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Observations of laser driven supercritical radiative shock precursors
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We present the set-up and the results of a supercritical radiative shock experiment performed
with the LULI nanosecond laser facility. Using specific designed targets (small cells with a
volume about 1 mm3) filled with xenon gaz at low pressure (lower than 1 atm), the propagation
of a strong shock with a radiative precursor is evidenced. The main measured quantities related
to the shock (electronic density and propagation velocity) are shown to be in good agreement
with the results obtained from theory and various numerical simulations.
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Radiative hydrodynamic processes˚1,˚2,˚3 are very
important in several physics areas such as ICF˚4 and
astrophysics˚1,˚5-7. Recently, several experiments have been
performed to simulate radiative hydrodynamic flows of
astrophysical interest like jets or blast waves˚8-14 and
radiative shocks˚15-19. In most astrophysical environments,
such as the envelopes of post-AGB stars, a radiative shock
(RS) is essentially characterized by : 1) a hot ionized
precursor in the upstream material, heated by radiation
coming from the high temperature shocked gas, 2) a shock
front followed by a short extension region where relaxation
between ions, electrons and photons takes place, and 3) a
recombination zone in the downstream flow. In the vicinity
of the shock and, provided its velocity is sufficiently high,
Dcr˚, the precursor is heated up to a temperature Tcr equal to
that of the shocked material. Shocks satisfying D˚>˚Dcr are
called ÒsupercriticalÓ˚1,3. The understanding of the properties
and structures of these shocks are very sensitive to the
treatment of radiation transport and to its coupling with
hydrodynamics. Consequently, laboratory experiments˚8-19

are very relevant benchmarks for modeling as well as for
validating theoretical predictions.

The critical velocity, Dcr˚, above which a radiative
shock enters the supercritical regime is approximately given
by solving˚1,3 the implicit equation σ˚[Tcr˚(ρ1,Dcr)]˚4˚=
ρ1˚Dcr˚ε[ρ1,Tcr˚(ρ1,Dcr)] where ε(ρ,T) represents the internal
energy (per unit mass) of the fluid ahead the shock and
ρ1 its mass density. This velocity depends, therefore, upon
the microscopic properties, ε(ρ,T), of the material. This
steady relation merely assumes that the photon flux
emerging from the shock front is completely absorbed to
heat (up to the post shock temperature) and to ionize the
ÒdynamicallyÓ unperturbed ahead material, at density ρ1˚.

In this work, new aspects of the radiative shock are
raised compared to the results previously presented in
various publications.˚8-19 A radiative precursor has been also
observed in earlier experiments˚9,13,14,16,19 ; however, the
authors do not produce flows in a regime similar to the one
we achieve. In addition, their goals differ from our about at
least two points. First of all, most of the former
experiments deal with gas jets containing atomic
clusters˚9,˚14,˚19. They are rapidly heated by the laser beam

and the radiation they emit propagates far away ahead the
shock, producing a photo-ionized precursor which is almost
not heated since the very low density medium let the
radiation escape (in our case, the precursor is heated up to
about 15˚eV). Second, Taylor-Sedov blast waves, i.e.,
shock waves created by instantaneous, zero spatial
extension explosions, are produced.9,˚13,˚14,˚16 While it is
propagating, the shock weakens rapidly since it is not
maintained by additional energy supply. Moreover, the
blast wave generates a inner cavity where the mass density
decreases with time. In our study, energy is continuously
injected (by a piston) in the shock wave and the material is
highly compressed behind the shock. This is quite opposite
to the situation arising for a blast wave.

In this letter, we present measurements of the velocity
and ionization of the precursor of a supercritical shock, and
we compare these to simulations. In order to strengthen
radiative effects against thermal ones, a low-density
material, with high atomic mass, is suitable to achieve
high temperature. For that purpose, we choose xenon gas at
0.1 and 0.2 bar (one order of magnitude lower than in
Ref.˚15). Using a screened hydrogenic type equation of
state for xenon, and taking a initial density ρ1=10-3˚g.cm-3,
the critical velocity is found to be as low as Dcr˚~˚15 km.s-

1, corresponding to the rather small critical temperature
Tcr˚~˚7˚eV. This comfortable low value of the critical
velocity is partly due to the high value of the heat capacity
of xenon. On the other hand, previous experiments on
shock waves, have shown that shock velocities about 50
km/s in a low density medium are achievable with the
LULI nanosecond laser facility˚20 and it is, therefore, quite
suitable to generate supercritical shocks in low density Xe-
gas.

