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Direct Observation of Strong Ion Coupling in Laser-Driven Shock-Compressed Targets
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In this Letter we report on a near collective x-ray scattering experiment on shock-compressed targets. A
highly coupled Al plasma was generated and probed by spectrally resolving an x-ray source forward scat-
tered by the sample. A significant reduction in the intensity of the elastic scatter was observed, which we
attribute to the formation of an incipient long-range order. This speculation is confirmed by x-ray scatter-
ing calculations accounting for both electron degeneracy and strong coupling effects. Measurements from
rear side visible diagnostics are consistent with the plasma parameters inferred from x-ray scattering data.
These results give the experimental evidence of the strongly coupled ionic dynamics in dense plasmas.
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The study of extreme states of matter is of fundamental
interest for the understanding of laboratory astrophysics
[1], geophysics [2], and inertial confinement fusion experi-
ments [3]. Of particular relevance is the so-called warm
dense matter regime (WDM) characterized by near or
above solid densities and by temperatures <100 eV. In
this regime, matter consists of a plasma where ions are
in a liquidlike, correlated state and electrons are degener-
ate. Correlations among the ions arise because their
interaction energy overcomes their thermal energy, which
is conveniently quantified by the dimensionless ion cou-
pling parameter I'=[(ze)?/(4megakyT;)] where a=
(47N;/3)~'/3 is the Wigner-Seitz radius, Ni is the ionic
particle density, and Ti is the temperature. In WDM, I" is
greater than unity, which provides a tremendous challenge
to the theory [4]. The experimental approach is therefore
essential.

Recently, x-ray scattering has been proven to be a suc-
cessful technique in characterizing the macroscopic prop-
erties of WDM [5,6]. When the scattering wavelength
Ay = 1/k = [Ay/(47rsinf/2)] (A is the probe x-ray wave-
length and 6 the scattering angle) becomes comparable to
the plasma screening length (d), the spectrum of the scat-
tered light directly reflects the collective response and
dynamics of the plasma [7]. In this Letter we present the
first experimental results on near collective x-ray scattering
measurements (with A; ~ d) done on strongly coupled
plasmas produced from shocked compressed aluminum
targets.

The experiment was performed on the LULI 2000 laser
facility at the Laboratoire pour 1’Utilisation des Lasers
Intenses (LULI), Ecole Polytechnique (France). We cre-
ated a dense and compressed Al plasma by launching a
shock wave into a solid 4.5 pum plastic (CH)/ 6 um Al/
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4.5 pm CH multilayer foil, using one of the two 400 J
frequency-doubled Nd-glass LULI2000 laser beams with a
1 ns square pulse. The plastic layers were necessary to both
act as an ablator pusher on the front (laser) side and to
prevent hydrodynamic expansion of the Al rear side. To
eliminate large scale spatial modulations of intensity and to
obtain a flat intensity profile in the focal spot [8], a phase
zone plate (PZP) [9] was inserted in the beam. This re-
sulted in a =1 mm diameter focal spot having a 850 um
flat profile, giving an intensity I, < 10'*> W /cm? on target.
The second beam was focused on a titanium backlighter
foil to generate an intense x-ray source (Ti He-« radiation
and associated dielectronic satellite lines) in the range of
4.70-4.75 keV. Figure 1 shows a scheme of the experi-
mental setup. The x-ray radiation scattered from the
plasma was collected and spectrally resolved with a LiF
(200) curved crystal coupled to a CCD (charge coupled
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FIG. 1 (color online). Scheme of the experimental setup.
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device) detector. The collection angle was 47°, small
enough to probe the near collective scattering regime (a =
1/kd = 0.9). A 1 mm pinhole on a Cu substrate was used
to restrict x-ray illumination to the shocked part of the
target. Test shots were taken and confirmed that no signal
was observed when the sample was not in place. A second
Si (111) flat crystal spectrometer, also coupled to a CCD,
was set up to collect the transmitted Ti x rays from the
source. This allowed us to monitor the spectral intensity of
the source radiation at each shot. Two rear side optical
diagnostics VISAR (velocity interferometer system for any
reflector) and a temporally resolved self-emission were
implemented in order to independently measure the plasma
parameters and to cross check the scattering results. Under
our experimental conditions, the equation of states of both
Al [10] and CH [11] are presumably known with good
accuracy, so that the shock velocity measurement only is
sufficient to deduce all the other plasma parameters (elec-
tron temperature, density, and pressure). The instantaneous
shock velocity in the rear plastic layer was obtained using
VISAR interferometers coupled to a streak camera [12].
Figure 2(a) shows a recorded VISAR image generated by
the reflection of a low intensity laser probe beam incident
on the target rear side. Since the shock is strong enough,
the CH goes through an insulator-to-metallic phase tran-
sition and it reflects the probe light. Therefore, the mea-
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FIG. 2. (a) Experimental image from the VISAR diagnostic.

