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We present new experiments to study the formation of radiative shocks and the interaction be-
tween two counter-propagating radiative shocks. The experiments were performed at the Orion laser
facility which was used to drive shocks in xenon inside large aspect ratio gas-cells. The collision
between the two shocks and their respective radiative precursors, combined with the formation of
inherently 3-dimensional shocks, provides a novel platform particularly suited for benchmarking of
numerical codes. The dynamics of the shocks before and after the collision were investigated using
point-projection X-ray backlighting while, simultaneously, the electron density in the radiative pre-
cursor was measured via optical laser interferometry. Modelling of the experiments using the 2-D
radiation hydrodynamic codes NYM/PETRA show a very good agreement with the experimental
results.

Radiative shocks are formed when shocked matter be-
comes hot enough that radiative energy transfer changes
the shock structure. Radiative shocks are ubiquitous in
astrophysical phenomena including supernovae [1] and
protostellar jets [2]. Photons escaping from the shock can
heat and ionize the un-shocked medium ahead of it, lead-
ing to the formation of a radiative precursor [3, 4]. The
traditional study of radiative shocks has relied on the-
ory [5] and numerical simulations for the interpretation
of astrophysical phenomena (e.g. [6]) and experimental
data [7–10], which requires the addition of non-local ra-
diative transport to multi-dimensional hydrodynamics.
The growth of instabilities and other non-ideal effects
can further modify the physics, thus experimental data
are essential in order to test these models and improve

our understanding of the physics of radiative shocks.

Experiments to produce radiative shocks are typically
performed with high-power lasers, which can produce and
accelerate plasma flows to velocities ∼10-100’s km/s (see
references in [11, 12]). One experimental approach to
study such radiative effects consists of producing radia-
tive blast waves by focusing lasers onto a gas-embedded
pin [13, 14] or into a puffed cluster gas [15–17]. In these
cases, the shocks decelerate following a Sedov-Taylor tra-
jectory. An alternative experimental approach consists
of focusing lasers onto a foil which, due to laser abla-
tion pressure, acts as a piston that continuously pushes
and compresses a static gas inside a tube or gas-cell. In
order to maximise radiative effects, the experiments are
typically performed in high atomic-number gases such as
xenon, at pressures <∼1 bar [18–23]. Results from these
piston-driven experiments show the formation of quasi-
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FIG. 1. Octogonal gas-cells (nominal dimensions in mm). (a)
3-D rendering. (b) Side-on, cut-view. (c) Face-on view and
diagnostics.

planar radiative shocks, albeit perturbed by the inter-
action of the shock with the walls of the tube at ve-
locities >∼100 km/s [24]. These experiments have led to
novel applications particularly in the area of laboratory-
astrophysics, e.g. reverse radiative shocks for studies of
accretion in cataclysmic variables [25].

In this Letter we report on new experiments designed
to investigate the formation of piston-driven radiative
shocks. The experiments were designed so the shocks are
able to propagate both axially and radially, preventing in
this way any interaction of the shocks with the internal
walls of the cells and thus leading to a quasi-spherical
shock geometry [26]. In addition, the collision and inter-
action between two counter-propagating radiative shocks
and their respective radiative precursors is introduced as
a radiation-hydrodynamics platform particularly suited
for laboratory-astrophysics studies (e.g. colliding super-
nova remnants [27, 28]) and for numerical benchmarking.

The experimental setup (Fig. 1) consisted of octogo-
nal gas-cells with plastic discs attached to opposite ends
acting as pistons. The pistons were made up of 25 µm
thick CH (ρCH=0.9 g/cc) with a 50 µm thick CH-Br
(ρCH−Br=1.53 g/cc) attached to the inside surface to
prevent early-time pre-heating of the gas from X-rays
from the interaction of the drive lasers with the CH. This
insured the formation of a radiative precursor comes pre-
dominantly from heating of the compressed gas in the
shock.

The experiments were conducted on the Orion laser
[29]. The shocks were driven using 4 laser beams focused
onto each piston simultaneously. Each beam (∼400 J,
λ=351 nm, 1 ns pulse duration) had a flat-topped spa-
tial profile with a ∼600 µm spot diameter and thus a
laser intensity of ∼ 5 × 1014 W/cm2. Side-on diagnostic
access was achieved through two pairs of opposite win-
dows sealed with gas-tight filters suitable for optical and

X-ray diagnostics. The gas-cells were filled with xenon
to a pressure of P0 ∼0.3 bar (ρ0 ∼1.6 mg/cc).

