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Angularly resolved X-ray scattering measurements from fs-laser heated hydrogen have
been used to determine the equilibration of electron and ion temperatures in the warm
dense matter regime. The relaxation of rapidly heated cryogenic hydrogen is visualized
using 5.5 keV X-ray pulses from the Linac Coherent Light (LCLS) source in a 1 Hz repetition
rate pump-probe setting. We demonstrate that the electron-ion energy transfer is faster
than quasi-classical Landau-Spitzer models that use ad hoc cutoffs in the Coulomb
logarithm.

Keywords: non-equilibrium plasma, electron-ion equilibration, warm dense hydrogen, x-ray thomson scattering,
ultrafast x-ray scattering

1 INTRODUCTION

Understanding the properties of warm dense hydrogen is important for modeling and predicting the
energy flow in many short-lived fusion-relevant platforms such as self-constricted plasmas found in
Z-pinches [1], as well as for inertial confinement fusion (ICF) experiments [2]. Critical to the mission
of inertial fusion is the knowledge of the electron-ion energy transfer and their temperature
equilibration times in a high-energy-density state. The complex interplay of collisional and
collective processes driving this relaxation also determines transport properties, like the thermal
conductivity and stopping power. Thus, precise knowledge of the electron-ion relaxation strongly
furthers our ability to accurately model complex systems such as the hot-spot at stagnation and the
deuterium-tritium fuel-ablator interface in an ICF implosion [3-5]. Ultrafast X-ray scattering is a
premier way to investigate such processes while yielding additional information on the structural and
collective properties of dense matter [6-13].

Temperature relaxation in a dense, moderately coupled and partially degenerate plasma is
challenging since it requires consideration of quantum degeneracy of the electron subsystem, the
ionic short range structure, strong collisions, and coupling effects from the ions [14-18]. The seminal
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FIGURE 1 | (color online) (A) Ultrafast pump-probe schematic of
experimental setup showing the LCLS X-ray beam scattering in 1 Hz repetition
from a fs-irradiated 5 um H, diameter jet. The scattered photons are captured
on a Cornell SLAC Pixel Array Detectors (CSPADs) to angularly resolve

the static structure factor as well as measure the changes to the lattice
structure over ps time steps. The data overlaid on the backward, k = 4.8 nm™",
crystal spectrometer resolves inelastic scattered X-rays. The data overlaid on
the forward, k = 52 nm™", spectrometer resolves elastically and inelastically
scattered X-rays. (B) 3D OSIRIS simulations showing time evolution of
electron heating induced by the fs-laser; The laser produces a hot electron
population with slope temperature of 14.3 keV via J x B heating. Att < 50 fs,
the background electrons at the surface are heated to T, 2100 eV. At t =
150 fs, fast electrons then recirculate in the target, heating the background
through a combination of collisionless and collisional processes; Att > 1 ps,
fast electrons thermalize with the background electrons averaged over the
experimental scattering volume, < T, >~ 10 eV, where subsequent electron-
ion relaxation and equilibration occur.

Landau-Spitzer approach sufficiently describes contributions
from binary collisions in weakly interacting, classical plasmas
[19, 20], but it completely fails for denser, or colder, systems
where the Coulomb logarithm becomes negative. In order to
prevent this unphysical behavior, empirically modified or capped
forms for the Coulomb logarithm have been suggested without
being rigorously tested against experiments [21-24]. Until now,
the electron-ion relaxation in dense plasmas have only been
inferred, or extrapolated, indirectly from experimental data
[25-27] that is measured under equilibrium conditions.
Furthermore, determining the energy exchange from electrons
to ions and atoms in dense matter requires the preparation of a
homogeneous sample and ultrafast probing. The Matter in
Extreme Conditions (MEC) end-station at the LCLS provides
a unique platform that can isochorically and uniformly heat
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hydrogen from a cryogenic state to the warm dense matter
regime while providing ultrashort, picosecond delayed X-ray
pulses that can be scattered and resolved in both energy and
wavenumber.