The shock is planar over ~850 wm, consistently with the PZP
focal spot. The shock transit time in the last CH layer is ~375 ps
(b) Corresponding deduced shock velocity in the rear CH layer.

surement of the associated fringe shift in the interference
pattern gives the instantaneous shock velocity, as presented
in Fig. 2(b). The shock propagates at 13 km/s when it goes
into the plastic and it decays down to ~10 km/s before
breaking out into vacuum. We have also compared the
shock velocity results in the rear plastic layer with a time
resolved self-emission diagnostic [11,13]. The increase of
temperature associated to the compression causes the
shocked plastic to emit thermal radiation which is trans-
mitted through the transparent, unshocked CH. A mean
shock velocity of 12.2 + 0.6 km/s was obtained, in good
agreement with VISAR measurements. We then have used
1D hydrodynamic simulations (MULTI [14]) to infer the
time evolution of the Al plasma parameters, since we
probed different plasma conditions (500 ps and 5 ns after
the shock driver laser beam has reached its maximum
intensity). The input parameters for the simulations were
fixed in such a way to match the experimental shock speed
in CH and thus giving a robust confidence on the Al state at
late times. Results of the hydrodynamic simulations are
shown in Fig. 3 for the electron density N, = Z*N;, the
electron temperature 7,, and the ionization Z*, averaged
over the probing duration (=1 ns). Moreover, the predicted
temperature in the CH is in good agreement with the
experimental results (7, ~ 0.8 eV) given by the self-
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FIG. 3. Electron density (a), ionization (b), and temperature (c)
from hydrodynamic simulations at 500 ps (solid black line) and
5 ns (dotted gray line) after the maximum laser intensity. The
same simulations reproduce the measured shock velocity in the
last CH layer.
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emission diagnostics, which acts as a pyrometer [11]. At
early times (500 ps after the laser peak intensity and during
1 ns), the Al layer is completely shocked and the resulting
plasma is considerably dense and cold. In the Al layer
N, ~2.5 %X 10?* cm™3 while T, ~ 0.35 eV and Z % ~2.9.
At these densities energy relaxation times are much shorter
than the characteristic hydrodynamic time scale and local
thermodynamic equilibrium is reached with 7; = T,. The
electrons exhibit degeneracy (T, /Ty ~ 0.03, with T being
the Fermi energy) and a low level of coupling. On the
contrary, the ions are highly coupled, with a coupling
parameter I" ~ 240. In multicomponent plasmas the effect
of screening tends to attenuate the electrostatic interactions
and it has been suggested [4] that a more appropriate
coupling parameter is I’y = I"exp(—k,a) ~ 19, where
1/ks is the short-range screening length and a the
Wigner-Seitz radius. Since both I" and I'; are large, it is
reasonable to expect that ion-ion coupling plays an impor-
tant role in our experimental conditions. In Ref. [15] the
microscopic dynamics of the case of one component
plasma (OCP) in strongly coupled regimes was investi-
gated. It was shown that for I' > 50 the OCP shows an
increasingly correlated fluidlike behavior undergoing to
Wigner crystallization at I' = 175 [4,15]. We speculate
that for our conditions, even if crystallization has not
occurred, the highly correlated ions drive the formation
of incipient long-range order, which is preserved during the
x-ray scattering time [16]. In this picture, the ion motion
can be described as a sum of two different terms: an
oscillation (vibration) around the instantaneous center of
mass and a global translation (diffusion) of the center of
mass. The two mechanisms contribute to the total elastic
cross section o%l(k), in the zero phonon approximation
given by [17-19]

oil(k) = S;(k)(1 — e™2W), (1)

where Bragg scattering has been neglected for angles
which do not satisfy the Bragg condition, as in the case
for this experiment. In Eq. (1) the first term, S;;(k), corre-
sponds to the ion-ion density correlation function [4]. In
the case of a strongly coupled plasma in the collective
regime (i.e., for k small), it is a weak function of the plasma
temperature (see, e.g., Ref. [19]). The second term of
Eq. (1), (1 — e~?%), corresponds to the Debye-Waller ther-
mal smearing due to the ion vibrations [16], W being the
Debye-Waller factor defined in Eq. (50) of Ref. [19].
Its appearance does not require a strict crystalline lattice,
but it naturally arises as a consequence of the ion fluctua-
tions. In the long wavelength limit (k — 0), at sufficiently
low T, (= T;), W e« 1/T" [19,20]. Thus, o%} « 1/T at large
coupling parameters. This implies that the formation of
long-range order must be followed by a significant reduc-
tion of the elastic scatter term in the measured spectrum.
This effect is evidenced in our experimental data, as shown
in Fig. 4. Figure 4(b) shows the scattered spectrum from the
shocked plasma when the delay between the backlighter
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FIG. 4 (color online). Ti source spectrum as recorded by the
spectrometer looking at the transmitted light (a) and scattered
data at 500 ps (b) and 5 ns (c) after the intensity peak of the
shock drive pulse.