However, two important points should be added. First,
experiments are performed in small, millimeter size targets
and the shock is far from equilibrium, at least regarding its
radiative properties. The order of magnitude of the length,
L, of a stationary precursor generated by a shock with
constant velocity, D, can be derived by equating the
diffusion time of radiation (with photon mean free path
λ) across the precursor to the time for the material to cover
the distance L. One gets L˚~˚λc/D (c is the velocity of
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light), and for the present experiments, we obtain L˚~˚1˚m.
The corresponding equilibrium time scale is of the order of
L/D, that is, tens of microseconds. From a time-dependent
model based on self-similar solutions of the nonlinear heat
equation˚17, it is found that during the transient phase, the
length l(t) of the precursor grows up to its maximum value
L according to the law l(t)˚=˚8.7˚10-7˚.(ρ1[kg.m-3])11/36˚.
(D[m.s-1])13/6.(t[s])31/36. This length is computed in meter
and for D˚=˚65˚km/s and ρ1˚=˚10-3˚g.cm-3, we obtain
l˚~˚1˚m for t˚=˚10˚µs, in agreement with the above result.

Second, according to the Xe shock-adiabat, the
compression rate ρ2/ρ1 achieved for a shock velocity equal
to 65˚km/s is about 11 in an idealized situation (planar
geometry). This result assumes a constant velocity shock,
with a fully developed, stationary precursor with constant
length L. However, at earlier time the precursor grows up
and the value of the radiation flux should be larger than its
stationary value. Indeed, in the stationary regime, the
energy supplied by the flux is used only to maintain the
propagation of the precursor (heating and ionization of the
gas) while in the early transient non-stationary phase, the
flux should provide energy for both the propagation of the
precursor plus its growth, until the steady state be
obtained. Consequently, in the transient stage, more energy
than in the steady state should be radiated ahead the
discontinuity. The temperature of the shocked material is
therefore lower than in the final steady and the compression
rate can be larger than 11, depending on the magnitude of
the emissivity. This interesting property may explain, to
some extend, the high compressions achieved by strong
shocks propagating in optically thin medium.

According to the former discussion, the experimental
diagnostics we used, focus on the time-dependent
properties of the radiative precursors produced by strong
supercritical shocks. The quantitative design of the whole
experiment has been carried out with the radiation hydro-
codes MULTI21 and FCI122 (CEA code). A RS is produced
with less than a hundred Joules of pulsed laser light. An
optimized three layer-pusher drives the shock into the Xe-
gas initially at rest in a small quartz cell (about 1˚mm3

volume). This pusher is made of a polyethylene ablator
slab (2˚µm), a titanium X-rays screen (3˚µm) and a
polyethylene foam accelerator (25˚µm). The laser beams
focus on the ablator and the foam/Xe interface, that acts as
a piston, moves with a maximum velocity about 70 km/s.
This high velocity produces the RS together with its
radiative precursor in the gas (figure 1).

Experiments have been carried out using three of the
six available beams of the LULIÕs Nd-glass laser. The
beams were converted at λ˚=˚0.53˚µm, providing a
maximum total energy E2ω˚≈˚100˚J focused in a spot with
diameter 500 µm at FWHM and with a 250˚µm flat region
at the center. Spatially averaged intensities about 4-6˚1013

W/cm2 are achieved, depending upon the laser energy. The
laser square pulse has a 120 ps rise-time with a full width
at half maximum (FWHM) of 720˚ps. Each beam is
focused with a 500˚mm lens. Phase zone plates˚23 are used
in order to remove large-scale spatial modulations of
intensity and to get a uniform profile in the spot˚24.

The diagnostics we have used in this experiment are
shown in Fig.˚2. The self-emission diagnostic consists in
a streak camera recording the emitted light from the rear
surface of the target at shock breakout. Two VISARs˚25,

with different sensitivities (16.63 and 3.39 km/s/fringe)
allow us to measure the shock velocity in the foam and/or
in the xenon provided the electron density becomes
overcritical. Finally, a Mach-Zehnder interferometer is
implemented to determine the electron density along the
shock propagation. Two streak cameras are used, one
looking at the fringes longitudinally (LONG), the other
one providing a transverse image at a given position in the
gas (TRANS). Assuming a transverse plasma thickness of
about 200˚µm, a electronic density range 1018-1020˚cm-3 in
the precursor is inferred from the interferometer.
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FIGURE 1. Effect of radiation in xenon computed with MULTI
hydrocode˚21 (IL˚=˚6˚10˚13˚W.cm˚-3). Non-radiative and radiative
cases correspond respectively to the dashed and plain curves.

