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Species separation in polystyrene shock release evidenced by molecular-dynamics simulations
and laser-drive experiments
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Material shock release generally happens in the targets of high-energy-density (HED) and inertial confinement
fusion (ICF) experiments but has been challenging to study experimentally, theoretically, or computationally.
Here, we report extensive studies of polystyrene (CH) shock release by employing large-scale nonequilibrium
molecular dynamics and laser-drive experiments at various shock strengths. Our experimental design prevents
radiation preheating of the sample and employs a witness foil to investigate the release of shocked CH across
a vacuum gap. We observe earlier acceleration of the foil by the release of CH under stronger shocks as well
as reflectivity changes in the interferometry data before the foil moves, which is strong evidence of hydrogen
streaming ahead of carbon at the release front, consistent with findings from our simulations. Furthermore,
our calculations show that lighter species or hydrogen isotopes can carry more mass by one to two orders
of magnitude to farther distances during the release and that only less than 0.1 times thermal expansion as
predicted by hydrodynamics is needed to explain the high velocities and large scale lengths of low-density
plasmas observed in radiation-preheated CH release experiments. These results highlight the significant role of
species separation in the shock release of compounds. This process shall be considered, and its potential effects
shall be clarified, in the design, interpretation, and analysis of future HED and ICF experiments.

DOI: 10.1103/PhysRevResearch.4.013126

I. INTRODUCTION

The shock release of matter into vacuum or low-density
gases is of great interest to those researching inertial
confinement fusion (ICF), high-energy-density (HED) sci-
ences [1–4], planetary sciences [5], and astrophysics [6] but
is challenging to study both experimentally and theoretically.
Experimental investigations often rely on single-component
hydrodynamic simulations as a regular practice, which use
the Navier-Stokes equations that are based on a continuum
fluid picture of flux [7]. The exclusion of atom-specific prop-
erties and chemical changes causes problems (such as kinetic
effects [8–17]) for target design, performance, and even inter-
pretation of experiments. This calls for a better understanding
of shock release from a variety of matter in broad ranges of
pressures, temperatures, and space and time scales.

As a common ablator material, polystyrene (CH) is heav-
ily used in and of critical importance to ICF and HED
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experiments [18,19]. Its equation of state (EOS) has been ex-
tensively studied and well understood with an experimentally
measured Hugoniot to gigabar (1 Gbar = 105 GPa) pres-
sures [20–34], but the shock-release properties and their roles
in affecting target performance are still poorly understood as
shown by recent experiments [35,36]. Ross et al. observed
separation of hydrogen from carbon on the laser-ablated side
of CH2 using Thomson scattering techniques [35]. Haber-
berger et al. used optical interferometry to measure the
temporal evolution of shock-released plasmas from the rear
side of CH, and the results show a large discrepancy from
predictions by hydrodynamic simulations that ignore radiation
effects [36]. Interestingly, the simulations and experiments
agree when considering radiation transport, which renders
preexpansion at the rear surface of CH before shock ar-
rival [36–38]. This has motivated us to explore approaches
that are beyond hydrodynamics to better simulate the shock
release of CH.

Recently, by successfully pushing large-scale nonequi-
librium classical molecular-dynamics (CMD) simulations to
over 2000 GPa, Zhang and Hu showed the occurrence of
species separation upon breakout of a strong shock from
CH [39]. The simulations showed that carbon lagged behind
hydrogen, which forms low-density plasmas whose veloci-
ties and scale lengths both match experiments [36,39]. In
another work, Stanton et al. applied CMD simulations to study
mixing at a heated polystyrene–deuterium-tritium (CH-DT)
interface [40]. Earlier theoretical work and particle-in-cell
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simulations by Amendt et al. also suggested charge separation
in multispecies plasmas driven by barodiffusion (or pressure-
gradient-driven diffusion) and electric fields, phenomena that
are not modeled in mainline single-fluid simulations [41–44].
These studies have demonstrated novel microscopic physics
yet to be discovered from compounds and layered sys-
tems and for applications in ICF and HED experiments.
Such microscopic physics can be understood by using CMD
simulations that fully account for motion at the atomic
level that are not considered in continuum models including
hydrodynamics.

Aside from the widespread interest in hot plasma and
strong shock research, the microscopic physics in materials
with multiple species and the differences from hydrodynamic
descriptions can also be pivotal to HED and ICF research at
megabar (1 Mbar = 102 GPa) or lower pressures. Materi-
als shock compressed to such conditions can have chemical
bonds that dissociate with increasing temperature [31,45],
while molecules and atomic clusters can persist in the subse-
quent expanding release. A self-consistent description of the
shock release requires large simulation cells that are beyond
the typical application regimes of first-principles methods but
more suitable for CMD, although challenges remain in defin-
ing appropriate interactions among partially ionized species.
Carefully designed computational and experimental research
on CH at such pressures not only will be useful for its
application in ICF and HED experiments, but also can mo-
tivate future studies on other materials or more complicated
systems.

In this paper, we extend the CMD simulation efforts to
study the release of shocked CH by considering a broad range
of shock strengths, multiple types of hydrogen isotopes, and
different degrees of thermal expansion of the CH sample
caused by radiation preheat, which are relevant to various
ICF and HED campaigns [37,38,46–48]. Our calculated post-
shock properties of CH are consistent with experimental and
first-principles Hugoniots in a broad range of pressures (∼50–
13 500 GPa), and our computational predictions of the CH
shock release into vacuum are compared with the results of
laser-driven experiments. The remaining part of the paper is
organized as follows: Sec. II describes details of our CMD
simulations and shock-release experiments; Sec. III presents
theoretical and experimental results on shock strengths, hy-
drogen isotopes, and preheat and discusses their effects on the
shock release of CH; finally, Sec. IV summarizes all findings
and concludes the paper.