In this article, we present experimental evidence of picosecond
resolved electron-ion energy relaxation in dense non-equilibrium
hydrogen plasmas using angularly resolved X-ray Thomson
scattering. Our results demonstrate that a uniformly heated
hydrogen plasma in the warm dense state, approaching an
electron temperature of 10eV at 1ps, will continue to
equilibrate to a temperature state of T,=T;=4.5 eV. The results
show an electron-ion thermalization time that is shorter than that
calculated using a Spitzer-like approach with a generalized
Coulomb logarithm, and agrees well with theories that correct
the standard Spitzer result to describe the scattering process
quantum mechanically [14, 15, 18, 28, 29]. Such models
include electron degeneracy and energy transfer via coupled
collective modes.

2 EXPERIMENT

Figure 1 shows a schematic of the experimental setup at the MEC
end-station of the LCLS. A 70 fs, frequency doubled Ti:sapphire
laser system was used to isochorically heat a 5uym diameter
hydrogen jet to a non-equilibrium state. Initially, liquid
hydrogen was held in a helium cooled cryostat at temperatures
T =17 K. It was injected into the MEC vacuum chamber, whereby
it evaporatively cooled to cryogenic solid H,. Using a pulse energy
of 120 m]J focused to spot size of 6 yum (Wy,,), vertically polarized
along the jet axis, resulted in a peak laser intensity of 5 x 10'” W/
cm” delivered to the hydrogen jet. Separately, the LCLS X-ray
beam at 5.5 keV with a FWHM pulse duration of 62 fs (aligned
45°with respect to the laser axis) was delayed at time steps of 1,
2.5, 5, 10, and 25 ps after the fs-laser pulse, and used to measure
the plasma properties by applying spectrally and angularly
resolved X-ray scattering. The X-ray pulse energy was 4 m]J
(3.8 x 10'* photons per pulse), and was focused using a
beryllium lens stack to a focal diameter (wgg) of
approximately 18 ym.

A fixed angle X-ray scattering spectrometer in the collective
scattering regime was used in the forward direction,
corresponding to a probing wave vector of k = 48nm™', to
directly monitor changes to the intensity of the elastically
scattered signal, as well as the intensity and spectral shift of
the inelastic signal to fully account for all the scattered photons
detected. Another X-ray scattering spectrometer was placed in the
backscattering non-collective geometry (k = 52 nm ') as a relative
calibration measurement to normalize the total scattering cross
section following the f-sum rules of particle conservation. Both
spectrometers used Highly Annealed Pyrolytic Graphite
(HAPG) crystals as dispersive elements in Von-Hamos-
geometry with Cornell SLAC Pixel Array Detectors
(CSPADs). The angularly resolved diagnostic consisted of a
large CSPAD used to measure the solid structure via the Bragg
reflections in order to properly normalize and deconvolve the
characteristic changes in the elastic scattering contributions to
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the static structure factor. A high-resolution silicon crystal
spectrometer in transmission of the X-ray beam was also used
to monitor the input spectrum for each individual X-ray pulse.

The ultrabright properties of the LCLS together with a 1 Hz fs-
laser and novel H, microjet allow for X-ray scattering from
materials with a low scattering cross section. High repetition
rate data collection can be used for single photon detection
whereby accumulating and averaging photon counts over
many scattering events can produce a highly precise,
background limited data set with large signal-to-noise ratio
[30]. The spectrally resolved X-ray Thomson scattering
intensity profiles, in Figure 1, are shown for the forward and
backward scattering geometries along with the measured X-ray
diffraction patterns. Figure 3 demonstrates the reduction in error
of the X-ray Thomson signal strength by accumulating scattering
events using this experimental platform.

