Multi-Messenger Measurements of the Static Structure of Shock-Compressed Liquid
Silicon at 100 GPa
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Tonic structure of high pressure, high temperature fluids is a challenging theoretical problem with
applications to planetary interiors and fusion capsules. Here we report a multi-messenger platform
using velocimetry and in situ angularly and spectrally resolved X-ray scattering to measure the
thermodynamic conditions and ion structure factor of materials at extreme pressures. We document
the pressure, density, and temperature of shocked silicon near 100 GPa with uncertainties of 6%,
2%, and 20%, respectively. The measurements are sufficient to distinguish between and rule out

some ion screening models.

With the advent of high-power lasers, a laboratory-
based exploration into extreme states of matter, such as
those found in planetary interiors [1] or during asteroid
impacts [2], has been realized. This exotic state, referred
to as warm dense matter (WDM) [3], is characterized by
temperatures and pressures on the order of 1,000 K and
100 GPa. Experimental measurement of material behav-
ior and structure under such conditions is paramount for
testing theoretical models used in the pursuit of fusion
energy [4, 5] and for modeling planetary phenomena [6-
9], where dynamic geophysics processes are dominated
by changes in solid- and liquid-state structure.

Over the last few decades, high-energy density (HED)
facilities have generated sufficiently long-lived WDM
sates, enabling the deployment of advanced diagnos-
tic suites [10-12]. Notably, the Linac Coherent Light
Source’s X-ray free electron laser (XFEL) has facilitated
high-resolution X-ray scattering measurements for prob-
ing the electronic and atomic structure of high-pressure
states [13, 14]. However, XFELSs face limitations in com-
pression capabilities and achievable WDM volumes, hin-
dering the creation of macroscopic homogeneous condi-
tions. At kJ- to MJ-class laser facilities, conditions ex-
pected in both Jovian planet interiors [15] and fusion igni-
tion capsules [16] can be generated. Accurately determin-
ing pressure, density, and temperature within these com-
plex states of matter remains challenging without em-
ploying molecular-dynamic simulations in the data analy-
sis. Furthermore, limitations in applying standard model
approximations at high pressures make equation-of-state
(EOS) development [17, 18] costly.

Probing shock-compressed matter often relies on single
diagnostics e.g. X-ray Thomson scattering (XRTS) [19-
22] or X-ray diffraction (XRD) [23-26] for measuring the
electronic and atomic structures, or impedance matching
techniques via a velocity interferometry system for any

reflector (VISAR) [27]. Initial efforts to combine scat-
tering and velocimetry observations to infer WDM con-
ditions were undertaken by Falk et al. [28], though this
required fielding each diagnostic on separate shots. These
efforts highlight the critical need for platforms equipped
with multiple in situ probing diagnostics.

In this work, an experimental platform was designed
to investigate the extreme states of matter generated at
high-power laser facilities. We demonstrate a crucial
step forward in the endeavor to directly measure pres-
sure, density and temperature of WDM through a multi-
messenger approach. The simultaneous in situ structure
characterization provides a unique tool for controlling di-
agnostic biases, measurement uncertainties, and selecting
models. Reverse Monte Carlo techniques are employed to
determine the shock-compressed conditions via measure-
ment of liquid scattering. For this study, silicon was cho-
sen due to its importance in the understanding of plan-
etary interiors [29, 30], for its use as a dopant to abla-
tors in inertial confinement fusion target designs [31, 32]
and to mitigate laser-imprint effects on multi-layer tar-
gets [33, 34].

The experiments were conducted at the OMEGA-EP
laser facility at the Laboratory for Laser Energetics [35].
A 51 pm thick polycrystalline silicon sample was shock-
compressed to ~ 100 GPa using a single drive laser beam
delivering ~ 440J over 10ns with a ~ 1.1 mm diameter
distributed phase plate. The drive laser is incident on a
11 pm polystyrene (CgHg) ablator at a 19.3° angle with
respect to the target normal. The ablator was fixed to
the front of the silicon sample using a thin layer of glue
(< 1pm). Three additional beams were tightly focused
on a 12.5 um thick copper backlighter with an areal size
of 4mm?, generating a 1ns pulse of Cu He-alpha X-rays
centered at E ~ 8.4keV [36]. The X-ray source was
placed ~ 17mm away from the silicon sample.



11um CH
Ablator

Cu X-ray Backlighter
He-a EX_rays ~8.4 keV

= .“\
S~
~.

