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The Fermi-degenerate plasma conditions created in liquid deuterium by a laser-ablation—driven shock

wave were probed with noncollective, spectrally resolved, inelastic x-ray Thomson scattering employing

Cl Ly� line emission at 2.96 keV. These first x-ray Thomson scattering measurements of the microscopic

properties of shocked deuterium show an inferred spatially averaged electron temperature of 8� 5 eV, an

electron density of 2:2ð�0:5Þ � 1023 cm�3, and an ionization of 0.8 (� 0:25, þ0:15). Two-dimensional

hydrodynamic simulations using equation-of-state models suited for the extreme parameters occurring in

inertial confinement fusion research and planetary interiors are consistent with the experimental results.
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Extreme states of matter existing in astrophysical
objects (e.g., stars and planetary interiors) can be created
in the laboratory with high-intensity laser beams, particle
beams, and Z-pinch generators [1]. High-energy-density
physics encompasses the research of matter having energy
densities of �1011 J=m3 or more or, equivalently, pres-
sures greater than 1 Mbar [1,2]. A subset of this field
involves the study of warm, dense matter (WDM) [1,2]
with electron temperatures around the Fermi temperature
and the ratio of the potential energy to the kinetic energy of
the ions greater than unity. The latter can be quantified by
an ion-ion coupling parameter [2], �ii ¼ ðZeÞ2=dikBT > 1,
where Ze is the electric charge of the ion, di is the mean ion
spacing, kB is the Boltzmann constant, and T is the tem-
perature. In shock-compressed matter at these extreme
conditions, the determination of the system properties, in
particular the equation of state (EOS), is complicated by
the highly correlated nature of the medium, consisting of a
system of strongly coupled ions immersed in a fluid of
partially degenerate electrons. Understanding the physical
properties (e.g., opacity [3], conductivity [4], EOS [5], and
compressibility [6]) of WDM is, however, very important
for inertial confinement fusion (ICF) research [7,8] and the
study of planetary interiors [9] because theoretical models
differ by factors of several when predicting these quanti-
ties. In the past decade, developments in laser-produced
plasma sources and detector efficiencies have made inelas-
tic x-ray scattering a powerful diagnostic, providing elec-
tron temperature (Te), electron density (ne), and ionization
(Z) for critical EOS measurements in ICF and planetary
science research [10–14].

This Letter describes the first experimental observation
of noncollective, inelastic x-ray Thomson scattering from
liquid deuterium driven by a laser-produced ~10 Mbar

shock wave. The average electron temperature, electron
density, and ionization are inferred from spectral intensity
of the elastic (Rayleigh) and inelastic (Compton) compo-
nents of the scattered Cl Ly� emission at 2.96 keV.
Two-dimensional hydrodynamic simulations using EOS
models designed for the extreme conditions found in ICF
research and planetary interiors predict an average state of
the plasma that is consistent with the x-ray scattering
measurements.
The EOS of hydrogen for pressures<10 Mbar along the

Hugoniot remains uncertain [15–17] where detailed vali-
dation of experimental techniques and numerical modeling
is of utmost importance. While the present work has not
obtained density measurements with accuracy below a few
percent, it provides a needed alternative experimental plat-
form where such validation could take place. The reason is
twofold. X-ray scattering experiments at near solid den-
sities or above (ne > 1022 cm�3) have been successfully
performed at laser facilities [10] because of the high initial
density. In the case of deuterium, as described in this
Letter, a significant technological advance was necessary
to observe the x-ray Thomson scattering with the develop-
ment of dedicated cryogenic target hardware for the x-ray
scattering experimental platform. This allowed liquid deu-
terium to be shock heated to reach densities comparable
to previous x-ray scattering experiments. Since an elastic
scattering cross section goes as Z2, cryogenic liquid deu-
terium scatters significantly fewer x rays than previous
experiments using room temperature solids. To overcome
the reduction in scattering fraction and achieve a reason-
able signal-to-noise ratio, a target geometry with a large
collection volume inside the cryogenic cell was adopted
for this proof of principle experiment at a cost of spatial
resolution and accuracy in the density measurements.
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This research provides an experimental platform for
the detailed study of compressed deuterium and is an
important step toward measuring all the thermodynamic
variables needed for EOS research, i.e., pressure (p), mass
density (�), electron density (ne), electron temperature
(Te), and ionization (Z), by combining inelastic x-ray
scattering with shock velocity and optical pyrometry mea-
surements [5,15–17].