II. METHODOLOGY

A. Classical molecular-dynamics simulations

Our CMD calculations are done with the Large-
Scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [49]. Considering that many-body reactive
potentials are more accurate than nonreactive ones in
describing interatomic interactions in hydrocarbons [50],
we choose in our study the modified adaptive intermolecular
reactive empirical bond order (AIREBO-M) potential,
which was developed for applications to high-pressure
hydrocarbons [51]. This potential has been employed to study

CH polystyrene under a very strong shock of ∼2000 GPa,
and the predicted release and species separation offer a new
explanation to experimental observations [39].

Our structural model of polystyrene consists of 1.35 × 106

atoms. It is made of 96 syndiotactic polymer chains aligning
along the z direction and has a thickness z0 of about 61.7 nm
and dimensions of 14.3 × 15.7 nm in transverse directions,
where the periodic boundaries condition is applied. The struc-
tural unit [see the inset of Fig. 3(c)] includes two randomly
generated void regions (∼10 nm in size), and its average den-
sity stabilizes to 1.05 g/cm3 at the ambient condition (0 GPa,
300 K), resembling that of real experimental samples. More
details can be found in our recent work [39].

The shock is generated by using a rigid piston wall, which
compresses the sample along the +z direction in a fixed ve-
locity up of 5–100 km/s. The piston functions by using a
momentum mirror technique, which reflects any atom that hits
it. This technique has been used in previous CMD simulations
of materials under shock compression [52]. The simulation
time step varies between 0.0125 and 0.25 fs, depending on the
value of up.

Results of the shock and the release are obtained by divid-
ing the regions of interest into equally sized bins along the
z axis and running statistical analysis for atoms in each bin,
which is a typical approach in CMD literature [52,53]. Specif-
ically, densities are calculated by ρn = ∑

i mi
n/Vn, where mi

n
denotes the mass of atom i in bin n, whose volume is Vn;
pressure Pn = ∑

i(kBTn + Wi
n)/Vn, where kB is the Boltzmann

constant, Tn = 〈mi
n(vi

n − vn)2/2〉/3kB is the temperature, v
is the velocity, and W is the virial stress [54]. Note that
the center-of-mass velocity of each bin vn must be removed
from the velocity of each atom vi

n, in the calculation of
temperatures.

An example of the details of computation and shock analy-
sis is shown in Fig. 1(a) and in Fig. S1(a) of the Supplemental
Material. The pressure and density profiles at any moment be-
fore shock breakout consist of three (shocked, shock front, and
unshocked) stages. The average and bounds in the shocked
region are taken as values and error bars, respectively, of the
postshock properties [Figs. 1(c) and S1(b)] [55]. The shock
velocity us is determined by defining the half value of the
postshock pressure as the location of the shock front [hor-
izontal dashed line in Fig. 1(a)] and linearly fitting to time
[Figs. 1(b) and 1(d)], while the fitting error is used to define
the error bar in us. Note that the postshock region is highly
structural, which is originated from the porous nature of our
structural model, comparable sizes of the voids to that of
the simulation cell, and the possibility that the system has
not completely reached thermodynamic equilibrium within
subpicosecond time scales during the simulation. This leads
to relatively large error bars of the postshock properties. Re-
gardless, Fig. 1(c) shows that our calculated postshock P–up

results are accurate, while us are slightly higher (by up to
∼7%) and postshock ρ are lower (by up to 20%), in compar-
ison to experimental and first-principles [density functional
theory molecular dynamics and path integral Monte Carlo
(DFT-MD–PIMC)] Hugoniots [56]. This level of accuracy is
remarkable in comparison to the errors in Hugoniots expected
based on previous CMD simulations [50], which are 10–30%
at 40–80 GPa and larger at higher pressures.
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FIG. 1. (a) and (b) Schematics of the procedures of calculating
the postshock properties based on CMD simulations at up = 20
km/s and (c) and (d) the results in pressure and shock velocity at
different up values. The colored circles in (a) denote data chosen in
the shocked regime, whose averages and upper and lower bounds
define the postshock properties and their uncertainties (specified in
text). The dashed horizontal line in (a) denotes the location of the
shock front defined by midpressure positions, which are linearly fit to
time to get the shock velocity us in (b). In (c) and (d), the postshock
P and us based on CMD are compared with first-principles DFT-
MD–PIMC (Zhang et al. [30,31]) and experimental (Los Alamos
Scientific Laboratory (LASL) database (Marsh [20]), Gekko laser
(Ozaki et al. [22]), OMEGA laser (Barrios et al. [23]), and Nova
laser (Cauble et al. [21])) Hugoniots of CH. The initial density ρ0 is
1.05 g/cm3 in all cases.

Our calculations of the release are by continuing the piston
compression at fixed velocities of up. We have stopped the
piston at various times and for selected shock strengths to un-
derstand the rarefaction-wave effects on the release. In order
to study the effect of radiation preheat, we have constructed
additional models for thermally expanded CH and compared
the shock-release profiles with that of initially ambient CH.
The expanded polystyrene structures were built by scaling
temperatures up to 5000 K and putting a motionless piston
next to the left side (z ∼ 0 nm) of the previously constructed
ambient model for CH. This allows the system to naturally
expand toward the +z direction. After the system expands for
5 or 10 ps (or by ∼20–50% in thickness), the piston velocity
is reset to the desired value, and the compression starts. The
shock and release profiles are then computed by following the
same procedures as outlined above.

