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The phenomenon of irregular shock-wave reflection is of importance in high-temperature gas
dynamics, astrophysics, inertial-confinement fusion, and related fields of high-energy-density
science. However, most experimental studies of irregular reflection have used supersonic wind
tunnels or shock tubes, and few or no data are available for Mach reflection phenomena in the
plasma regime. Similarly, analytic studies have often been confined to calorically perfect gases. We
report the first direct observation, and numerical modeling, of Mach stem formation for a warm,
dense plasma. Two ablatively driven aluminum disks launch oppositely directed, near-spherical
shock waves into a cylindrical plastic block. The interaction of these shocks results in the formation
of a Mach-ring shock that is diagnosed by x-ray backlighting. The data are modeled using radiation
hydrocodes developed by AWE and LANL. The experiments were carried out at the University of
Rochester’s Omega laser 关J. M. Soures, R. L. McCrory, C. P. Verdon et al., Phys. Plasmas 3, 2108
共1996兲兴 and were inspired by modeling 关A. M. Khokhlov, P. A. Höflich, E. S. Oran et al., Astrophys
J. 524, L107 共1999兲兴 of core-collapse supernovae that suggest that in asymmetric supernova
explosion significant mass may be ejected in a Mach-ring formation launched by bipolar jets.
关doi:10.1063/1.3499690兴
I. INTRODUCTION

After their discovery by Ernst Mach in the late 19th
century, irregular shock reflection phenomena 共so-called
Mach reflections consisting of a particular configuration of
incident, reflected and Mach stem shock waves, which, together with a slip discontinuity, meet at a triple point兲 have
been intensively studied following the pioneering work of
von Neumann.1,2 An understanding of such interactions of
strong shock waves is central to many fields of high-energydensity science, including explosively driven blast waves,
high-temperature gas dynamics, astrophysics, and inertialconfinement fusion 共ICF兲. The Mach reflection configuration
is important in height-of-burst studies,3 is apparent in the
flow field from supersonic jets,4,5 and has been postulated as
a mechanism for the structure observed in astrophysical
Herbig–Haro objects.6,7 Mach reflection of two spherical
shocks has been proposed to explain x-ray emission from the
Vela supernova remnant8 and a Mach stem formed following
the interaction of bipolar jets may explain some observational features of core-collapse supernovae.9 In ICF,
Richtmyer–Meshkov instability and the interaction of shock
waves that traverse capsule defects may lead to the formation
of jets of material that initiate mixing and thus degrade
yield.10,11
Most experimental studies of irregular shock reflection
have used supersonic wind tunnels or shock tubes and have
studied the pseudosteady reflection of a shock wave at an
inclined wedge, or the mutual interaction of two shocks
共launched from opposing wedges兲. In spite of its relevance
for astrophysics and laboratory high-energy-density science,
few or no data are available for Mach reflection phenomena
1070-664X/2010/17共11兲/112704/9/$30.00

in the plasma regime. In this paper, we report the first direct
observation, and numerical modeling, of Mach stem formation for a warm dense plasma 共typically, 5–10 eV temperature, 1 – 2 g cm−3 density兲.
Mach reflection phenomena have been reviewed in detail
by Hornung,12 Glass,13 and Ben-Dor14,15 who note that the
general Mach reflection 共MR兲 configuration may be further
subdivided into specific wave structures, encompassing
single Mach reflection 共SMR兲, transitional Mach reflection
共TMR兲, and double Mach reflection 共DMR兲. In the selfsimilar, pseudosteady flow regime, criteria for transition between regular reflection 共RR兲, SMR, TMR, and DMR structures may be derived analytically and are frequently
represented16,17 as transition lines in the 共M , w兲 plane, where
M is the flow Mach number ahead of the incident shock, and
w is the angle of the shock-forming wedge. In the case of
non-self-similar, unsteady shock reflections 共such as the reflection of a planar shock at a concave or convex cylindrical
surface, or the reflection of a spherical shock at a plane surface兲 simple transition criteria do not exist, and recourse
must be made to numerical computation. Further complication arises from hysteresis14 that may arise in transition between the different types of reflection. Such unsteady shock
reflection phenomena do frequently occur in many cases of
current interest 共astrophysics, high-energy-density laboratory
plasma physics, etc.兲, and in a review of future research
needs for shock-wave reflection, Ben-Dor15 lists transition
criteria for unsteady shocks and Mach stem curvature,
among other topics, as deserving further research. The purpose of the present work is to investigate the regular-toMach-reflection transition in the case of interacting, near-
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FIG. 1. Experimental arrangement for the Mach reflection experiment. Two
opposing laser-heated hohlraums are used to ablate aluminum pushers that
in turn drive counter-propagating shocks into a resorcinol-formaldehyde
foam experimental package. The shock positions are recorded by x-ray
backlighting radiography, using an area backlighting source and time-gated
x-ray camera. The “Dante” x-ray diode array is used to monitor the hohlraum temperature.