The platform to measure the spectrally resolved inelastic
x-ray scattering from shocked deuterium was developed on
the 60-beam, 30-kJ, 351-nm OMEGA Laser System [18].
Inelastic x-ray scattering is predominantly collective or
noncollective, depending on the scattering parameter �s ¼
1=k�s, where the wave number of the scattered x ray is
given by k ¼ 4�=�0 sinð�=2Þwith the incident wavelength
�0 ¼ 4:188 �A and �s is electron screening length of the
plasmas. For the partially ionized conditions in WDM, the
screening length may be calculated from the Fermi distri-
bution via a single integral [19]. An easier fourth-order
interpolation between the classical Debye length and the
Thomas-Fermi screening length valid for T ¼ 0 yields the
correct results within 2% [19]. If �s < 1, the scattering is
dominated by independent electrons and is referred to as
noncollective [12]. In this case, the free-electron contri-
bution experiences a significant Compton shift �EC ¼
@
2k2=2me and is Doppler broadened. The width of this

scattering feature is sensitive to the electron temperature
for nondegenerate plasmas. If �s � 1, the scattering by
the collective modes, which are known as plasma waves or
plasmons, is dominant and the scattering is referred to
as collective [2,10]. To lowest order, the position of the
energy-downshifted plasmon feature is related to the elec-

tron plasma frequency !pe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nee

2="0me

p
, providing an

electron-density diagnostic. The Compton downshift for
this experiment is 16.5 eV and the plasma conditions and
scattering geometry results in a scattering parameter of
�s � 1. Since the electrons are partially degenerate, this
implies that this inelastic scattering geometry is sensitive
to both electron density and temperature, which is a novel
regime for inelastic x-ray scattering [10]. Additional infor-
mation on the plasma temperature is given by the height of
the elastic scattering feature [20].

The experimental setup is shown in Fig. 1(a). The
8-�m-thick plastic ablator containing the planar layer of
liquid deuterium was irradiated with a constant-intensity
UV laser drive with 1014W=cm2. The laser drive, formed
with six pairs of beams staggered in time as shown in
Fig. 1(b), was uniform over a 0.5-mm diameter. Each laser
beam was smoothed with a phase plate, producing a super-
Gaussian spatial intensity profile IðrÞ ¼ I0 exp½�ðr=�Þn�,
with a 1=e-half-width � ¼ 438 �m and super-Gaussian
power n ¼ 4:5. A laser-ablation—driven shock wave was
launched through the liquid deuterium, creating warm,
dense compressed matter. Sixteen tightly focused beams
irradiated a parylene D backlighter with 1016 W=cm2,