The diagnostic setup is presented in Fig. 1c. One pair
of windows was used for point-projection X-ray back-
lighting (XRBL) imaging of the shocks driven by ad-
ditional lasers (∼450 J, 500 ps pulse duration) focused
onto a 5 µm thickness iron foil supported on a 20 µm
diameter pinhole that provided spatial resolution [30].
This is comparable to the resolution due to motion blur-
ring (∼ 40 µm) for the XRBL laser pulse duration and
a typical shock velocity of vs ∼80 km/s. The resulting
emission is dominated by iron He-α transitions (6.7 keV
photons)[31] which was recorded onto image plates with
a magnification of ∼ ×11.

The second pair of windows were used to perform opti-
cal laser interferometry in a Mach-Zehnder configuration
with a ∼300 mJ, λ=532 nm, 50 ns pulse duration, ∼35
mm beam diameter laser. Two optical streak cameras
(100 ns sweep time) recorded interferometry and optical
self-emission along the axis of propagation of the shocks.
In addition, 4 gated optical intensifiers (GOI) recorded
time-resolved, 2-D interferometry images of the shocks at
4 different times per experiment.

Figs. 2a-c show results from XRBL at 25, 30 and 35
ns. The shocks are seen as round-shaped features coming
into the field of view of the windows from each side, with
darker tones representing stronger X-ray absorption (i.e.
higher mass density). Their head-on collision is seen at
30 ns followed by the formation of reverse shocks as dense
structures at the center of the window at 35 ns. These

FIG. 2. Counter-propagating shock dynamics at differ-
ent times from: (a)−(c) experimental X-ray backlighting,
(d)−(f) 2-D numerical simulations. Each simulation image
shows mass density (top-half, log scale), electron temperature
(bottom-left quadrant, linear scale) and materials (bottom-
right quadrant). The colorbar used to represent mass density
in (d) also displays linear values of electron temperature with
ranges: (d) 0−35 eV, (e) 0−60 eV, (f) 0−40 eV.
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FIG. 3. Electron density measurements in the radiative pre-
cursors. (a)-(b) 1-D axial streak interferometry results, re-
spectively (a) raw data and (b) analysis of (a) resulting in
line electron density neL (×1018 cm−2) as a function of time.
The dashed lines on (a) mark values of neL ∼ 1.5×1018 cm−2.
(c)-(d) 2-D GOI results at 18 ns. The top-half of (c) shows
raw data and the bottom-half a pre-shot interferogram. (d)
2-D neL map from analysis of (c). (e) Axial profiles of neL
at 18, 20, 22 and 24 ns from (b) and (d). Also shown are neL
profiles at 18 ns off-axis (positions marked as A and B in (d)).
(f) Simulated axial profiles of neL at 14, 16, 18 and 20 ns.

results indicate a shock velocity of vs ∼ 75 ± 25 km/s
(i.e. a shock displacement of ∼ 0.25 − 0.5 mm in 5 ns)
and a reverse shock velocity of the order of vrs ∼30 km/s.

Figs. 2d-f show 2-D axisymmetric simulations with the
radiation-hydrodynamics codes NYM/PETRA using the
same initial experimental conditions as in the experi-
ments (2 µm resolution). NYM [32] is a Lagrangian
code with multi-group implicit Monte-Carlo X-ray trans-
port and full laser-interaction physics used to model the
laser-piston interaction. These simulations were linked
and mapped to the Eulerian code PETRA (typically
after 5 ns) [33], using multi-group X-ray diffusion to
study the late-time plasma behaviour. The opacities
and equations of state for the multi-material piston and

xenon were taken from SESAME tables. The counter-
propagating shock collision was simulated using a fully
reflective boundary at the centre of the diagnostic win-
dow (shown schematically in Fig. 2d) for the plasma flow
and radiation.

The simulations accurately reproduce the overall shock
dynamics with an uncertainty of up to ∼3 ns, which can
be attributed to shot-to-shot experimental variations in
the targets and laser energy. Simulated mass density re-
produces the increase in density seen at the shock front
in XRBL (see Figs. 2a,d), which can be attributed to re-
gions of post-shock xenon followed by CH-Br. The plots
of materials indicate the typical width of the post-shock
xenon is ∼ 40 µm, i.e. in the limit of the diagnostic res-
olution due to motion blurring. The simulations show
the shock front as an unstable, rippled layer due to the
growth of hydrodynamic instabilities mediated by strong
radiative cooling in the shock which lead to an increase in
its density, thus making the interface with the upstream,
un-shocked xenon unstable. Simulated electron density
in Fig. 2d at 22 ns shows significant heating ahead of the
shock due to the formation of the radiative precursor.