spherical shocks in a dense plasma for the purpose of testing
numerical radiation-hydrocode simulations.
II. EXPERIMENTAL DETAILS AND GENERAL
CONSIDERATIONS

Figures 1 and 2 show our experimental arrangement. We
generate counter-propagating, convex-curved shock fronts
using a laser-target assembly consisting of two ablatively
driven aluminum foil “pushers” at opposite ends of a cylin-

FIG. 2. The experimental package for the Mach reflection experiment, in
which the incident 共i兲, reflected 共r兲, and Mach 共m兲 shocks are shown schematically and 共bottom兲 typical experimental data. Dimensions are in
microns.

drical hydrocarbon foam cylinder. Two laser-heated hohlraum targets provide x-ray ablation of the outer faces of the
aluminum disks, leading to the propagation of 50 Mbar 共peak
pressure兲 shocks through the aluminum foils, and subsequently into the hydrocarbon foam. The aluminum disks are
220 m diameter and are set 共flush with both faces兲 within
50 m thickness, 2000 m diameter gold washers. The
central, cylindrical component has 800 m diameter,
450 m length, resorcinol formaldehyde aerogel foam
共C15H12O4兲 at 0.51 g cm−3 density, and pore size ⬍0.1 m.
The two hohlraum targets have 1600 m diameter,
1200 m length, and 1200 m diameter laser entrance
holes. The experimental package is illuminated through a
800 m diameter hole in the hohlraum wall, opposite the
laser entrance hole. This axisymmetric configuration enables
us to model the entire 共both hohlraums plus experimental
package兲 assembly using two dimensional radiation hydrocodes. Each hohlraum is heated using 12 beams of the
Omega18 laser with a total energy of 6 kJ in a 1 ns duration,
constant-power laser pulse of 0.35 m wavelength. The resulting peak radiation drive temperature lies in the range
190–200 eV. The propagation and interaction of shocks
within the target assembly is measured using x-ray backlighting radiography along two 共mutually orthogonal兲 lines of
sight, perpendicular to the axis of symmetry of the experimental package. Two x-ray backlighting targets are used 共one
for each line of sight兲, positioned 4 mm from the axis of
symmetry. Each target consists of a 3 mm square, 25 m
thickness foil of titanium illuminated with six laser beams
共400–600 ps pulse duration, 0.35 m wavelength兲, incident
from both sides of the target in a 800 m diameter spot. The
backlighter spectrum is dominated by the 4.75 keV resonance line emission of He-like titanium. X-ray backlit images are recorded on Kodak DEF x-ray film using two cameras, each incorporating a 16-hole array of 10 m diameter
pinholes. The combination of geometric spatial resolution
and motion blurring results in a net spatial resolution of approximately 15 m. The experimental arrangement is
closely similar to that used for our complementary study of
supersonic jet and shock interactions.19 Figure 3 shows experimental, x-ray backlit, images of the motion of the
aluminum-pusher-driven shocks in the hydrocarbon foam
and the formation of a curved, radially propagating Machring shock. Figure 4 identifies the principal features of the
Mach reflection structure.
Before turning to the detailed hydrocode modeling of
our experiment, it is interesting to infer approximately the
physical conditions in the shocked material and ask if the
measured critical angle is in line with expectations from analytic shock reflection theory. In the present experiment, the
incident and Mach shock velocities, us and u M , lie in the
range 20– 30 m ns−1. Although it is difficult to assess with
any certainty the preheated temperature of the undisturbed
hydrocarbon foam ahead of the shock, a simple calculation
demonstrates that our experiment lies in the strong shock
regime, as follows. We calculate the sound speed 关cs
= 共␥ P / 兲1/2, where the adiabatic index, ␥ = C p / Cv兴 in the
foam ahead of the shock, and thus the shock Mach number
共M = u / cs兲. SESAME equation-of-state tables20 for polysty-
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FIG. 3. Experimental images 共obtained using a 4.75 keV x-ray backlighting
source兲 showing formation of the Mach stem as a function of time. Dimensions are in microns. Note the changes of offset on the left-hand axis, which
were chosen to centralize approximately the radially propagating Mach stem
in each image.