B. Shock-release experiments

Our CH shock-release experiments were conducted at the
Omega Laser Facility at the University of Rochester’s Lab-
oratory for Laser Energetics. A planar target design was
employed, which consists of a polystyrene (CH) ablator with
aluminum overcoat to prevent shinethrough and a brominated
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FIG. 2. (a) A schematic of the target for the CH shock-release
experiments in this paper and representative (b) VISAR and (c) SOP
images from shot 64755. In (a), the upper half of the Si3N4 foil has a
titanium flash coating, and some key geometric lengths of the target
are labeled. In (b), the numbers 1–6 denote the times of the laser
turning on, the first visibility of the shock front, the shock breakout
of the CH sample, the reflectivity change of the Si3N4 foil, the fringe
shift indicating motion of the foil, and the blanking out of fringes and
a sudden big increase in SOP, respectively. A ghost subtraction [57]
has been applied to the upper left portion of the VISAR image in (b).

plastic layer (C50H48Br2) to prevent preheating of the CH
sample by x rays from the ablation plasma, followed by the
undoped CH sample, as shown in Fig. 2(a). The 351-nm UV
laser in a 2-ns temporally square pulse irradiated the target
having a focal-spot diameter of ∼880 μm through the use
of distributed phase plates. The laser energy was adjusted
to control the strength of the shock that transits the sam-
ple. When the shock exits the CH sample, the CH releases
across a vacuum gap that was created using a washer with
a thickness of zg ∼ 340 μm. The released materials subse-
quently pile up on a thin 50-nm silicon nitride (Si3N4) foil
(half coated with titanium and held by a silicon frame) and
cause the foil to move. Specifics of the laser drive and the
target for two shots reported in this paper are summarized in
Table I.

A two-channel line-imaging velocity interferometer sys-
tem for any reflector (VISAR) [57] operated with a 532-nm
laser was used to measure the shock velocity in the CH
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TABLE I. Specifics of the 2-ns laser drive and the thickness of each layer in the target packages used in this paper. The Al overcoat is
approximately 0.1 μm.

Laser energy Al/CH ablator C50H48Br2 sample CH sample Vacuum gap Si3N4

Shot No. (J) (μm) (μm) (μm) (μm) (nm)

64755 851 30.5 29.0 49.5 344.3 50
64742 540 30.5 27.5 49.5 339.3 50

sample prior to its release and the velocity of the sili-
con nitride foil once it began accelerating. The VISAR
data were supplemented by streaked optical pyrometer
(SOP) [58,59] data, which show the thermal emission from
the shock front and the heated foil over the 590–900-
nm wavelength range. The VISAR data were analyzed
using a one-dimensional (1D) fast Fourier transform algo-
rithm, which determines the fringe position and velocities
to a high precision [23,57]. Representative VISAR and
SOP images from our experiments are shown in Figs. 2(b)
and 2(c).

III. RESULTS AND DISCUSSION

A. Effects of shock strength on CH release

We have calculated release profiles for CH upon and after
breakout of shocks with various strengths. Figure 3 shows the
species distribution profiles from four different shocks, corre-
sponding to up values of 10, 15, 20, and 50 km/s, or Hugoniot
pressures of 164, 358, 634, and 3590 GPa, respectively. The
results show hydrogen species ahead of carbon upon breakout
of strong shocks (up � 15 km/s). This is a signature of species
separation that is most evident under the Hugoniot pressure of
3590 GPa, less noticeable at 358–634 GPa, and almost absent

breakout
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FIG. 3. Carbon and hydrogen distribution upon breakout from CH and during the release (at a time of ∼0.2t0 after shock breakout, where t0

is the duration of shock propagation through the sample in each case) of shocks with different strengths: (a)–(c) up = 10 km/s, (d)–(f) up = 15
km/s, (g)–(i) up = 20 km/s, and (j)–(l) up = 50 km/s. In the left column, gray-shaded regions denote the corresponding profiles of the initial
unshocked sample. In the middle and right columns (prepared using Open Visualization Tool (OVITO) [60]), carbon atoms are color-coded
according to their z-component velocities, hydrogen atoms are shown as white dots, and the simulation cells are viewed along an arbitrarily
chosen off-diagonal direction in the x-y plane (see Figs. S9–S11 in the Supplemental Material [61] for comparisons between snapshots from
different views). Inset: the scale of the velocity color maps and a side view of the initial setup of the CMD simulations (same for all four
simulations shown here). Note that the nonuniformity in the velocity color map in the x-y plane is due to local release into voids and formation
of hot spots and that the voids are introduced to our structural models to resemble the plastic samples in real experiments.
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TABLE II. Key parameters for scaling and comparing simula-
tions with experiments in this paper. up, piston velocity; zg, thickness
of the vacuum gap; ts, scaling parameter in time. All CMD sim-
ulations use CH samples with initial thickness z0 = 61.7 nm, and
us denotes shock velocity in CMD bounded by the postshock and
first-principles Hugoniot values [see Fig. 1(d) and Table S1] or in
experiment at the breakout time. Experimental up values were calcu-
lated from the us using the CH Hugoniot fit from Ref. [32].

up us zg ts

(km/s) (km/s) (nm) (ps)

CMD 10.0 15.9–16.5 370.2 22.46–23.28
CMD 15.0 22.5–24.5 370.2 15.13–16.49
CMD 25.0 35.5–39.6 370.2 9.36–10.41
CMD 50.0 68.3–72.7 370.2 5.09–5.42

up us zg ts

Shot No. (km/s) (km/s) (μm) (ns)

64755 22.26±0.13 32.17±0.16 344.3 10.70
64742 19.24±0.11 28.21±0.15 339.3 12.03

at 164 GPa. At later times during the release, larger amounts
of hydrogen are found ahead of carbon, indicating growing
degrees of separation of the two species.