As the XRBL diagnostic is sensitive to variations in
mass density, it does not provide information on the ra-
diative precursor which is characterized by changes in
temperature and ionization. Thus the radiative precursor
was studied by measuring the electron density ahead of
the shock with laser interferometry. Fig. 3 shows results
from 1-D axial streak imaging (Figs. 3a-b) and 2-D time-
resolved GOI imaging (Figs. 3c-d). The displacement of
the interference fringes from their initial undisturbed po-
sition (straight lines in Figs. 3a,c) is proportional to the
line electron density neL, i.e. the electron density inte-
grated along the length of the plasma being probed. As
time progresses, the fringe contrast decreases and the dis-
placement cannot be traced accurately as the laser goes
through regions near the shocks, characterized by strong
absorption and large spatial gradients of electron den-
sity. The resulting neL maps (Figs. 3b,d) were obtained
using the technique described in [34]. The streak interfer-
ometry results in Fig. 3b show that isocontours between
neL = 1 × 1018 cm−2 and 3.5 × 1018 cm−2 maintain an
approximately constant separation from ∼ 12 − 20 ns
indicating that, during these times, the radiative precur-
sor reaches a steady state with a characteristic extent of
∼ 300 − 350 µm. Such quasi-stationary radiative shocks
have only been previously observed in 1-D experiments
[35] and in 2-D numerical simulations[12]. By following a
fixed value of neL =1.5×1018 cm−2 a characteristic pre-
cursor “velocity” of ∼ 90 km/s is estimated, in agreement
with the shock velocity estimated from XRBL results.

Results from 2-D neL at 18 ns in Figs. 3c-d show sim-
ilar features as those seen in XRBL results in Fig. 2a,
however with this diagnostic the shocks cannot be accu-
rately resolved and are seen as diffuse regions. The anal-
ysis in Fig. 3d shows that the isocontours of neL between
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FIG. 4. Axial profiles of mass density (ρ), electron density (ne), electron temperature (Te) and radiation temperature (TR)
from 2-D simulations of counter-propagating radiative shocks at: (a) 22 ns (before the collision, see Fig. 3d), (b) 30 ns (shortly
after the collision, note change in X and Y scales), (c) 36 ns (after the collision, see Fig. 3f). The axial distance is taken from
the centre of the diagnostic window, which marks the position of a reflective boundary used for the simulations.

1 − 3 × 1018 cm−2 can be well approximated as concen-
tric circles (e.g. neL = 2 × 1018 cm−2 shown as dashed
circles) indicating that the precursors have a spherical
shape at this particular time. This allows defining ori-
gins for radial axes of symmetry for both shocks, roughly
aligned with the horizontal shock symmetry axis (shown
as straight dashed lines). The radial symmetry allows
extracting profiles of neL towards regions off-axis, where
little interaction with the counter-propagating precursor
is expected. Under this approximation, it is possible to
extract the expected neL profiles for a single-drive shock
(labelled as A and B in Fig. 3d).

Fig. 3e shows a comparison of axial profiles of neL
from streak and GOI imaging at 18, 20, 22 and 24 ns,
showing a very good agreement between both diagnos-
tics. Discrepancies are probably due to uncertainties in
defining a “zero” level of neL [34] in the analysis of GOI
data. Comparison between the profiles on- and off-axis
at 18 ns in Fig. 3e show the radiative precursors have
very similar values away from the vertical symmetry axis
and, as they reach the collision in the centre, it leads to
an effective increase in neL. This increase is consistent
with the values obtained by doing the sum between the
two off-axis profiles A and B.

The axial spatial distribution of neL from the two ra-
diative precursors in Fig. 3e can be compared to results
from 2-D simulations shown in Fig. 3f. The simulations
overall match the spatial distribution of neL in the ex-
periments with a time difference of 4 ns (14−20 ns in sim-
ulations, 18−24 ns in the experiments). Moreover, simu-
lations overestimate the experimental values of neL by a
constant value of ∼ 4.5 × 1018 cm−3, which is consistent
with experiments having a 3-D distribution of electron
density instead of 2-D in simulations, thus lower values
should be expected in reality as discussed in [36].

In order to get a better understanding of the collision
between the two counter-propagating radiative shocks,
axial profiles from 2-D numerical simulations in Figs. 4a-
c show, respectively, the plasma conditions at 22 ns (pre-
collision), at 30 ns (shortly after the collision), and at
36 ns (post-collision). In Fig. 4a, the dip in electron
temperature at ∼-0.34 mm from the reflective boundary
(at 0 mm) marks regions of CH-Br and Xe, whereas the
peak in electron temperature of Te ∼ 24 eV at ∼-0.29
mm marks the position of the shock front. The radia-
tive precursor is seen ahead of the shock with a peak
temperature of Te ∼ 16 eV, decreasing to Te ∼ 10 eV
on the axis of the window. Similar electron tempera-
tures pre- and post-shock indicate the shock is supercrit-
ical [3]. The post-shock xenon temperature Tps agrees
with estimates presented in [11] done by balancing the
fluxes of radiation and kinetic energy of the incoming
flow (2σT 4

ps = ρ0v
3
s/2). Here ρ0 = 1.6 mg/cc is the initial

Xe density, vs ∼ 80 km/s is the measured shock velocity
and σ = 5.67×10−8 Wm−2K−4 is the Stefan-Boltzmann
constant, resulting in Tps ∼ 20 eV.