rene 共a material similar to that used in the present experiment兲 indicate a pressure of 0.5 GPa at 0.1 eV temperature
and 0.5 g cm−3 density, and 20 GPa at 1 eV temperature and
0.5 g cm−3 density. With the assumption, for now, that
␥ = 5 / 3, the corresponding sound speeds are 1.3 and
8 m ns−1 suggesting M ⬃ 3 – 20, and so M Ⰷ 1 even at the
implausibly high preheat temperature of 1 eV. We proceed
further by noting from the strong-shock relations for a
gamma-law gas21 that the specific internal energy, , of the
shocked foam is given by  = 0.5关2 / 共␥ + 1兲兴2u2. Let us assume that the foam is shocked to peak theoretical density of
关共␥ + 1兲 / 共␥ − 1兲兴0 = 2 g cm−3. With reference to the
SESAME equation-of-state for polystyrene, we find that at a
density of 2 g cm−3, the specific internal energy is related
approximately to temperature by  = 45T1.125, where  and T
are in units of MJ kg−1 and eV, respectively. Inspection of the
experimental data 共Fig. 3兲 shows that the radial velocity of
the Mach shock is approximately 30 m ns−1, and we thus
infer a temperature of approximately 5 eV for the material
behind the Mach stem. The Mach and incident shock velocities are related by u M = us / sin , and we infer an incident
shock speed of 20 m ns−1 and a corresponding incident
shock temperature of approximately 3 eV. It remains to demonstrate that our assumption of an ideal polytropic gas is
approximately reasonable. The ideal gas equation-of-state is
P = 共␥ − 1兲. Again from the SESAME equation-of-state, we
find, for example, that at T = 5 eV and  = 2 g cm−3,
 = 246 MJ kg−1, and P = 344 GPa. By substitution, we infer
an effective ␥ ⬇ 1.7, close to our assumption of ␥ = 5 / 3.
More detailed inspection shows that for material at some-

FIG. 4. 共Top兲 Experimental data from the Mach stem experiment at
t = 11 ns, in which the incident shock 共I兲, reflected shock 共R兲, Mach stem
共M兲, and slip surface discontinuity 共S兲 may all be identified. 共Bottom兲 Notation for analysis of the experimental data. The angles 1 and 2 are defined by the tangent to the incident shock front at the position of the triple
point 共T兲. LM is the length of the Mach stem. The angle ␦ is the deviation
from planarity of the Mach stem at the triple point.

what lower temperature 共representative of the incident
shock兲, we find an effective ␥ somewhat less than 5/3, because of the “loss” of energy to dissociation and ionization.
Now, the critical angle for Mach reflection depends on
the Mach number, M, of the shock and the adiabatic index,
␥, of the material in which the shock is propagating. A frequently quoted expression due to Courant and Friedrichs22
for the critical angle in the limit of infinitely strong shocks
and using the “detachment criterion” of von Neumann is

冉冊

cr = arcsin

1
,
␥

and for a ␥ = 5 / 3 ideal gas we infer cr = 37°. De Rosa et al.23
discuss the limitations of this expression and provide the
following 共better兲 approximation:
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cr = arctan

冑␥2 − 1
1
␥ − 1 ␥ − 冑␥2 − 1

册

冊

1/2

⫻ 关1 − 共␥2 − ␥冑␥ − 1兲1/2兴 .
The Courant and Friedrichs and De Rosa treatments show
little difference of critical angle for ␥ = 5 / 3, but diverge for
smaller ␥, with a difference of nearly 10° at ␥ = 1.2. Analytical calculations by Glass and Ben-Dor16,17 identify the transition lines between RR and DMR, TMR and SMR as a
function of Mach number, M, and wedge angle, w 共note that
w +  = 90°兲, although for a monatomic gas and all M ⱖ 4, w
is close to 55° for the transition from RR 共corresponding to
cr = 35°兲. Of course, the analytic treatment of Ref. 17 may
not be strictly appropriate to our own case of two counterpropagating, curved shock fronts. Rather, our own case may
be similar to that of the interaction of two explosively driven
blast waves,24,25 or the reflection of an explosively driven
blast wave at the ground plane.3 In these cases a curved
Mach stem is typically observed, and the experimentally
measured26 critical angle for Mach reflection may differ by
10° 共smaller or greater兲 from the analytically calculated transition line from RR to MR. Further consideration is given to
this point in discussion of our numerical hydrocode simulations.
III. HYDRODYNAMIC MODELING