As we have shown in Ref. [39], carbon and hydrogen
species have different velocity profiles under compression
of a strong shock. The broadness of the velocity profile of
a species in the shocked regime is determined by the tem-
perature following the Maxwell-Boltzmann distribution for
an ideal gas. The lighter a species is, the more broadly its
velocity distribution spreads. Therefore, at high velocities,
we can expect a larger amount of hydrogen than carbon in
CH shocked to above 200–400 GPa, where chemical bond
dissociation occurs [23,31,62]. Upon shock breakout, which is
governed by the conservation of momentum and energy, par-
ticles experience dramatic increase in kinetic energy that can
exceed the chemical bonding energy. This further facilitates
species separation in the released regime of strong shocks and
explains the dependence on shock strength as shown above.

In order to fully understand the deep release process
and enable comparisons among different simulations and
experiments, we have calculated the velocity, density, and
momentum changes with time for various shock strengths.
Because of the vast differences in sizes of the sample, times
of the shock-release processes, and strengths of shocks, the
data would span a wide range without an appropriate scaling
that can provide a coherent description of the results. Here,
we set the moment of shock breakout from the sample as the
origin of time t , chose the thickness zg of the gap between
a “witness foil” and the sample and the velocity of shock
upon breakout us, and defined the ratio between the two as
the scaling factor ts = zg/us. The values of the key parameters
in our simulations and experiments are listed in Table II.

Our simulation results of CH release for zg = 6z0 under
four different values of shock strength (up = 10–50 km/s) are
plotted in Fig. 4 as functions of the reduced time t/ts. They
show that faster atoms arrive at the “foil” position earlier and
therefore the observed velocity at the foil decreases with time.

(a)

(b)

(c)

(d)

FIG. 4. (a)–(c) CMD-predicted temporal changes in species ve-
locity (a), density (b), and momentum (c) of released CH at the
position of a “witness foil” and (d) experimentally measured foil
velocities after breakout of shocks with different strength. Time is re-
duced by the scaling factor ts = zg/us, where zg = 370.2 nm (CMD)
or ∼344 μm (experiments) is the thickness of the gap between the
foil and the sample and us is the shock velocity at the breakout time.
In (a), dotted horizontal lines and shaded bars denote the values of
3up and 2us, respectively. In (c), shaded areas denote the estimated
uncertainties in time bounded by the postshock and first-principles
Hugoniot values [see Fig. 1(d) and Table S1; curves with diamonds
correspond to the first-principles Hugoniot values] of us (and thus
in ts). In (d), shaded areas denote the estimated uncertainty in the
experimental data (see Fig. 5), and the time of VISAR reflectivity
change in shot 64755 is indicated with an arrow. Note that the origin
of the reduced time is the moment of shock breakout. ASBO, active
shock breakout.

Both the magnitude of the velocity and the rate of its decay
are larger for stronger shocks, as shown in Fig. 4(a). The
fastest hydrogen atoms arrive at the foil first, and then both
hydrogen and carbon atoms having slower velocities arrive at
later times.

013126-5



SHUAI ZHANG et al. PHYSICAL REVIEW RESEARCH 4, 013126 (2022)

Temporal changes in density of the released species that
arrive at the “foil” are more abrupt than in velocity, as shown
in Fig. 4(b). The densities of both species first increase and
then decrease, corresponding to velocity distributions that are
Gaussian in the shocked regime and modulated by breakout
of the shock. This modulation results in steepened density
curves for early-arrived, fast species and flattened ones for
late-arrived, slow species. For strong shocks (up � 15 km/s),
Fig. 4(b) shows that the hydrogen density at the foil location
is initially higher and then lower than that of carbon, more so
for stronger shocks due to the more significant separation of
the species. The maximum in density of hydrogen nH is lower
than that of carbon nC, which compensates the higher nH than
nC at earlier time because the amounts of C and H are equal
in the initial sample. The density maximum appears earlier in
reduced time when the shock is stronger, except for the case of
up = 10 km/s, in which the maximum occurs between those
of up = 15 and 25 km/s. Moreover, the hydrogen and carbon
density profiles are very similar for the case of weak shock
release (up = 10 km/s), which implies that chemical bonding
is playing more important roles at those low pressures.

Figure 4(c) shows momentum per unit volume of the
species during the release, which is a product of velocity and
density, at the location of the foil. Overall, the impulse of
the release slowly ramps up first with the increasing amount
of hydrogen, then dramatically increases upon the arrival of
carbon, and later gradually decreases as velocity and density
decrease. Because of the monotonic changes in velocity and
the much lower mass of hydrogen than carbon nuclei, the
feature of the momentum curves is dominated by that of
the density curves of carbon [as shown in Fig. 4(b)], while
hydrogen contributions are relatively weak and best visible in
the plot only for the strongest shock. Nevertheless, the weak
contribution from hydrogen begins at an earlier time than
carbon and more so for stronger shocks, which is associated
with the species separation upon breakout of strong shocks.
The carbon momentum curves clearly differentiate between
shocks of different strength, even after taking into account the
uncertainties in reduced time (shaded regions). The momen-
tum jump from the arrival of the carbon species occurs earlier
and is larger in value for stronger shocks. We also see that the
hydrogen atoms streaming ahead of the carbon have a larger
contribution to the early increase in momentum for stronger
shocks. The onset of momentum jump in t/ts ranges from
0.61–0.65 for up = 10 km/s to 0.41–0.50 for up = 50 km/s.
The values are around 0.5 because the maximum carbon ve-
locity is approximately 2us, or around 3up (similar to previous
findings based on hydrodynamic models [63]), as shown with
colored horizontal bands or dotted lines in Fig. 4(a).

We also performed calculations using a two-times-larger
cell and compared the results for different vacuum gap thick-
nesses zg, and we found that the overall pictures remain the
same (see the Supplemental Material [61]). We thus use the
approach outlined here to compare the simulations and exper-
iments that have different length and time scales.

B. Comparing CMD simulations with experiments

We see an abrupt momentum jump in the simulations as
the carbon species reaches the location of the witness foil.
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between the two VISAR records. These uncertainties are propagated
to estimate the uncertainty in the reduced time plot shown with
shaded areas in Fig. 4(d).