51um Silicon

(N
ZSPEC Slit .~ _ l

<& ~
Es ~\\\\ — AR
= ‘ = .
z SR
£ 4 ‘ 02 @
2 5
= 2] S 00 O
a | N o
S ! =
) \ AgorTa Tirzh g ‘“zg
S0 1 Pinhole ¢ (k{;) 0ol

5
Time (ns)

FIG. 1. Experimental setup at the OMEGA-EP laser facility.
The silicon target is mounted on the front of the PXRDIP box
[38] with a 100 um thick, 0.5 mm diameter Ag or Ta pinhole.
A single beam drives the CH-Si target with a tailored pulse as
shown in the inset figure. The remaining three lasers generate
Cu He-a X-rays. The red dashed lines represent the scattered
X-ray paths that are collected by the XRTS and XRD IPs.
The raw data shown were collected from s30967. NB: Not
drawn to scale.

The experimental configuration devised to probe the
structure of WDM silicon at OMEGA-EP is shown in
Figure 1. It employed a variation of the powder X-ray
diffraction image plate (PXRDIP) setup [25], which uses
Fujifilm BAS-MS image plates (IP’s) [37]. Due to spatial
constraints the X-ray diffraction only accessed momen-
tum transfers up to k ~ 4A7" at 8.4keV. To extend
the capabilities of the PXRDIP diagnostic, OMEGA’s
Bragg crystal spectrometer (ZSPEC) was added to mea-
sure scattering at high momentum transfer, and is ca-
pable of resolving the electronic structure of sufficiently
ionized systems. The ZSPEC consists of a 25 mm x50 mm
highly-oriented pyrolitic graphite (HOPG) crystal with a
radius of curvature of 27mm, and placed 12.8 cm after
the sample. As shown in the top inset in Figure 1, the
ZSPEC was fielded out of perfect von-Hamos focusing
meaning the X-rays were spectrally dispersed on a curve.
The spectral analysis procedure can be found in the Sup-
plementary Material. The silicon sample was fitted to the
front of the PXRDIP enclosure on top of a 0.5 mm diame-
ter silver or tantalum collimating aperture pinhole, which
restricts the diagnostics’ line-of-sight to the central pla-
nar shock region. These materials were chosen to ensure
no fluorescence within the ZSPEC energy range, and to
reduce interference between the pinhole and silicon Bragg
peaks on the PXRDIP.

To measure the shock-breakout (SBO) time we fielded
line-imaging VISAR which monitored the silicon sam-
ple’s free surface [39]. The streaked image inset in Fig-
ure 1 shows the SBO as a rapid disappearance of the
fringes around ~ 5ns. As silicon is opaque to the VISAR
wavelength (532nm) at the investigated conditions, di-
rect measurements of shock and particle velocity are only

achievable by employing witnesses and pressure windows.
However, introducing these materials is unsuitable for
scattering measurements due to the significant resultant
contamination, making it difficult to isolate the scat-
tering signal from the liquid silicon. Instead, utilizing
the bilinear relationship in Ref. [27], which for small ve-
locities is calculated from previous high explosive mea-
surements [40], the silicon shock velocity is determined
as 9.5 £ 0.2km/s. Combining this with the Rankine-
Hugoniot relations, we measured the achieved pressure-
density state to be 101 + 6 GPa and 4.43 £ 0.08 g/cm?.

At these conditions silicon is expected to be in the
fluid state, which occurs when dynamically compressed
above 30 GPa [14, 41]. Whilst liquid silicon scattering,
up to 30 GPa, has been previously observed at XFELs
[14], extracting the contribution from low-Z liquids at
high-power laser facilities is experimentally challenging
due to limited X-ray source brightness, the presence of
fluorescence, spurious scattering from the pinhole, and X-
ray emission in the drive ablation plasma. To achieve this
we quantified the contribution from the pinhole, ablation
plasma and ambient sample. The procedure is described
in detail in the Supplementary Material.

As shown in Figure 2(a), a broad scattering feature,
attributed to liquid silicon, is observed around 26 ~ 45°.
Due to the PXRDIP’s geometry and the broad band
X-ray emission from the laser generated plasma plume,
shadows from the box appear on the IP’s, preventing a
complete azimuthal integration in ¢-space. Instead, a
partial integration is performed by selecting regions with
reduced contamination from the aforementioned sources.
The resultant signal for a reference shot (s30970), which
contained only the pinhole and ablator, and a driven sil-
icon sample (s30967) are shown in Figure 2(b) in green
and blue, respectively. The final liquid silicon scattering
signal, Ijiq(k), shown in Figure 3(a) is obtained by sub-
tracting the reference shot from the driven sample, and
excluding the 20 regions around the pinhole Bragg peaks.
Further details can be found in the Supplementary Ma-
terial. A 26 error of ~ 0.5° is taken to be the average
deviation of the observed pinhole Bragg peaks from their
expected values.