and the driver beam was 500 ps. The transmitted spectrum
of the Ti source through the sample, for the same shot, is
given in Fig. 4(a). We notice that in the transmitted spec-
trum the intensity of the Li-like satellites is lower than the
He-« lines, as typically measured in Ti foils irradiated at
comparable intensities [21]. In the scattered spectrum, the
high frequency fluctuations are associated to the low
signal-to-noise ratio, due to the extremely weak value of
the Thomson scattering cross section. It is now evident
that, differently from the transmitted signal, the predomi-
nant feature lies at the satellites position. There, the scat-
tering signal is the sum of both the elastically scattered
photons from the Li-like satellites and the inelastically
scattered x-rays from free and weakly bound electrons
[22], which are downshifted in energy. The inelastic com-
ponent, thus, appears stronger than the elastic one, in
contrast with results obtained in weakly coupled plasmas
[23], where coupled ions oscillations do not play a major
role. In that case 0%l /o™ ~ Z2 /Z* [22], where o™ is the
inelastic cross section and Z; the number of bound elec-
trons per ion. In our case, due to the W dependence,
o$l /ol ~ 72 /Z*, which significantly enhances the in-
elastic contribution. This is confirmed by calculations of
the scattered signal, evaluated with a model that fully
accounts for electron degeneracy, strong coupling effects,
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and self-energy corrections to the ion mass [18,19,24],
necessary for finite 7, and k. Our experimental data are
indeed well reproduced including the Debye-Waller term
in the elastic cross section. The total scattering cross
section also includes the inelastic scatter from free and
bound electrons as described in Refs. [22,7]. In the simu-
lation we have convolved the calculated scattering cross
section with the Ti spectrum given in Fig. 4(a). The results
are shown in Fig. 4(b), superimposed to the data. To
account for both the time evolution and spatial gradients
during the probing time, individual scattering spectra at
different positions in space and time have been added
together. The best match [solid blue (or dark gray) line in
Fig. 4] with the experimental data is obtained for values of
the electronic density, temperature, and ionization state in
optimal agreement with those deduced from hydrodynamic
simulations (Fig. 3). The low intensity of the elastic com-
ponent is well reproduced as well as the more intense
inelastic feature, shifted at the satellites energy position.

In Fig. 4(b) we also show two other calculated spectra
obtained with the electronic density, set to 3.5 X
10> cm ™3 [dotted red (or gray) line] and 2 X 10} cm™3
[dashed light blue (or light gray) line]. We can notice that
the intensity of the elastic component is sensitive to elec-
tronic density and it decreases when the electron density
increases, in agreement with the 1/I" scaling. Moreover,
the inelastic scattered component is downshifted in energy
by %\/(hzkz/Zm)2 + h?w? (m is the electron mass and w,,
the plasma frequency) and thus also changes with the
electron density. We have also tested the sensitivity with
the electronic temperature (=1onic temperature). A similar
effect on the elastic scattering intensity is found, where
now a stronger damping is obtained for higher 7,. Indeed,
at a fixed electronic density, set to have the correct spectral
shift, the ion-ion correlations become stronger for a lower
temperature and the correction associated to the Debye-
Waller factor more important. Sensitivity analysis shows
that the error in the temperature measurement is =0.2 eV.

In order to probe a significantly different plasma state,
we have changed the delay between the main drive laser
beam and the x-ray source up to 5 ns. At this time the shock
has broken out from the target rear surface and a rarefac-
tion wave travels back into the target. The predicted state is
also shown in Fig. 3, where we deduce a N, = 8.5 X
102 cm™3, a T, ~0.25 eV, and Z* ~2.1. Under these
conditions the ion coupling parameter is lower (I'y ~ 5)
and the effects due to ion correlations are softened [15].
The results are shown in Fig. 4(c), where we can notice that
the experimental scattered spectrum does evidence this
behavior, the elastic component being now the dominant
feature. This is due to a weaker correction from the Debye-
Waller factor, consistent with earlier results obtained in the
noncollective regime [23]. The x-ray spectrum calculated
using the plasma parameters from the hydrodynamic simu-
lation again fits the data.

Accounting for changes in laser energy between shots
we find that the integrated signals in Figs. 4(b) and 4(c) are
approximately the same. On the other hand, the high
frequency noise prevents direct comparison of the absolute
signal levels, leaving it to a future experiment. In conclu-
sion, we have reported the measurement of quasicollective
x-ray Thomson scattering from shock-compressed targets.
We have evidenced the effects of ion correlations on the
scattered spectra, which suppress the elastic component
outside the Bragg peaks. Moreover, the x-ray scattering
technique was cross checked with optical diagnostics cur-
rently used in shock wave experiments, showing good
agreement and underlying the great potential of this diag-
nostic in the investigation of dense and highly coupled
plasmas. This technique can be implemented in future
studies of nonequilibrium phase transitions and ultrafast
structural processes in WDM, in analogy with successful
work already established in the solid state community [25].
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