
ments. For the non-thermal features to be prominent in the emission
spectrum, it is necessary for the x-ray pulse duration to be comparable
in length to the typical e-e thermalization timescale. We have shown
that the relaxation time is estimated as 0.2 fs using the Spitzer and
Hérm model. Because electrons with higher energies typically take lon-
ger to thermalize, we expect the thermalization time in mid or high-Z
material to be longer than that in Al, though the relaxation time may
be similar. The ability of modern XFELs to generate narrow-
bandwidth, energetic attosecond pulses thus makes them ideally suited
for such measurements. This work describes an approach that may
soon be viable to explore directly the validity of the e-e collisional
models, including those based on the CL framework, in describing
equilibration and transport in warm dense plasmas.
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