Accordingly, we can expect the velocity of the Si3N4 foil
to increase in our shock-release experiments because of mo-
mentum transfer to the foil by piling up of the species (see
the Supplemental Material [61]). Prior to the velocity jump,
early arrival of high-speed low-mass hydrogen species does
not bring enough momentum to move the foil. Instead, they
could penetrate into the foil or pile up on its surface and induce
observable changes in its optical properties (see the Supple-
mental Material [61]). Such optical signatures are expected to
be experimentally detectable only under strong shocks with
significant enough species separation. These theoretical pre-
dictions based on our CMD simulations are compared with
our experimental results in the following.

Figure 5 shows the velocity profiles from our VISAR
measurements for two shots. For each shot, we measure the
shock velocity in the CH sample and the velocity of the Si3N4

foil later in time. The shock breaks out of the CH sample
at approximately 3.1 and 3.4 ns for the stronger and weaker
shock shots, respectively. Note that the VISAR does not “see”
all the way through the C50H48Br2 layer, which is not fully
transparent [64]. For the strong shock shot (blue lines), us

decreases from 35.2 ± 0.4 to 32.2 ± 0.2 km/s; for the weaker
shock shot (red lines), it drops from 31.6 ± 0.4 to 28.2 ±
0.2 km/s. The two cases are comparable to our CMD sim-
ulations with up = 25 km/s (Hugoniot pressure ∼967 GPa)
and 20 km/s (Hugoniot pressure ∼634 GPa), while the values
of us at the time of shock breakout correspond to up ≈ 22 and
19 km/s based on the shock Hugoniot of CH (see Table II),
respectively.

After shock breakout [labeled as time 3 in Fig. 2(b)], our
interferometry and pyrometry diagnostics detect the effect of
the CH release on the Si3N4 foil. Interestingly, we observed
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changes in reflectivity of the sample package [labeled as time
4 in Fig. 2(b)] prior to any shifts and eventual blanking out
[labeled as times 5 and 6, respectively, in Fig. 2(b)] of the
VISAR fringes. This indicates changes in optical properties
of the foil before it is physically moved by the released CH.
We interpret such optical changes as a result of the high-speed
[> 120 km/s; see Fig. 4(a)] hydrogen streaming ahead of the
bulk CH that impacts the Si3N4 foil and changes its optical ab-
sorption and the measured reflectivity. We note that the time of
reflectivity change (∼6.3 ns in the VISAR record, or ∼3.2 ns
after shock breakout) corresponds to a value of 0.3 in scaled
time t/ts [65], by which our CMD simulations predict that
the amount of hydrogen that arrives at the location of the foil
has increased to over 1020 cm−3, as shown in Fig. 4(b). We
also note that similar reflectivity changes have been observed
using VISAR in all our glow-discharge-polymer and CH ex-
periments when the plastics are shocked to above 550 GPa,
but not in release experiments of pure diamond at 1000 GPa or
beryllium at 150 GPa [66]. These observations are consistent
with species separation, which is expected in the release of CH
materials under strong shocks but does not occur for elemental
solids, and provide quantitative support for our computational
findings.

After the CH releases across the vacuum gap, our VISAR
streak images show shifts of the fringes that correspond to
motion of the Si3N4 foil [labeled as time 5 in Fig. 2(b)].
The foil velocities are plotted in Fig. 5, where the foil begins
moving at ∼7.8 and ∼9 ns for the stronger shock (shot 64755)
and weaker shock (shot 64742), respectively. The foil velocity
profiles are replotted with respect to the reduced time t/ts in
Fig. 4(d). It shows that the foil velocity ramps up abruptly
for both shots, and the onset in reduced time t/ts is earlier
for the strong shock (shot 64755) than for the weak one (shot
64742). This is in agreement with the trend predicted by our
CMD simulations [Fig. 4(c)].

We note that the experimental onsets of the foil accelera-
tion happen at t/ts of 0.45–0.5 in shot 64742 and at 0.42–0.46
in shot 64755, which seems slightly earlier than the theoret-
ically predicted momentum jumps [Figs. 4(c) and 4(d)]. In
addition, the shorter duration of the laser drive (∼2.0 ns) than
the shock transit time (∼3.1–3.4 ns) indicates that laser abla-
tion has stopped before shock breakout, which could produce
rarefaction waves that affect the release; in contrast, the piston
drive in the simulations is constant. In order to understand
these differences and their effects, we performed additional
simulations by considering different vacuum gap thickness,
sample sizes, and simulation setup. Considering the uncertain-
ties in ts predicted by CMD, we chose a broader range in shock
strength up = 20–38 km/s for these studies in order to obtain
a clearer picture in physics.

By comparing several simulation results for up = 38 km/s
and different values of vacuum gap thickness, we found mo-
mentum profiles for the early-released hydrogen and the onset
of carbon momentum jump that are overall the same, whether
or not the piston is stopped while the shock is still transiting
in the sample (see Supplemental Material [61]). Considering
the major uncertainties (shaded areas in Fig. 4) that originate
from the errors in the CMD-predicted us, it remains difficult
to accurately differentiate the results between up = 20 and 25
km/s (or Hugoniot pressures 634 and 960 GPa) by our CMD

FIG. 6. Spatial distribution in (a) density, (b) velocity, (c) mo-
mentum, and (d) kinetic energy of species in shock-released
polystyrene with different hydrogen isotopes (with increasing color
darkness: CH, CD, and CT) at different times (red, blue, or green)
during the release. Shaded areas (vertical bars in light colors) denote
region II (carbon and hydrogen separate), which divides region I
(carbon and hydrogen coexist) from region III (hydrogen streams
ahead of carbon). Time starts at the moment the piston begins to
compress the sample. Thickness of initial sample z0 = 61.7 nm,
duration of shock propagation through the sample t0 = 1.1 ps, and
piston velocity up = 38 km/s.

approach. Nevertheless, our CMD results in a broader range of
shock strength clearly show a decreasing trend in the onset of
momentum jump with increasing shock strength, which is in
agreement with the shock strength dependence of foil veloci-
ties measured by our release experiments [Figs. 4(c) and 4(d)].
Future simulations with improved accuracy and experiments
considering broader ranges of shock strength could be helpful
in further understanding our present experimental findings and
theoretical predictions.