Additionally, the fraction of shocked (fluid) material
within the probe volume was inferred using the ZSPEC
diagnostic by comparing data obtained with varying time
delays between the drive laser and X-ray probe. As the
volume of liquid silicon increases, the elastic scattering
signal recorded on the XRTS, fielded in-between Bragg
peaks, becomes more intense. From the elastic signal
measured on s30967, the volume fraction was found to be
~ 0.6 (see Supplementary Material). Due to the low ion-
ization of the liquid silicon, an inelastic scattering feature
was not resolved above the ZSPEC instrumental noise.

At high momentum transfers the liquid scattering sig-
nal is the result of coherent, I.on(k), incoherent, Iincon(k),
and multiple, I, (k), scattering. As the silicon thickness
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FIG. 2. (a) X-ray diffraction data, projected into 20-¢ space
(see Supplementary Material) [38], from background shot
$30970, where no Si was placed in the target holder, and the
liquid Si diffraction from s30967. The superimposed red and
blue dashed vertical lines are the expected 20 Bragg diffrac-
tion peaks of the Ta pinhole and ambient silicon, respectively.
(b) Relative intensities of the partial-¢ integrated scattering
shown for the background (in green) and shock-compressed
silicon (in blue) shots.

is small relative to its attenuation length, Iy, (k) is as-
sumed to be negligible. The experimentally measured
Diq(k) is related to the normalized ion-ion structure fac-
tor, Sii(k), via [42, 43],

Tiiq (k)
¥

= scal(k) :ICOh(k) [Sll(k) - ]‘]
+ [Icoh(k) + Iincoh(k)} ’ (1)

where Ion (k) = |f(k) 4+ q(k)|?, with f(k) the form fac-
tor of the tightly bound electrons and ¢(k) that of the
free electrons that follow the ion motion [44]. The fac-
tor v is a scaling constant defined such that Isca(k —
00) = Ieon (k) + Tincon (k). To be experimentally obtained,
momentum transfers in excess of 10 A" are required, a
regime not currently accessible at high-power laser fa-

cilities. Here, Iincon(k) is obtained using the tabulated
values from Ref. [45] and I.on(k) is simulated using the
multi-component scattering spectra (MCSS) code [46].
As detailed further in the Supplementary Material, ~ is
left proportional to a free random Gaussian scalar with
a standard deviation equal to the noise of the raw data.

The large parameter space, ¥(p, T, Z), is explored us-
ing a Markov-Chain Monte Carlo (MCMC) procedure
[47, 48]. This uses Bayesian inference to determine the
likelihood of a set of parameters producing the exper-
imental spectrum based on an acceptance percentage
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FIG. 3. (a) Liquid Si diffraction signal, Iscai(k), (in blue) is
shown scaled to the theoretical signal, I¢(k), (thick red line)
produced by the combined VISAR and converged MCMC con-
ditions using the non-linear Hulthén model. The 1o error of
Ise(k) is shaded in red. The dash-dotted black line shows
Icon + lincon for these values. The broad range of accepted
MCMC fits (in gray) are scaled to the mean fit. (b) Proba-
bility density functions in the P-p and P-T phase for VISAR
(blue heat maps) and X-ray scattering (gray heat maps) anal-
ysis using each V;;. The corresponding joint distributions are
superimposed as red heat maps. In the upper grid the likeli-
hood, as defined in equation 3, of each V;; is shown.
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where ¥ is the error on I, and ¢ = 0.5 is a scalar
chosen to allow acceptance freedom within data uncer-
tainty. The investigated parameter space assumed a uni-
form distribution with linear sampling for the density,
2.33 < p(g/cm?®) < 6, ionization, 0 < Z < 14, and tem-
perature, 103 < T, = T; (K) < 1.1 x 10%.

Simulating S;i(k), however, is subject to model bi-
ases and requires appropriate selection of electron and
ion interactions. Measurement of the liquid structure
factor opens the opportunity for direct model compar-

(2)
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FIG. 4. (a) The principal silicon Hugoniot where this work
is compared to SESAME-3810, [49], quotidian equation-of-
state (QEOS) [50], PrOpacEOS [51], ab initio Kohn-Sham
DFT molecular-dynamics (KSMD) [52], principle Hugoniot
from DFT [53], and previous experimental work collected via
conservation methods [40, 54, 55]. The bilinear fit [27] used
to infer particle velocity is shown as a filled gray bar. (b)
The silicon pressure-temperature phase diagram comparing
the combined 1o error for each V;; to the measured and pre-
dicted melt curve [56], the DFT isentrope [57] and previous
shocked silicon experiments [41] where the temperature was
inferred using molecular dynamics [58].