3 X-RAY THOMSON SCATTERING

The total scattered X-ray spectrum demonstrates a unique
intensity profile and spectral shape that depends on a
combination of scattering contributions that are distinctly
related to the temperature, density, and ionization state of the
plasma. The total scattered cross section (Eq. 1) can be described
in terms of o7, the Thomson scattering cross-section, the dynamic
electron structure factor St (k, w), and k; and ky, the scattered
and incident wave vectors, respectively:
dzo' k]

_ L Qtot
10de UTkOS“ (k, w) 1)

Simultaneous high-resolution angularly and spectrally resolved
X-ray Thomson scattering (XRTS) has proven to be an accurate
method to infer the electron density, temperature, and pressure of
dense plasmas [8, 31]. Combining direct measurements of the
static structure factor with inelastic scattering by free electrons,
and in some cases, bound-free or resonant inelastic scattering
transitions [32-35] allow for the ability to accurately calculate the
ion temperature, the electron temperature, and the ionization of
hydrogen throughout the entire relaxation from a non-
equilibrium plasma.

3.1 Quasi-Elastic X-Ray Scattering
It is possible to separate the total density fluctuations included in
the electronic structure factor, S'%(k,w), between three
contributing cross sections [36, 37]. These include the free
electrons, Z nge(k, w), the bound electrons that are directly
photoionized from the X-ray radiation,
ijgce(k,w—w’)sg(k,w’) dw', and from electrons in the
system that are bound to and weakly follow the ion
motion, Wx(k).

For a partially ionized hydrogen plasma, the total elastic X-ray
scattering response is caused by multiple species, described by the
following decomposition [38]:

Wr (k) = Y VEaXo|fa (k) +da ()| £ (k)45 (K)[Sw (R), ()
a,b
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FIGURE 2 | Temporally resolved mean displacement as calculated from

the total elastic XRTS signal at Wg (k = 4.8 nm™") and the average Bragg peak
intensity (BPI) measured at 40.5°, 43°, and 46°; (blue circles) thermal diffuse
scatter inferred from Bragg peak Intensity; (red circles) combination of
XRTS and thermal diffuse scatter (TDS) as measured by the crystal
spectrometer. Excess signal indicates total contribution from XRTS.

where x; = n;/ Y n; is the concentration of ion species i, with #; its

density. Here, 1f,1(k) are the atomic form factors describing the
elastic scattering from bound electrons, g,(k) contains the
contributions from the electrons in the screening clouds
around the ions of species a in a partially ionized plasma [35,
39], and S,,(k) are the partial static ion-ion density structure
factors [40]; where statistically S,,(k) = fSab (k, w)dw [39].

3.2 Debye-Waller Factor

The Debye-Waller factor 2W = k* < u*> > is determined by the
mean-square displacements of atoms, < u* >, which is a result of
any departure from the perfectly regular lattice, including both
long-range and short-range disorders. The total nearly elastic
response with the solid structure factor S(k, t) is understood by
S(k,t) =S¢ (k)[1 - e + e Wb (k)] where S,(k) is defined as the
translational structure factor and the diffraction intensity b (k) =
N Lo e*Ur=U9 — 0 outside of the Bragg peak. The change in the
intensities of diffraction peaks, Iio = ¢V, has been widely used to
study lattice melting [41-43] with ultrafast heating, and
suppression of lattice distortion [41, 44-46]. The Debye-
Waller factor is only related to the long-range disorder and
the XRTS is a indication of short-range liquid-like disorder
from the plasma, where the latter is dominated by region of
interest.

The background contribution is caused by heating of the H,
solid from hot electrons that propagate transversely to the H, jet
axis and can dislocate, or heat, the atoms in the lattice. The
heating of the solid lattice from hot electrons can cause atomic
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FIGURE 3 | (color onling) Time resolved evolution of the elastic XRTS
scattering intensity calculated with the average on-target signal that
accumulated for N = 20 hits (blue circles) and for the total integrated signal (red
circles).

displacements that lead to a diffuse elastic signal increase at low
scattering angles according to the Debye-Waller effect [47]. Such
a signal has to be accounted for and corrected by applying the
Debye-Waller factor to the observed intensity increase.
Simultaneously recording angularly resolved measurements of
the Bragg peak intensity (BPI) (Figure 2), it is possible to
decouple the contribution from the thermal diffuse scatter
(TDS) with that of the X-ray Thomson scattered signal [48].
Direct measurements of the BPI can be used to account for any
excess signal measured at low angles. Any long-range disorder,
generated by hot electrons immediately after laser irradiation
outside of the focal region, will result in an increase in the TDS
and a decrease in the BPI. The excess elastic signal can be
quantified and is plotted in Figure 3.