generating a source of Cl Ly� emission (�0 ¼ 4:188 �A,
h� ¼ 2960 eV) [21]. These x rays were then scattered at
� ¼ 87:8� from the shocked liquid deuterium and detected
with an x-ray framing camera (XRFC) outfitted with a
highly oriented pyrolytic graphic (HOPG) crystal spec-
trometer [22]. The backlighter x rays were collimated with
a 200-�m-diam pinhole. The timing of the backlighter
beams is shown in Fig. 1(b). The integration time of the
x-ray scatteringmeasurements is�0:25 ns. A photograph of
the cryogenic target with x-ray Thomson scattering capabil-
ities mounted on the OMEGA planar cryogenic system is
shown in Fig. 1(c), with the main components highlighted.
The fill tube directs deuterium gas into the cryogenic cell,
where it condenses into liquid. The ruby tooling balls on the
top and right sides of the Cu cold finger structure are target
alignment fiducials. The Au/Fe shield blocks a direct line of
sight between the laser-produced plasmas and the detector,
which is positioned�90� to the laser drive axis.
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FIG. 1 (color online). (a) Schematic of the x-ray Thomson
scattering experiment. An 8-�m CH ablator was irradiated
with a constant-intensity, 6-ns UV laser drive, launching a shock
wave through a cryogenic cell filled with liquid deuterium and
creating warm, dense matter. Sixteen tightly focused beams
irradiated a parylene D backlighter at 1016 W=cm2, producing
Cl Ly� emission that was scattered at�90� and detected with an
x-ray framing camera outfitted with a HOPG crystal spectrome-
ter. (b) Timing of the drive and backlighter beams and the x-ray
scattering measurements. (c) Photograph of the cryogenic x-ray
Thomson scattering target. The fill tube directs deuterium gas
into the cryogenic cell, where it condenses into liquid. The ruby
tooling balls on the top and right sides of the Cu cold finger are
target alignment fiducials. The Au/Fe shield blocks a direct line
of sight between the laser-produced plasmas and the detector,
which is positioned �90� to the laser drive axis.
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Two-dimensional hydrodynamic simulations of the ex-
periment were performed with the DRACO code, which uses
the SESAME EOS, a three-dimensional laser ray trace model
that calculates the laser absorption via inverse bremsstrah-
lung, a flux-limited thermal-transport approximation with a
flux limiter of 0.06, and a multigroup diffusion radiation
transport approximation using opacity tables created for
astrophysics [23]. The simulation results shown in Fig. 2,
with the laser irradiation side and the location of the Cu
wall indicated, predict at peak compression a mass density
of �� 0:8 g=cm3, a temperature of Te � 5 to 15 eV, and
an ionization stage of Z� 0:5 to 0.8 for the shocked liquid
deuterium 5 ns after the drive beams were incident on the
target (t ¼ 5 ns). The shock front is predicted to have
advanced �375 �m at t ¼ 5 ns and the shocked liquid
deuterium has a compressed thickness of �90 �m. As
seen in Fig. 2, the spatial intensity profile of the laser drive
creates a curved shock front. The uniformly shocked liquid
deuterium region occurs within r < 0:25 mm (see Fig. 2),
and the underdriven shocked liquid deuterium is located
at r > 0:25 mm. The predicted plasma conditions in the
underdriven shocked portion of the target are lower than
the uniform drive portion. The measured spectrum of the
scattered x rays is spatially integrated and weighted to the
shocked liquid deuterium region, which has the highest
density. The field of view of the x-ray scattering channel
either extends from z ¼ 0:5 mm to z ¼ 1:0 mm (see
horizontal scale in Fig. 2) or is reduced to z ¼ 0:5 mm to
z ¼ 0:75 mm by positioning a 250-�m-wide slit in the
scattering channel. The slit reduces the field of view of
the scattering diagnostic to primarily the portion of the
shocked liquid deuterium with uniform plasma conditions
and blocks the scattering signal from the underdriven
portion of the target.

The estimated number of detected scattered photons
[24], N, is calculated using

N ¼
�
ET	T

h�

��
�T

4�

��
ne
Tx

�2
S þ 1

��
�xR

4�

�
	d;

where ET ¼ 8 kJ is the total UV laser energy incident on
the parylene D backlighter foil, 	T ¼ 0:003 is the UV to
Cl Ly� emission conversion efficiency, hv ¼ 2:96 keV is
the backlighter photon energy, �T ¼ 0:06 steradian is the
solid angle of the backlighter plasma sampled by the pin-
hole, ne ¼ 2:2� 1023 cm�3 is the electron density of the
shocked liquid deuterium, 
T ¼ 6:6525� 10�25 cm2 is
the Thomson scattering cross section, x ¼ 100 �m is the
thickness of the shocked liquid deuterium, �S ¼ 1:3 is the
scattering parameter, �x ¼ 0:02 radian is the angle sub-
tended by the detector in the direction perpendicular to the
plane of dispersion, R ¼ 3 mrad is the integrated reflec-
tivity of the HOPG Bragg crystal, and 	d ¼ 0:01 is the
detector efficiency including filter transmissions. For a
sampling time of �0:25 ns, the total number of detected
photons is N � 700 photons. The thickness of the shocked
liquid deuterium is an order of magnitude smaller than
the radiatively heated Be targets studied in earlier x-ray
Thomson scattering experiments [11,14]; consequently,
the number of scattered photons in the shocked liquid
deuterium experiment is at least an order of magnitude
less than the Be experiment.
The scattered spectrum of the Cl Ly� emission taken at