FIGURE 2. Experimental set-up and diagnostics.

With the VISAR, we measure the velocity of the
piston (foam/gas interface), which drives the shock in the
xenon, provided the gas remains transparent to the probe
laser light. As we can see in figure 3, the fringes shift,
first, to the left side (velocity jump associated with a small
deceleration), then to the right (small acceleration) and
finally back to the left.

In this case, the mean measured shock velocity is
roughly 67˚km/s. It is actually four times larger than the
critical value Dcr˚. In addition to the fact that numerical
simulations show that the shock in Xe is strong enough to
create a precursor (Fig.˚1), the computed velocities are in
good agreement with this experimental value. The three
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stages described above correspond to the first shock
breaking through at the foam/Xe interface, then a second
shock arrives (due to a reflection on the pusher interface)
and catches the first one and, finally, the piston decelerates
slowly (see below).

FIGURE 3. VISAR image for a 0.2 bar filled gas cell.

According to the expected shock temperature (about
20˚eV) and the associated ionization-state, the shock front
in Xe is overcritical (ne˚≈˚1021˚cm-3˚) while the precursor is
much less than critical (ne˚†˚1020 cm-3˚— Fig.˚1).

FIGURE 4. Longitudinal interferometry in Xe along the
direction of the shock propagation. Dashed and solid lines
define the shock and precursor fronts trajectories, respectively.

From the Mach-Zehnder interferometer pattern
(Fig.˚4), one may distinguish two different perturbations
propagating in the gas. The first one (dashed curve)
separates the region where the electronic density is
overcritical (to the left of the curve) from the zone in the
rear part of the cell where this density is subcritical. It
corresponds to the shock front and allows to measure its
velocity. During the first 0.4 ns, the value is 68 km/s and
decays down to 60 km/s when averaged over the first 3˚ns.
This value is very close to the VISAR measurement
(67˚km/s). After those 3 ns, it slows down. This is mainly
due to the laser pulse duration that is shorter than the time
scale evolution of the shock. In addition, on Fig. 4, we
also observe clearly fringe shifts, (full line) ahead the

shock front, due to a change in the electron density. We
associate the region located in between the two lines with
the radiative precursor and the full curve represents the
position of its front. In accordance with the analytical
expression for l(t), the precursor grows roughly linearly
with time. Over the first 2˚ns, its velocity (slope of the
full line) is close to 130 km/s, which is about twice higher
than the piston velocity. Later on, a slow decrease of the
precursor velocity occurs due to both the piston
deceleration and 2D effects. Those effects have been
assessed by the transverse diagnostic (TRANS). Indeed,
looking at a given longitudinal position in the cell (≈˚100-
200 µm away from the foam interface), we get a picture of
the shape of the shock-front in the transverse direction
(departure from the plane geometry). The fringe shift is
also directly related to the electron density per unit plasma
length (≈˚4.5˚1021˚cm-3˚µm-1 per fringe). According to the
transverse imaging system, a 200˚µm wide plasma is
created by the precursor so that one can deduce the
variation of ne(t) — see figure 5.

Numerical simulations clearly show (see below) that the
precursor is, in fact, merely a ionized zone with almost no
mechanical (or dynamical) effect on the gas. The time-
dependent electron density profiles in the precursor can
been derived using a reconstuction procedure from the
interferograms. The deduced velocities of the ionization
wave vary from 70 to 130˚km.s-1 for electronic isodensity
contours equal to 1020˚cm-3 and to 1019˚cm-3, respectively.
These results agree rather well with the values of the
precursor front and shock velocities obtained in the former
paragraph.

1 017

1 018

1 019

1 020

1 021

1 022

1 2 3 4 5

N e

t ime (n s)

s h ock

precurso r

FIGURE 5. Electron density vs time at a given position inside
xenon (200˚µm away from the foam interface). Dashed and
plain curves come from experiment and simulation results
respectively.