ison. In the partially ionized, low density state, the
ion-ion interaction potential, V;(k) is commonly mod-
eled using Debye-Hiickel (DH) [59]. This work com-
pares the DH model with the bare (unscreened) effec-
tive Coulomb (EC) interaction and a model non-linear
Hulthén (NH) interaction [60]; the latter approximately
describes screening beyond the DH approach. For the
screening cloud, ¢(k), large momentum transfers in high-
density matter have shown deviation from the simple DH
model as a result of finite-wavelength screening (FWS)
[61]. As detailed in the Supplementary Material, the sim-
ulated liquid scattering is comparatively insensitive to
each ¢(k) model and FWS was chosen for the MCMC
analysis.

In Figure 3(a) the range of accepted fits after MCMC
convergence using the NH model are shown in gray. The
signal from the XRTS recorded on shots that were probed
after shock breakout (where the liquid volume fraction
> 0.9) are compared in green against the angularly re-
solved scattering in Figure 3(a), extending the effective
k range. While these points were not included in the
MCMC fitting process due to the lack of an absolute sig-
nal intensity calibration between XRD and XRTS, they
nonetheless exhibit good agreement with the results.

Using a suitable theoretical description, the plasma
pressure can be determined from the range of accepted
fits. Under conditions of strongly coupled ions and de-
generate electrons, where screening is expected to be sig-
nificant, a reasonable framework is the ‘two-fluid” model
discussed by Vorberger et al. [62, 63] (see Supplementary
Material). The converged probability density functions
Pr(P,p) and Pr(P,T), for each V;;, are shown in gray
in Figure 3(b) and compared, in blue, to the P-p state
inferred using VISAR. Combining these concurrent di-
agnostics we find the joint P-p probability density func-
tions, superimposed in Figure 3(b) as red heat maps. The
relatively small overlap between the VISAR and XRD
PDFs highlights the distinct information each diagnostic
is sensitive to. By combining their PDFs therefore, we
gain a more comprehensive understanding of the shock-
compressed conditions by constraining the XRD param-
eter search to those consistent with the pressure-density
Hugoniot relation established by the VISAR measure-
ment.

The likelihood of each V;; model given the VISAR in-
formation is defined as the sum of its joint probability
distribution,

L (Vi|VISAR) = 3" Pr,(P,p) x Pry(P,p),  (3)
p, P

where m and v denote the MCMC and VISAR proba-
bility density functions, respectively. These likelihoods
are indicated in the upper grid of Figure 3(b). They
show that comparatively, the effective-Coulomb model is
a poor representation of the liquid silicon state. This is
expected as it does not account for screening effects.



Unlike the VISAR diagnostic, the MCMC convergence
of the X-ray scattering analysis is dependent not only
on pressure and density, but also on temperature. Prop-
agating the combined Pr(P,p) into temperature space
re-distributes the X-ray scattering Pr(P, p,T') to penal-
ize where the density and pressure disagree with VISAR.
The resultant Pr(P, p,T) are used to find the combined
lo errors in the pressure-temperature phase, shown in
red in the lower grid of Figure 3(b). The simulated X-ray
diffraction fits, Is¢, produced by the conditions inferred
when combining VISAR and the NH MCMC convergence
are shown in red in Figure 3(a).

In Figure 4 the VISAR and MCMC combined 1o P-
p and P-T for each V;; model are plotted on the prin-
cipal Hugoniot. Despite having the closest agreement
with VISAR in P-p, the temperature predicted by the
Debye-Hiickel model falls below the Hugoniot state. In-
stead we find the implementation of a Hulthén poten-
tial [60], which estimates non-linear screening regimes
beyond DH, better describes the thermodynamic condi-
tions. This platform therefore demonstrates the capa-
bility to effectively distinguish between screening models
which is essential for accurately predicting material be-
havior under extreme conditions.

This report presents detailed insights into the extreme
states of matter generated at high-power laser facilities.
While previous studies on liquid silicon have been con-
fined to pressures around ~ 50 GPa [14, 41], the combi-
nation of multiple in situ diagnostics, along with MCMC
analysis, effectively reduces diagnostic biases and yielded
uncertainties on the shock-compressed state that are
comparable to previous experimental work, without re-
lying on EOS models. Furthermore, the synergistic com-
bination of diagnostics facilitated the differentiation of
distinct static screening models. The results revealed
the necessity of incorporating screening beyond the lin-
ear Debye-H”uckel approach, employing a Hulth’en po-
tential, to achieve agreement between the measured liq-
uid silicon state and Hugoniot predictions. Therefore,
this platform paves the way for exploring the structure
of HED matter at high-power laser facilities.
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