C. Effects of hydrogen isotopes

HED and ICF experiments often involve deuterium (D)
and tritium (T), in addition to hydrogen (H). Therefore it is
interesting to study the isotopic effect on species separation
and the physics of shock release. We have carried out sim-
ulations of carbon-deuterium (CD) and carbon-tritium (CT)
polystyrene using an initial structure, force fields, and compu-
tational settings that are the same as that for CH polystyrene
except for the mass of the hydrogen isotopes. The results in
density, velocity, momentum, and kinetic energy during the
release (in red, blue, or green) are shown in Fig. 6.
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Figure 6 shows, between different simulations, that the dis-
tribution profiles are indistinguishable for carbon but clearly
different for hydrogen. The number density n of the released
species all monotonically decrease with time t and with dis-
tance z from the original sample position. However, clear
differences can be observed between the species. At each
time, the simulation results can be divided into three regions:
Region I (named the “C-H coexisting region”) is within cer-
tain distances from the piston, where the number densities
of carbon and hydrogen are similar to each other and both
slowly decrease with distance; region II (named the “species-
separation region”) is ahead of region I but behind the release
front of carbon (n ≈ 1019 cm−3), where the density of carbon
drops at a higher rate than that of hydrogen and their differ-
ences in n grow to over two orders of magnitude (OOMs) at
the carbon release front; and region III (named the “hydrogen-
streaming region”) is between the release fronts of carbon and
hydrogen, where the densities of lighter hydrogen isotopes
have higher values and decrease more slowly. Overall, lighter
hydrogen isotopes can stream farther ahead of carbon, which
is more clearly shown at later times during the release.

Over time, all three regions expand, which results in spa-
tially enlarged differences in density among different species.
However, the overall velocity profiles for different species
remain similar, particularly in regions I and II, and they grow
into a linear relationship with position as the release proceeds,
which indicates a nearly free motion of the high-speed species
that form the release. Some minor differences between veloc-
ities of species are observed at the release fronts. Generally,
a species moves faster if it is lighter and closer to its release
front, and the velocity maximum of the species is inversely
correlated with the atomic weight.

The three-region patterns are also carried over to the mo-
mentum and kinetic energy profiles in Figs. 6(c) and 6(d). In
region I, heavier species have larger momentum and kinetic
energy that are proportional to the atomic weight. In addition,
all of the momentum and kinetic energy curves have a convex
shape with a peak, which flattens as region I expands with
time. The momentum and kinetic energy in region II are char-
acterized by monotonic decreases, which are abrupt for carbon
but relatively smooth for hydrogen species. At the carbon
release front, the momentum and energy of carbon drop by
three to four OOMs relative to the corresponding peak values
in region I, while those of hydrogen drop by one OOM. Such
one-to-two-OOM-higher momentum than carbon at the end of
region II enables hydrogen to take one-to-two-OOM-higher
energy (and mass) to farther distances in region III than what
would otherwise be expected assuming no separation from
carbon. This could result in compression degradation as well
as large discrepancies between hydrodynamic simulations and
experiments when using CH-based shells or layers in ICF and
HED targets, in particular, if they neighbor materials that have
low resistance to the flow of high-speed hydrogen.

Furthermore, in region III of the release, we observe
dramatic differences between hydrogen isotopes. Lighter hy-
drogen species have lower momentum and energy (T > D >

H) in region I, and these quantities decrease more slowly in
region II. As a result, the momentum and energy of the three
first become comparable at the carbon release front, and then
lighter hydrogen isotopes have higher momentum and energy

(H > D > T) in region III. At the release front of T, the mo-
menta of H and D are higher than that of T by about one OOM,
which allows H and D to take an OOM-higher energy and
mass to farther distances. Similarly, at the release front of D,
the momentum of H remains high, which allows H to take an
OOM-higher energy and mass to even farther distances. Such
differences in streaming rate of different hydrogen isotopes
could reduce the compression capability of the DT ice and
further affect the efficiency of the thermal nuclear reaction and
ignition in the center of ICF capsules.

D. Effects of radiation preheat

While species separation and hydrogen streaming offer
good explanations for both velocities and scale lengths of the
low-density plasmas released from CH [39] as measured in the
optical interferometry experiment [36], the CMD simulations
have not considered radiation preheat that has likely occurred
in this experiment and can affect the release [36–38]. In order
to clarify the role of radiation, we performed additional CMD
simulations of CH shock release using preheated samples.
Following the approaches outlined in Sec. II, we constructed
thermally expanded CH models by starting from the ambient
CH structure, subjecting it to a high temperature of 5000 K
(∼0.42 eV/atom in thermal energy, similar to that estimated
for the experiments [36,38]), and allowing one side to expand
for 5 or 10 ps, before launching the piston and compressing
from the other side at a speed of 38 km/s. The resultant
expansion is 20–50% (or on the order of 10 nm, depending
on the initial thickness of the sample), which allows us to
quantify the dependence of the release on sample changes in
a reasonably broad range without significantly affecting the
overall density of the bulk CH sample. Moreover, we have
considered two different sizes of the sample with thicknesses
z0 = 61.7 and 123.4 nm in order to study the finite-size effect
on the release from preheated samples.