The time-dependent formation of the precursor requires
a careful numerical calculation of the radiation transport
together with a very high spatial resolution. In order to
estimate the non-equilibrium effects that govern the early
propagation of the precursor, numerical simulations of a
supercritical shock, driven by a constant velocity piston,
have been performed using the radiative hydrocode
ASTROLABE˚26. This fully implicit, moving grid code uses
the two moments approximation to compute the radiative
transfer and it takes into account non-LTE effects.
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Taking a representative piston velocity equal to
65˚km/s, the heated material in the precursor remains
almost at rest (the gas moves significantly only after the
passage of the shock). The gas enters the hydrodynamical
shock with a 2˚keV kinetic energy per Xe-ion. According to
the equation of state of Xe, dissipation of this kinetic
energy (through the strong shock) results in a plasma with
a mean ionization equal to 15 and a temperature from 32 to
37˚eV for densities varying from 10-3˚g/cm3˚to 10-2˚g/cm3.

Figure 6 displays a zoom of the structure of the non-
stationary critical shock around the discontinuity, at t˚=
5˚ns. The temperature of both the dense shocked material
and the precursor is about 20˚eV, which is less than 37˚eV.
This former value would be only achieved for a steady
state, according to the shock adiabat of Xe. The sharp ion-
temperature spike at the shock front is a characteristic of
supercritical shocks. A fine numerical resolution of the
spike by a moving grid method shows that it consists in
three distinct regions, each of them exhibiting an increase
of the gas compression up to a final value about 55
(depending, actually, on the gas opacity). Shortly after the
strong heating of the heavy Xe-ions by the viscous shock
(this is the first step of the process and its end is indicated
by the cross X on the density curve : it corresponds to a
compression equal to 4), a first relaxation layer (second
step) forms where the ions and electrons temperatures
become equal. A second relaxation zone (third step) appears
also where the thermal energy of matter is transferred to
radiation, on a distance shorter than a photon mean free
path, until gas and photons reach the same temperature.
This matter-radiation relaxation layer is the source of
energy for the shock luminosity (radiative flux) which
propagates to heat the gas ahead the shock front and
generates the precursor (its actual length is about 500˚ µm
and it cannot be shown on Fig.˚6). Unfortunately, the
experimental study of the spike properties is beyond the
present detector capabilities we used, up to now.
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FIGURE 6. Blow-up of the density, temperature and lumino-
sity profiles in the radiative shock at t˚=˚5˚ns (Ti»Te>Tr). These
calculations come from ASTROLABE with the initial condition
ρ1˚=˚1.3˚10-3˚g/cm3 and T1˚=˚300˚K. The xenon gas is pushed by
a 65 km/s piston (xp represents the piston position) and the
density ρÕ1˚=˚4ρ1  is obtained at the end of the viscous shock.

Experiments have also been simulated with two other
dedicated lagrangian radiative 1D hydrocodes, MULTI21

and FCI122. Both take into account the laser-matter

interaction, the actual design of the target and a multigroup
radiative transfer, in the diffusion approximation, is used.
A detailed comparison of the computed dynamics of the
precursor with experiment is somewhat tricky, because it
depends upon the value of the electronic density which, in
turn, depends on the width of the experimentally probed
plasma, estimated with 20% accuracy. However, the
similarity between the calculated and the observed structure
of the precursor is rather promising (see Fig.˚5) since
qualitative agreement is obtained. For example, 4˚ns after
the arrival of the shock wave in xenon and for an electronic
density equal to 3.10˚19/cm3 (iso-value), the experimental
precursor velocity derived from the transverse
interferometry is about 100˚km/s (see Fig.˚4) for a plasma
width equal to 200˚µm. In the same conditions, the
precursor velocity given by the hydrocodes MULTI and
FCI1 are respectively equal to 120˚km/s and 300˚km/s.
These velocities have the same order of magnitude but we
observe that FCI1 overestimates the value. With a 65˚km/s
constant piston velocity, ASTROLABE calculates a
precursor velocity decreasing with time from 170 to
130˚km/s. At t˚=˚4˚ns, it is about 150˚km/s.

As a conclusion, we have observed, at the LULI
facility, the development of a radiative precursor ahead a
strong supercritical shock wave, in a xenon gas cell at low
pressure. Using various numerous diagnostics, the
experimental results we find are in good agreement with
numerical simulations. In particular, the measured velocity
of the shock front is very close to the value derived from
the numerical simulations. The experimental velocity of
the precursor remains within the range obtained with the
three codes. These discrepancies clearly show that much
theoretical and experimental works is required to get a
better and reliable modeling of radiative shocks. The
quality of our diagnostics will be improved and, in
addition, multidimensional effects will be studied, for
both hydrodynamics and radiative transfer. In the next
future, the upgraded laser facility at LULI will allow to
explore the physics of stronger radiative shocks.
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