We have modeled the experiment using radiation hydrocodes employing both fixed-mesh and adaptive-meshrefinement 共AMR兲 Eulerian schemes, implemented in the
AWE hydrocode PETRA and the LANL hydrocode RAGE. In
both cases, the simulation includes a representation of both
the hohlraum and the experimental package, although no
treatment of laser light propagation and absorption is included. Instead, radiation drive is simulated by imposing a
temperature in those cells of the calculational mesh that are
initially within the internal volume of the hohlraum and filled
with low-density 共10−4 g cm−3兲 material. Our simulation of
the hohlraum driver for this experiment 共using the AWE Lagrangian radiation hydrocode NYM兲 is explained in detail in
Ref. 19, together with a fuller discussion of our prescription
for the radiation drive and further details of Eulerian modeling using the PETRA and RAGE hydrocodes.
PETRA is a two-dimensional Eulerian hydrocode developed by AWE.27,28 Radiation transport is treated by singlegroup 共gray兲 diffusion, and ion, electron, and radiation temperatures are assumed equal 共one-temperature model兲.
Equation-of-state 共EOS兲 and opacity data are input in tabular
form, provided by off-line calculations. In simulation of the
present experiment, EOS was obtained from tables that derive from the combination and smooth interpolation of experimental data 共where these are available兲 and Thomas–
Fermi calculations 共elsewhere兲. Radiative opacities were
obtained from off-line simulation using the IMP 共Ref. 29兲
opacity code. Specifically, standard EOS data were used for
the aluminum and gold components of the experiment, and
the resorcinol-formaldehyde foam was represented by the

tabular EOS for polystyrene. The experimental package was
zoned in the following way: a cell size of 1.25 m per cell
was used in the axial direction and 2 m per cell in the
radial direction. Outside of this region, coarser zoning was
used to enable the calculation to run in a time-efficient manner. A region of low-density CH was placed outside the hohlraum, immediately adjacent to the laser-entry holes, to overcome time-step problems in the simulation. A starting
temperature of 0.1 eV was used throughout the entire mesh.
Radiation Adaptive Grid Eulerian 共RAGE兲 is a multidimensional, multimaterial Eulerian radiation-hydrodynamics
code developed by Los Alamos National Laboratory and Science Applications International.30 RAGE uses a continuous 共in
time and space兲 adaptive-mesh-refinement 共CAMR兲 algorithm to follow interfaces, shocks, and gradients of physical
quantities such as material densities and temperatures. At
each cycle, the code automatically determines whether to
subdivide or recombine Eulerian cells. The user also has the
option to dezone 共that is, reduce the resolution of the mesh兲
as a function of time, space, or material. Adjacent square
cells may differ by only one level of resolution, that is, by a
factor of 2 in cell size. Interface tracking was not used in the
present simulations 共although several different interface preservers are now available兲 and the simulation easily follows
contact discontinuities with fine enough zoning at the material interfaces 共1.5 m minimum resolution was used in the
present case兲. The CAMR method speeds calculations by as
much as two orders of magnitude over straight Eulerian
methods. RAGE uses a second-order-accurate Godunov hydrodynamics scheme similar to the Eulerian scheme of
Colella.31 Mixed cells are assumed to be in pressure and
temperature equilibrium, with separate material and radiation
temperatures. Radiation transport is approximated with implicit gray flux-limited diffusion. Opacity and EOS data are
generated off-line and input in tabular form. The SESAME
共Ref. 20兲 data tables were used for the equation of state, and
the EOS of the resorcinol-formaldehyde foam was based on
that of carbon 共SESAME material no. 7831兲. The RAGE code
has been validated with analytical test problems and applied
to many shock tube, laser and pulsed-power experiments.32,33
In the case of both PETRA and RAGE, the hydrocode
simulation is postprocessed to generate synthetic x-ray backlit images for comparison with the experimental data.
In the following, we illustrate our modeling of the hydrodynamics by considering simulations obtained using the
PETRA code, although the results of RAGE simulations are not
significantly different. Figure 5, taken from a PETRA simulation of the experiment, shows the material interfaces, material density, and synthetic x-ray backlit image at 11 ns after
the origin of the laser drive. The locations of the incident and
Mach stem shocks are clearly identifiable in the density distribution and synthetic radiograph, as is the twice-shocked
material between the slip discontinuity and the reflected
shock. The region of gold that is evident in the material
distribution 共and synthetic radiograph兲 arises from the axial
stagnation and subsequent jetting of the hohlraum wall and is
probably overestimated because of the two-dimensional
symmetry of the simulation.34 Figure 6, also taken from the
PETRA simulation at 11 ns, shows temperature and velocity
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FIG. 5. 共Color兲 PETRA simulation 共at t = 11 ns兲 of the Mach stem experiment
showing material interfaces and density distribution and synthetic 4.75 keV
radiograph. Dimensions are in microns.