3.3 lon Structure Factors

The ion structure factors account for the correlations between,
and densities of, the ion species that make up the plasma. The
observed Rayleigh amplitude (Figure 4) is a sum of atom-atom
(H-H), proton-proton (p-p), and atom-proton (H-p)
contributions. These contributions include the dissociation in
the system, starting from a diatomic molecular solid and ending
as a partially ionized plasma. Due to only short range van der
Waals type interactions between the atoms, the atom-atom
structure factor remains close to unity for all wavenumbers.
Combining this with the form factor of the bound 1s electrons
means that the atoms provide a significant, but temperature
independent, part of the elastic signal. On the other hand, the
screening cloud around the protons, as well as the correlation

Electron-lon Temperature Relaxation

hole in the proton-proton structure, are intrinsically temperature
dependent and contribute to the elastic peak at small
wavenumbers in a characteristic way to allow temperature
determination. The measured intensity of the this Rayleigh
contribution to the XRTS signal (Figure 3) demonstrates a
clear increase for each measured time step. Such a change is
the result of an increasing ion temperature, and additionally
contains information about the electron temperature due to the
contributions from the electrons in the screening clouds that
surround the ions. To fully interpret and constrain the plasma
conditions with respect to the ionization, requires wavenumber
resolved intensity distributions measured with a fixed angle
CSPAD visualized in Figure 4.

A
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FIGURE 4 | (color online) (A) Non-equilibrium HNC static structure factor

for hydrogen as a function of ion temperature, at a fixed electron temperature
of Te = 5 eV, showing all contributing correlations (Sa(k)) in a partially ionized
plasma of Z = 0.66. The hydrogen-hydrogen (black line), proton-proton

(blue line), and hydrogen-proton (red line) distributions/structure as well as
contributions from the screening cloud g(k) (dashed grey), atomic form factor
f(k) (dashed red). (B) Quasi-elastic X-ray Thomson scattering data measured
for high-q and low-q spectrometers compared to theoretical static structure
factors using Zs= 1.0, Zs = 0.66, and Z; = 0.25 measured at t = 2.5 ps? Each
ionization includes the angular intensity distribution for ;=1 eVand T, =5 eV
for an electron temperature of T, = 5 eV and T, = 9 eV plotted for Z; = 0.66.
The red square data point is a measurement of the background corrected
elastic signal strength Wg (k = 52 nm™") representing a unique combination of
Te and T; conditions, and the yellow data point is the inelastic Compton signal
(k = 4.8 nm™") used to normalize all signal strength measurements. The red
circle data point is the average background corrected intensity signals
measured with the CSPAD as a way to benchmark the ionization (Z)).
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FIGURE 5 | Reduced chi squared contour plot showing the deviations
between theoretical fits to the measured XRTS signal strength (excluding the
inelastic and thermal diffuse scatter) for various electron and ion temperatures,
attime t=2.5 ps? The plot shows a global minimum at To=5 eVand T;=

3.8 eV. All possible T, and T, conditions within a 2¢ deviation are plotted. The
black dashed line indicates a measured 1o deviation.

The unique signal strength measured from the XRTS when
combined with the intensity contributions measured on the
CSPAD detector can be used to monitor the non-equilibrium
dynamics during relaxation from a temperature of T, = 10 eV and
T; = 1 eV. Figure 4 shows an example, at time t = 2.5 ps, of how
the XRTS signal can be used to infer the ionization, the electron
temperature, and the ion temperature of the plasma. Using the
relative magnitude of the quasi-elastic signal intensity, it is
possible to ascertain Z; T, and the T; of the system for each
time step in order to resolve the energy relaxation dynamics.
Additionally, we can use the derived ionization of Z = 0.66 as a
direct comparison to the theoretical dynamic ionization rate
equations, Saha calculations using ionization potential
depression models for the temperature dependent equilibrium
states, and density-functional theory molecular dynamics (DFT-
MD) simulations that verify the pair distribution and the electron
occupation around the ion [49].