The simulated mass density in the post-shock xenon
region in Fig. 4a at 22 ns shows a double peak which
reflects the spatial variations in density due to the for-
mation of hydrodynamic instabilities seen in 2-D images
(ripples). Thus a lower-boundary for the post-shock com-
pression can be estimated by taking the density at the
through (which remains constant between 22−26 ns) of
ρps ∼ 60 mg/cc, resulting in a compression of ρps/ρ0 ∼
38. On a first approximation, the post-shock compression
can also be estimated experimentally from XRBL results
in Fig. 2a by taking the ratio of absorbed X-ray intensity
at a point through the post-shock Ips respect to the in-
tensity through the undisturbed ambient xenon I0 via the
expression ρps/ρ0 = 1 + [ln(I0/Ips)/(σXeLXeρ0)], where
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σXe = 505 cm2/g is the mass attenuation coefficient for
Xe at 6.7 keV and LXe ∼ 0.3 mm is the transverse length
of the xenon post shock. Typical values of I0/Ips are
∼ 1.1, and thus from different shots ρps/ρ0 ∼ 6 ± 2. It
should be noted that this estimate is heavily constrained
by the resolution of the XRBL diagnostic (of the order
of the extent of the post-shock region) and the possible
emission of hard X-rays (>10 keV) from the backlighter
[37] which could affect the intensity measurements. Over-
all the compressions that characterise the post-shock are
higher than the ideal, non-radiative compression of 4×
[19], which indicates that radiative losses play a signifi-
cant role in the shock dynamics.

Results from simulations post-collision, e.g. from 28
ns onwards (Figs. 4b,c and Figs. 2e,f) indicate the re-
verse shock is formed mostly of piston material (CH-
Br) with an almost unresolved xenon region close to the
reflective boundary. The post-shock density in the re-
verse shock ρprs can be estimated by using the Rankine-
Hugoniot relations for a reverse shock [28, 38] as ρprs =
((vrs +vps)/vrs)ρps, where vrs is the reverse shock veloc-
ity in the laboratory frame (measured as vrs ∼ 30 km/s),
vps is the post-shock velocity in the laboratory frame
given by vps = vs(ρps − ρ0)/ρps ≈ 73 km/s for a post-
shock mass density from simulations of ρps ∼ 60 mg/cc,
resulting in ρprs ∼ 206 mg/cc. This estimate is in line
with simulation results at 28−30 ns (e.g. Fig. 4b), which
indicate ρprs ∼ 110 − 190 mg/cc, with the caveat that
strong mixing between Xe and CH-Br should be predom-
inant at these times. Simulations at 36 ns in Fig. 4c show
the reverse shock as an extended region with a half-width
of ∼ 0.2 mm and with an approximately constant mass
density and temperature of ρ ∼ 50 mg/cc and Te ∼25 eV
respectively. This region drives a strong reverse-radiative
precursor evidenced by an increased radiation tempera-
ture TR.

In summary, we presented a new study of laser-piston
driven radiative shocks in xenon characterised by simul-
taneous experimental measurements of the dynamics of
the shock region and the radiative precursor. This ex-
perimental set-up allows studying the collision between
two counter-propagating radiative shocks as a radiation-
hydrodynamics platform to study complex physics, par-
ticularly suited for numerical benchmarking. Simulations
are able to accurately reproduce the experimental results,
and we hope the first results in this Letter can be used
as a test bed for other codes (e.g. 3-D radiative codes)
to investigate, for instance, the effect of the interaction
between the precursors and the formation of the reverse
shocks. Similarly, we intend for future experiments to
corroborate the estimates presented here by measuring
the precursor and post-shock plasma conditions in xenon
with, e.g. X-ray Thomson scattering, which so far has
only been done for radiative shocks in argon [39].
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munications 285, 64 (2012).

[24] F. W. Doss, H. F. Robey, R. P. Drake, and C. C. Kuranz,
Physics of Plasmas 16, 112705 (2009).

[25] C. M. Krauland, R. P. Drake, C. C. Kuranz, B. Loupias,
T. Plewa, C. M. Huntington, D. N. Kaczala, S. Klein,
R. Sweeney, R. P. Young, E. Falize, B. Villette, and
P. a. Keiter, The Astrophysical Journal 762, L2 (2013).

[26] M. Koenig, T. Vinci, a. Benuzzi-Mounaix, N. Ozaki,
a. Ravasio, M. Rabec le Glohaec, L. Boireau, C. Michaut,
S. Bouquet, S. Atzeni, a. Schiavi, O. Peyrusse, and
D. Batani, Physics of Plasmas 13, 056504 (2006).
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