distributions. The higher temperature 共in comparison with
the incident shock兲 of material within the Mach stem and
reflected shock is apparent. Two points of interest are evident
in the velocity distribution: the velocity shear at the slip sur-

FIG. 6. 共Color兲 PETRA simulation 共at t = 11 ns兲 of the Mach stem experiment
showing temperature and velocity distribution. Note the temperature difference between the incident and Mach shocks, the velocity shear at the slip
discontinuity 共evident in the axial component of velocity兲, and the jetting at
the symmetry plane 共evident in the radial component of velocity, just inside
the Mach shock兲. Dimensions are in microns.
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FIG. 7. Synthetic radiographs from PETRA simulation of the Mach reflection experiment. The Mach stem and slip discontinuity are evident at 10 ns
and later, and the jetting phenomenon at the plane of symmetry is evident at
13 ns. Dimensions are in microns. Note the changes of offset on the lefthand axis, which were chosen to centralize approximately the radially
propagating Mach stem in each image.

face discontinuity 共evident in the axial velocity distribution兲
and the jetting phenomenon at the symmetry plane 共evident
in the radial velocity distribution, inside the Mach stem
shock兲. A similar jetting phenomenon is discussed in detail
by Henderson et al.35 It is not clearly discernable in the
raw-data late time experimental radiographs, although it is at
the limit of spatial resolution of the present work. Figure 7
shows synthetic radiographs from the PETRA simulation, at
times chosen for direct comparison with the experimental
data of Fig. 3.

Phys. Plasmas 17, 112704 共2010兲

FIG. 8. 共Color兲 Location of shock positions in the experiment 共black兲, and
the PETRA 共red兲 and RAGE 共blue兲 synthetic radiographs. The shocks are identified by using the Canny edge-detection algorithm. In the case of the PETRA
simulations, the data have been offset by a maximum of 20 m 共compare
with Fig. 9, which shows absolute positions兲 to aid comparison of shape.
The amplitude of noise in the experimental data is dependent on the degree
of spatial smoothing employed in the edge-detection process, although this
does not affect the shape of the detected shock front.

point in the experiment and in the PETRA and RAGE simulations.
In the case of steady-flow Mach reflections, the experimental data of Hornung and Robinson38 suggest a nearly
linear dependence of Mach stem length on angle of shock
incidence. Although we have no reason, a priori, to assume
that such a linear dependence extends to our own nonstationary flow experiment, the experimental data nevertheless sug-

IV. DISCUSSION

We identify shock positions in the experimental and synthetic radiographs by use of the Canny edge-detection
algorithm.36,37 Figure 8 shows a comparison of shock positions identified by edge-detection in the radiographs shown
in Fig. 3 共experimental images兲 and in the PETRA and RAGE
simulations 共Fig. 7 shows synthetic images from PETRA兲.
Figure 9 compares the radial positions of the Mach stem
shock at the plane of symmetry.
We attempt to identify the critical angle for Mach reflection from our experimental data and simulations. We construct tangents to the incoming shocks 共at the position of the
triple points兲 and measure the angles of incidence 共1 and
2, in the notation of Fig. 4兲 relative to the plane of symmetry and the length of the Mach stem 共LM 兲. Figure 10 shows
the measured length of the Mach stem as a function of the
mean angle of shock incidence, 共1 + 2兲 / 2, at the triple