The species density distribution profiles at different times
during shock and release are shown in Fig. 7, in comparison
to that of the uncompressed samples (gray- or salmon-shaded
regions). In the initially ambient cases, the duration t0 of
shock propagation through the sample is 1.1 and 2.2 ps for
the thin and thick samples, respectively, and signs of sep-
aration between hydrogen and carbon are clear upon shock
breakout [black curves in Figs. 7(a) and 7(d)] and enlarged
during the release (blue curves), consistent with the results
shown in Sec. III A. In the preheated cases, thermal expansion
delays the shock breakout (onset of release) and the onset of
species separation, especially for the cases of smaller sam-
ples and longer periods of preheating. We have found that
the spatial range of species separation during the release is
sensitive to both the degree of preheating and the thickness
of the sample, as shown by the various widths of the blue-
shaded areas in Fig. 7. Samples preheated for 5 ps [Figs. 7(b)
and 7(e)] have broader separation ranges (i.e., the width of
shaded areas in light blue) than the ambient cases, while
those preheated for 10 ps [Figs. 7(c) and 7(f)] have narrower
separation ranges, at the moment of t : t0 = 2.0 : 1.1 (for the
thin sample) or, equivalently, 4.0 : 2.2 (for the thick sample).
The latter (i.e., narrower separation ranges when heated for
10 ps) is understandable as the shock front has just exited the
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z0=61.7 nm

z0=123.4 nm z0=123.4 nm

z0=61.7 nmz0=61.7 nm

z0=123.4 nm

FIG. 7. Species density distributions upon or before shock break-
out (black curves) or during the release (blue curves) from initially
ambient [(a) and (d)] or initially preheated (thermally expanded) [(b),
(c), (e), and (f)] polystyrene samples in comparison to those right
before the compression starts (gray- or salmon-colored areas, C and
H are not distinguishable). The initial sample at ambient conditions
has a thickness z0 of 61.7 nm [(a)–(c)] or 121.3 nm [(d)–(f)] before
being compressed by the piston. In the preheated cases, the ambient
structures are subjected to 5000 K and allowed to expand in the
+z direction for 5 ps [(b) and (e)] or 10 ps [(c) and (f)]. Solid
and dashed curves correspond to carbon and hydrogen, respectively.
Shaded areas in light blue denote the approximate ranges of species
separation (similar to the ‘region II” defined in Sec. III C) in these
cases. Time starts at the moment the piston begins to compress the
sample. Piston velocity up is 38 km/s.

sample and the species separation has just begun, while the
broader separation range in the former case (i.e., when heated
for 5 ps) indicates that the species released from initially
preexpanded samples have higher velocities than those from
initially ambient CH. Moreover, the broadening in separation
ranges and enhancement in velocities of the released species
by preheating are more significant when the initial sample is
thicker.

Figure 8 compares the density and velocity distributions
of the release at later times. We focus on the low-density
regions near the front of the release, which are relevant to
recent experiments [36] (our results in a broader range of
densities are included in the Supplemental Material [61]). Our
results, especially those on the effect of preheating, show a
striking dependence on cell size. The released species from
preheated samples (dark- and intermediate-colored curves)
first fall behind and then gradually catch up and surpass those
from unpreheated ones (light-colored curves). The differences
between initially preheated and unpreheated simulations in
the density of the species released from the thicker sample
are initially smaller and then larger than the thinner sample
[Figs. 8(a) and 8(c)]. This is because the species released
from the preheated thicker sample have higher velocities,
more so when the initial sample was preheated for a longer
time [Figs. 8(b) and 8(d)]. The velocity enhancement due to
preheating mainly affects hydrogen but also carbon, provided
the sample is large enough. According to our simulations with
the larger cell, the velocity increases by up to ∼45 km/s
for hydrogen and ∼10–15 km/s (larger at lower densities)

for carbon when the sample is preheated for up to 10 ps. In
comparison, our simulations of the smaller cell show that the
velocities of hydrogen increase (by up to ∼27 km/s) while
those of carbon do not show a clear trend of increasing when
the sample is preheated.

The velocities of species predicted by our CMD simula-
tions are compared with the experimentally measured plasma
velocities [36] in Figs. 8(b) and 8(d). Note that the experi-
mental data are for the plasma electron density ne and this can
be translated into the species density by n = ne/〈Z〉 via the
average ionization 〈Z〉, which is bounded between 0.5 and 1 at
the temperature and density conditions being considered [39].
Therefore ne values of 1019 and 1020 cm−3 correspond to
n = (1–2) × 1019 and (1–2) × 1020 cm−3, respectively. When
CH is not preheated, we have shown that the velocities and
scale lengths [67] of the low-density plasmas generated by the
streamed hydrogen both match the experimental values [gray
circles and black squares in Figs. 8(b) and 8(d)]. In compar-
ison, CMD-predicted carbon velocities are much lower [gray
diamonds in Figs. 8(b) and 8(d)], and scale length changes
are much smaller. However, these carbon results are similar
in scale lengths while lower in velocities (by approximately
25 km/s) than predictions by hydrodynamic simulations that
did not consider radiation preheating of the sample [gray
squares in Figs. 8(b) and 8(d)].