To determine the plasma conditions from the measured
XRTS intensity, we apply an analysis with y* statistics over a
wide range of electron and ion temperature space for a fixed
ionization see Figure 5. The optimal conditions are defined by
minimizing the mean square deviation between total data
intensity and the model intensity, that is y°, whereas the
quality and robustness is estimated by the values of x* in the
electron and ion temperature region around the global
minimum. The method of least squares is based on the
concept that the optimum description of a set of data is one
that minimizes the weighted sum of the squares of the deviation
of the data from the theoretically produced values. The weighted
sum is minimized (20) for an electron temperature between 3.7
and 6.0 eV, for an ion temperature between 2.6 and 5.1 eV using
0.1 eV step sizes. Furthermore the ionization goodness of fit can
be tested and minimized for each y” iteration.

Electron-lon Temperature Relaxation

4 DTF-MD SIMULATIONS

Microcanonical DFT-MD simulations were performed to model
the ion temperature of the heated system for a given electron
temperature determined independently with 3D particle in cell
(PIC) simulations using the OSIRIS code [49-51]. At an initial
temperature of T, ~ 10 eV, it is possible estimate the initial non-
thermal crystal mismatch heating of cryogenic molecular
hydrogen, see Figure 6. For cryogenic hydrogen, we prepared
the initial state of the system as an hcp lattice with randomly
oriented hydrogen molecules at the lattice positions. The lattice
parameters were a = 4.1A, ¢ = 1.64a in line with the mass density
of fluid cryogenic hydrogen of p = 0.07 g/cm’. As can be seen in
Figure 6, the ion temperature rises to at least ~ 9000 K within tens
of femto-seconds after start of the run.

The amount of ionization may be inferred from computation
of the ion-ion and ion-electron static structure factors [49]. The
generalized screening cloud p(k), ie., the electronic density
around an jon, may be deconvolved from the electron-ion
structure via

Sei (k)

P =5

=(1-2)- f(k)+Z-q(k), 3)

and can then be fitted by the average charge state Z, the atomic
form factor of hydrogen f(k), and the screening cloud g(k). From
these calculations, the average charge state of Z = 0.66 and initial
ion temperature of T; ~ 1eV have been derived and were
subsequently used in the analysis of the weight of the Rayleigh
peak. Using the charge state of the hydrogen system as
determined by DFT-MD, hypernetted chain integral equation
(HNC) calculations [49] were performed for a wide variety of
electron and ion temperatures to obtain the partial static structure
factors as needed for the weight of the Rayleigh peak based on the
multi-component Chihara formula [38].

t (fs)
0 10 20 30 40 50 60 70 80
10000 ——
8000 [ ]
g 6000 :
l_
4000 ]
2000 | 1
O 1 1 1 1 1 1 1
0 100 200 300 400
# steps
FIGURE 6 | Microcanonical DFT-MD simulation of the first tens of
femtoseconds of laser irradiated cryogenic molecular hydrogen. p =0.07 g/
cm®, To=10eV, T? =25 K.
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FIGURE 7 | (color online) (A) Temporal evolution of the electron
temperatures (blue circles) and ion temperatures (red circles) as measured
with XRTS. Predictions of the equilibration from various energy relaxation
models. The curves are calculated from time t = 1 ps using ne = 3 x 10?2
cm™>, T,=10eV, T;=1 eV, and Z = 0.66 as parameter inputs. Line thickness
indicates uncertainty in T;. (B) Experimentally determined relaxation time =/
1,000, in units of the inverse electron-plasma frequency plotted together with
eight energy relaxation theories from the warm dense state to the classical
conditions. Four classical and quasi-classical theories: Landau-Spitzer (LS)
relaxation using different Coulomb logarithms A, s = IN (Bmax/bmin), hyperbolic
Landau-Spitzer (HLS), Apis = 3In(1 + (b2 /b2n)) Where bpin = (A + p2)"?
for all cases. Four 2T-WDM theories: coupled mode (CM) [15], Fermi golden

rule (FGR) [28], T-matrix (TM) [14], and effective potential theory (EPT) [29].