FIG. 9. 共Color online兲 Radial position of the Mach shock at the plane of
symmetry in experiment and simulation.
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effects are negligible. With reference to Figs. 5 and 6, we
choose two aspects of the experiment for more detailed, illustrative discussion: thermal conduction from the shockheated material to its surroundings and hydrodynamic instability at the shear surfaces within the Mach stem.
The thermal diffusivity is given42 by

共cm2 s−1兲 = 3.30 ⫻ 10−3

FIG. 10. 共Color兲 Observed Mach stem length, L M , and mean angle of incidence, 共1 + 2兲 / 2, of the incoming shock at the position of the triple point,
for the experimental data and the PETRA and RAGE simulations.

gest that this may be a reasonable approach for the purpose
of identifying the critical angle. We do not intend to imply a
functional relationship between  and L M for our nonsteady
shock, but instead simply use Fig. 10 to identify the critical
angle at which the Mach stem first appears. On this basis,
backward extrapolation suggests a critical angle, cr, for
Mach reflection of close to 48° for our present experiment
共different by approximately 10° from the analytically calculated angle兲. Now, the analytic derivation of critical angle
assumes that the Mach stem is perpendicular to the wedge
surface 共or plane of symmetry, in our own case兲. Glass39
discusses the effect of Mach stem curvature on critical angle
and notes that the critical angle may differ from calculation
by an amount equal to the angle of curvature of the Mach
stem 共the angle ␦, defined in Fig. 4兲 at the triple point. It is
difficult to measure this angle accurately from the experimental data, although we note that ␦ ⬇ 15°, and that this may,
in part, explain the difference between our measured critical
angle and analytic estimates. Hysteresis14 may also delay the
onset of Mach stem formation in a case such as the present
experiment, where the angle increases progressively to that
required for Mach reflection.
Our experiments differ from other work using shock
tubes and supersonic wind tunnels, and aside from the higher
incident shock Mach number that can be addressed by
plasma experiments, it is interesting to consider the potential
consequences of the high temperature and small spatial scale
that is accessed in the present experiment.
Scaling from the laboratory plasma regime to an entirely
different spatial scale requires that dissipative processes are
unimportant, as discussed by Ryutov et al.40,41 The conditions of temperature, density, typical scale size, and fluid
velocity of the present experiment are sufficiently close to
those of our earlier jet-shock interaction experiments for the
results of Ref. 19 to apply also in the present case. In brief
summary we note that the warm, dense plasma of the present
experiment is well described by a hydrodynamic treatment.
The Reynolds number is high 共of order of 106兲 and viscous