By considering improved radiation-transport models and
assuming radiation-preheat-induced thermal expansion by a
few micrometers (about 10% of the thickness of the sample)
at the shock-release side of CH, follow-up hydrodynamic
simulations have been reported to be able to reproduce the
experimental velocities and scale lengths of the low-density
plasmas [36–38]. In our CMD simulations, the CH sample
expands by approximately 20% if preheated for 5 ps or 50%
if preheated for 10 ps (Fig. 7). Meanwhile, as the sample’s
initial thickness z0 increases from 61.7 to 123.4 nm, the
carbon velocities show minimal increases due to preheating,
while the carbon scale length increases by ∼0.14z0 at t : t0 =
12.0 : 2.2 or, equivalently, 6.0 : 1.1 [green curves in Figs. 8(c)
and 8(d)]. Therefore it is possible, if extrapolating our CMD
results to the experimental sample size (z0 ≈ 37 μm) with
10% preexpansion, that the carbon velocities and scale lengths
would both become comparable to the experimental values.
This would then explain the results from new hydrodynamic
simulations [36–38], although ideally it still needs to be tested
by simulating samples up to micrometer sizes (or of the order
of 109 atoms), which is beyond the current computational
capability using CMD.

Nevertheless, our CMD results suggest that such extrapola-
tion of carbon velocities and scale lengths must be associated
with hydrogen plasmas with much higher velocities [68],
which is completely unexpected by hydrodynamics. As we
have discussed in Sec. III C, the differences are due to species
separation and hydrogen streaming, which can dramatically
change the pictures given by single-fluid hydrodynamic sim-
ulations about mass, momentum, and energy distributions in
the release. By taking into account such microscopic release
physics in the atomic level, we expect the degree of preex-
pansion of CH, if it truly occurred, to be no more than a
few percent (much less than 1 μm) in order to explain the
experimentally observed velocities and scale lengths of the
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FIG. 8. (a) and (c) Spatial density profiles and (b) and (d) velocity-density relations of carbon and hydrogen species released from initially
ambient (light colors) or preheated (for 5 or 10 ps, shown with intermediate or darker colors, respectively) CH with different initial thicknesses
z0. Results for the thinner sample (61.7 nm) at time t are shown in the same color as those for the thicker sample (123.4 nm) at time 2t ,
which are equivalent for the initially unpreheated samples under linear scaling. The time origin is defined as the moment the piston begins
to compress the sample. In (a), hydrogen profiles at 9.0 ps are beyond the range of the plot and not shown for clarity. In (b) and (d), plasma
velocities from experiments and single-fluid hydrodynamic (Hydro.) simulations (without considering radiation preheating of the sample) from
Ref. [36] (marked with “*” in the legend) and those based on CMD simulations of initially ambient CH from Ref. [39] (marked with “#” in
the legend; filled and empty circles are for hydrogen with 〈Z〉 = 1 and 0.5, respectively) are shown for comparison. Scale lengths can be
easily estimated from the differences in coordinates at two densities via s = [z(n = 1019)/z0 − z(n = 1020)/z0]/2.3 × z0. The velocities of the
released species increase due to preheat, while the scale lengths remain similar. Another version of the figure plotted in a broader range of
densities is shown in the Supplemental Material (Fig. S8) [61].

low-density plasmas [36,38]. This provides a useful prediction
that is testable by future experiments.

IV. CONCLUSIONS

To summarize, we have combined large-scale nonequilib-
rium CMD simulations with laser-drive experiments to study
the shock release of CH polystyrene at shock strengths span-
ning from 50 to 13 500 GPa. Our shock results show overall
remarkable consistency (within 0–20% in comparison to de-
viations expected from previous simulations of 10–30% at
pressures below 100 GPa and larger at higher pressures) with
experiments and first-principles Hugoniots across the entire
pressure range considered.

Our experiments and simulations (scaled using the vac-
uum gap thickness and shock velocity at breakout) examine
shocked CH releasing across a vacuum gap and piling up
on a thin “witness foil.” Our simulations of the release of
shocked CH show separation of the carbon and hydrogen
species that is more evident for stronger shocks but is almost
absent when the CH is shocked to below 160 GPa. At the
foil position, we find that the momentum of the released ma-
terial slowly increases with increasing hydrogen density and

then abruptly increases upon arrival of carbon species. These
findings are consistent with our laser-drive experiments,
which show VISAR reflectivity changes (interpreted as sep-
arated hydrogen affecting the optical properties of the Si3N4

foil) before movement of the foil. By characterizing the re-
lease with a three-region pattern—region I with coexisting
species, region II with separation of different species, and
region III with streaming of light species—we found that
lighter species or hydrogen isotopes can carry higher energy
and mass than the heavier hydrogen or carbon species by one
to two orders of magnitude and take them to farther distances.

Moreover, we have studied the effect of radiation pre-
heat on shock release and found that the spatial range of
species separation during the release is sensitive to both the
degree of preheating and the thickness of the sample. Our
CMD results suggest that samples in scales of tens of mi-
crometers and with 10% preexpansion could have carbon
velocities and scale lengths that are comparable to the ex-
perimentally measured plasma values. This could explain
the different results between hydrodynamic simulations with
and without proper radiation-transport models. In contrast
to the hydrodynamic predictions, our CMD results suggest
that such high carbon velocities must be associated with
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species-separated hydrogen plasmas with much higher ve-
locities, and if preexpansion of CH truly occurred in the
experiment of Haberberger et al. [36], we expect it to be far
less than 1 μm.

This work represents a preliminary examination toward
shock release in real targets of ICF and HED experiments.
Our computationally and experimentally evidenced species
separation and streaming of lighter species could result in
compression degradation as well as large discrepancies be-
tween hydrodynamic simulations and experiments when using
CH layers in ICF and HED targets, in particular, if they
neighbor materials that have low resistance to the flow of high-
speed hydrogen. The corresponding differences in streaming
rate of different hydrogen isotopes could also reduce the com-
pression capability of the DT ice and further affect the ef-
ficiency of thermal nuclear reaction and ignition in the center
of ICF capsules. The microscopic physics of species sep-
aration shall be considered, and its potential effects shall
be clarified [10,14], in the design, interpretation, and analy-
sis of future HED and ICF experiments. We call for future

shock-release experiments with multiple species or isotopes
and in broad range of shock strengths to test our findings.
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