5 RESULTS

The specific ion temperature condition of T; = 1 eV, measured at t =
1 ps, is consistent with the determined energy release caused by the
fs-laser induced ionization of the molecular H-H bond, shown in
Figure 6. The instantaneous change of the proton-proton potential
to a Coulomb potential gives kinetic thermal motion to the ions at
sub-ps times before the thermalization is dominated by the electron-
ion energy exchange. This has been modeled and verified using ab
initio DFT-MD simulations, highlighted by the red shaded region in
Figure 7A. Additionally the electron temperature has been modeled
independently with 3D-PIC OSIRIS simulations, as shown in
Figure 1, and agrees with the measured conditions shown by the
blue shaded region [49] in Figure 7A. The time behavior can be
compared to analytical predictions after uniform heating is achieved
for t > 1 ps? The measured electron and ion temperatures are plotted

Electron-lon Temperature Relaxation

as a function of time delay in Figure 7A. The data is plotted together
with two energy transfer models using the charge state Z = 0.66. The
different theoretical models use an initial electron temperature as
observed from the XRTS measurements at t = 1 ps, where the 9 and
12 eV error bounds stem from the error analysis of the spectrally
resolved data. One model uses a Landau-Spitzer like theory (HLS) of
relaxation via binary collisions, valid in the classical high-
temperature region, with a Coulomb logarithm that cannot
become negative for high densities [14].

5.1 Two-Temperature Relaxation Rates

A quantitative comparison of the relaxation rates (i.e., the equilibration
time from 1 ps) for many widely referenced analytical models with
that of the experimentally determined energy transfer rate can be
observed in Figure 7B. The upper limit of the experimental data
region was determined by the overlap probability of the T, and T; data
points for each time step plotted in Figure 7A. The width of the region
indicates the uncertainty in T,. The models tested includes energy
transfer via Landau-Spitzer rates with different choices for the cut-off
parameters in the Coulomb logarithm [14], rates based on Fermi
golden rule [28], T-matrix approximation [14], and energy transfer
rates via collective modes [15, 16] that include a quantum binary
collision model incorporating dynamic screening. Additionally the
effective potential theory [29, 52], which models binary scattering
using the potential of mean force, both agree with the measurements.
The EPT calculation in Figure 7B applies the classical theory [29],
however this can be extended to dense plasmas using the average atom
two-component plasma model [53, 54]. A Fermi golden rule [28] or
T-matrix approximation [14] would give identical results due to the
relatively small temperature difference [15]. Other advanced
relaxation models using non-equilibrium molecular dynamics that
predict slower energy exchange rates, such as the constrained electron
force field (CEFF) method are also in agreement with the experimental
results [18]. A direct comparison is not presented here, however the
equilibration time for similar conditions is well within the upper error
limit of our measurements. As can be seen in Figure 7B, all LS-type
models using a general or modified Coulomb logarithm results in
equilibration times that are too long. Future LCLS studies performed
with this diagnostic platform will be able to unequivocally distinguish
between the energy exchange rate of these advanced models via
enhanced signal to noise, or by probing states of hydrogen that are
significantly more dense.

6 SUMMARY

Our results show the first experimentally determined relaxation rates
from a dense two-temperature plasma in a non-equilibrium state.
The findings allow for a quantitative comparison of various analytical
models for the electron-ion energy transfer in the warm dense matter
regime where many theories are untested. Such theories can be
implemented in radiation-hydrodynamic codes to improve equation
of state properties that are important for both ICF and self-
constricted plasmas produced in Z-pinches. The results are
important for understanding heat transport in dense systems
where classical plasma theory breaks down and modified or
capped substitutions to the Coulomb logarithm are commonly used.
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