T共eV兲5/2A
,
Z共Z + 1兲ln ⌳共g cm−3兲

and for a 共by means of example兲 carbon plasma shocked to
four times initial density and a temperature of approximately
10 eV 共a typical upper limit for our present work兲, we find a
thermal diffusivity in the order of 1 cm2 s−1. For a typical
velocity 共u兲 of 20 m ns−1 and spatial resolution distance
scale 共r兲 of 10 m, the corresponding Peclet number 共Pe
= ur / 兲 is of the order of 2000, and thermal conduction is
evidently negligible. RAGE simulations with and without
thermal conduction included confirm this point.
Axial fluid velocity on either side of the slip surface
共PETRA simulations shown in Fig. 6兲 is typically
⫾5 m ns−1. For the radially propagating jet that forms at
the plane of symmetry 共Fig. 6兲, radial velocity is typically
30 m ns−1 within the surrounding fluid’s radial flow of velocity of 20 m ns−1. In each case, the velocity shear is
10 m ns−1, over some distance of separation of the flows.
The Kelvin–Helmholtz 共KH兲 growth rate at these interfaces
is given by ␥ = ku关12 / 共1 + 2兲2兴0.5, where k is the wavenumber of the perturbation and u is the relative fluid velocity.
For a wavenumber of 0.3 m−1 characteristic of the spatial
resolution of our experiment, densities 共1 , 2兲 of 1.5 and
3 g cm−3 on either side of the slip surface, and fluid velocity
of 10 m ns−1, we find a KH growth rate of the order of
1.5 ns−1. During the time of the Mach stem’s formation 共8
ns兲 and our latest measurement 共13 ns兲, approximately eight
e-foldings of growth occur for wavelengths that we might be
able to resolve. Shorter spatial wavelengths would rapidly
saturate at the resolution limit of our experiment. We note
that the slip surface and any jetting phenomenon at the plane
of symmetry are not clearly observed in Fig. 3, but that this
may be because of the limited spatial resolution 共and because
of statistical “shot noise”兲 in the experimental radiographs,
and not necessarily because of instability growth at positions
of velocity shear. In this context, a further plasma experiment
at larger spatial scale and with longer duration of observation
would be interesting. An experimental signature of velocity
shear instability may appear as break-up of the Mach stem at
late time. As far as the present experiment is concerned, the
consequence of working in the dense plasma regime may be
evident in departure of the EOS from the ideal gas approximation.
With reference to Fig. 10, we note that the PETRA and
RAGE simulations are in close agreement 共within the limits of
accuracy of measurement of critical angle in the synthetic
radiographs兲 and that both imply a critical angle close to that
observed in experiment. To identify the effect of departures
from ideal gas EOS in the simulations, we have repeated the
PETRA simulations with an ideal gas EOS in place of the
tabular EOS, and for two choices of ␥ 共1.67 and, arbitrarily,
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1.33兲. These data are also shown in Fig. 10. The ideal gas
simulations show the expected trend of critical angle with
adiabatic index, and we infer that the departure of critical
angle from that expected from analytic treatments of Courant
and Friedrichs, and De Rosa, is a consequence of the nonsteady, curved incident shock, and the curved Mach stem, in
our experiment. The experimental data tend to depart furthest
from simulation at late time, although the single data point
for a 65° angle of incidence may be affected by asymmetry
in the experimental data that is evident in the 13 ns image
shown in Fig. 3. As explained previously, the precise twodimensional symmetry of the simulation may overestimate
the late time jetting of inward expanding gold from the hohlraum wall, and this may contribute to the late time difference
of experiment and simulation. By contrast, detailed inspection of the simulations suggests that this late time jetting
phenomenon does not contribute significantly to the hydrodynamics at early time and for the determination of the critical angle.
V. CONCLUSIONS

The phenomenon of irregular shock-wave reflection
共Mach reflection兲 is important throughout the fields of hightemperature gas dynamics, astrophysics, inertial-confinement
fusion, and related areas of high-energy-density science.
Aside from the terrestrial context of, for example, height-ofburst studies and the flow fields of supersonic jets, shock
wave interactions may play a key role in shaping the structure of astronomical objects on both large and small scales.
Understanding how Mach stems form in an experimental setting has important astrophysical applications. Most astrophysical flows are unsteady, and the preshock medium can be
highly inhomogeneous. For example, in stellar jets these two
factors lead to multiple curved bow shocks at some working
surfaces where wings of individual bows intersect one another at oblique angles. Were a Mach stem to form at these
intersection points it would significantly affect the dynamics
of the region, because incident gas at this location would
now experience a normal shock instead of a highly oblique
one. As a result, a hot spot would form at that location and
give rise to much higher-excitation line emission than would
otherwise occur. In addition, a nearly normal shock like the
Mach stem accelerates preshock material to the flow speed
rather than deflecting it like an oblique shock would, leading
to markedly differing behavior in the dynamics of the postshock flow. The enhanced luminosity recorded in multipleepoch observation by one of the authors 共Hartigan兲 at the
intersection of large sheetlike bow shocks in astrophysical
jets 共for example, the Herbig–Haro object HH34兲 may itself
result from heated material at a Mach stem shock.
Almost all experimental data for Mach reflection phenomena result from shock tube work and do not extend into
the plasma regime. In the present paper, we have described
an experiment that extends the study of Mach reflection phenomena into the dense plasma regime and reported comparison of these data with simulations using two-dimensional
radiation hydrocodes. The critical angle for Mach stem formation is reproduced by the hydrodynamic modeling and

differs from that expected on the basis of analytic treatments
for an ideal gas. This difference arises in part from the transient nature of the experiment in which curved shock fronts
interact, which may also be due in part to deviation of the
equation of state of the shocked material from ideal gas
共where it is coldest and densest兲. These initial experiments
suggest obvious extensions to the further study of dense
plasma Mach reflection phenomena in other geometries
关such as the interaction of shock with a conical wedge of
variable angle, differences of curvature of the interacting
shocks, and alternative choices of the material共s兲 through
which the shocks propagate兴.
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