t ¼ 5 ns with a 250 �m slit in the scattering channel is
shown in Fig. 3(a). The measurement taken without the slit
is shown in Fig. 3(b), and the incident spectrum is shown in
Fig. 3(c). The observed noise in the measured scattered
x-ray spectrum is consistent with the estimated signal
level. The incident spectrum is measured by irradiating a
parylene D foil target on a separate laser shot. The scat-
tered spectrum has a strong Rayleigh peak around 2960 eV
and a Compton-downshifted feature. Scattered x-ray spec-
tra were calculated using the x-ray scattering (XRS) code,
which uses the finite-temperature random-phase approxi-
mation with static local field corrections to obtain the
spectral shape of the inelastic (Compton) feature caused
by scattering from free electrons [25]. The elastic scatter-
ing intensity strongly depends on the degree of ion-ion
correlations in the plasma via the structure factor Sii [20].
To constrain the value for Sii, density functional theory
molecular dynamics simulations were performed using the
VASP package [26,27]. The simulations indicate weak ionic

correlations for the conditions similar to the average of
the plasma probed. This means the ion-ion structure factor
Sii at the relevant scattering wave number is close to unity
for most of the conditions probed. With this information,
the elastic scattering feature can be used to constrain the
temperature and the ionization degree of the system.
Structure factors close to unity are also found for the
unshocked deuterium liquid. In addition to Doppler broad-
ening, the width and position of the inelastic feature
depend on the density for �s � 1. This fact allows us to
bracket the electron density and estimate the ionization
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FIG. 2. Contour plots of (a) mass density, (b) electron tem-
perature, and (c) average ionization of shocked liquid deuterium
at 5 ns, predicted using DRACO.
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charge based on the initial mass density of the sample.
The simulated scattering spectra computed using XRS
provided the best fit to the spectrum measured with the
slit for the following plasma conditions: Te ¼ 8� 5 eV,

Z�0:8ð�0:25;þ0:15Þ, and ne ¼ 2:2ð�0:5Þ � 1023 cm�3.
The DRACO simulations are in close agreement with the
experimental results. These plasma conditions were repeat-
able on a subsequent laser shot. The plasma conditions
inferred from the spectrally resolved x-ray spectrum
recorded without the slit in the x-ray scattering channel are
lower with Te ¼ 3� 2 eV, Z� 0:6� 0:2, and ne ¼
2:0ð�0:5Þ � 1023 cm�3. The lower plasma pressure created
by the lower intensity portion of the laser drive causes the
bowing of the shock front, as observed inFig. 2.When the slit
is placed in the scattering channel, the x rays scattered from
this underdriven portion of the target are blocked from the
detector. This leads to higher inferred values of Te, Z, and ne
more representative of the uniformly shocked region.
In conclusion, this Letter reports the first experimental

observation of noncollective, inelastic x-ray scattering
from shocked liquid deuterium. An electron temperature
of Te ¼ 8� 5 eV, ionization Z� 0:8ð�0:25;þ0:15Þ, and
electron density ne ¼ 2:2ð�0:5Þ � 1023 cm�3 are inferred
from the shapes and intensities of the elastic (Rayleigh) and
inelastic (Compton) components in the scattering spectra.
These plasma conditions are Fermi degenerate with similar
electron and Fermi temperatures (Te=TF � 1). Two-
dimensional hydrodynamic simulations using EOS models
suited for the extreme conditions indicate that the predicted
average state of the probed plasma is consistent with the
x-ray scattering measurements. Different from previous
VISAR measurements, the x-ray scattering experimental plat-

form offers the considerable advantage of probing off-
Hugoniot states. This experimental result is a significant
step toward achieving accurate measurements of all thermo-
dynamic variables needed to provide stringent tests of EOS
models, which would require at least three thermodynamic
variables like pressure, mass density, and temperature.
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