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Recent time-series observations of shock waves in stellar jets taken with the Hubble Space Telescope
reveal localized bright knots that persist over nearly 15 years. While some of these features represent
shock fronts caused by variable velocities in the ﬂow, others appear at the intersection points between
distinct bow shocks. Theoretically, when the angle between two intersecting shocks exceeds a certain
critical value, a third shock (Mach stem) should form. Because Mach stems form perpendicular to the
direction of ﬂow, incoming particles encounter a normal shock instead of an oblique one, which results in
brighter emission at this location. To study this phenomenon in a controlled laboratory setting, we have
carried out experiments on the Omega laser aimed at understanding the formation, growth, and
destruction of Mach stems in the warm dense plasma regime. Our experimental results indicate how the
growth rate depends upon included angle, and numerical simulations indicate that it may be possible to
stabilize an already-formed Mach stem below the critical angle when certain conditions are satisﬁed.
Published by Elsevier B.V.
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1. Introduction
We investigate the phenomenon of Mach reﬂection in the laboratory setting. Overviews of Mach reﬂection are offered by BenDor [1] and Courant and Friedrichs [2], among others. The formation of a Mach-reﬂection shock, known as a Mach stem, is important
in a range of high-energy-density areas of study, including astrophysics and inertial-conﬁnement fusion (ICF). We will discuss the
astrophysical case of intersecting bow shocks in more detail. One
ICF example concerns multiple, compressing shock waves in an
ignition capsule. The situation may be unstable to the Richtmyere
Meshkov, RayleigheTaylor, and KelvineHelmholtz instabilities,
which in turn may permit the formation of Mach stems which
channel material inwards in a nonuniform fashion [3].
Shock waves in the lab are typically created in shock tubes. Such
experiments are fairly mature on both pulsed-power and laserdriven platforms [4]. However, much remains to be understood
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about Mach stem formation and destruction in this regime. Earlier
results, for example, suggest that the criteria for formation of
a Mach stem may differ from theory in the laboratory setting [5]. It
has not yet been addressed whether this discrepancy has to do with
the non-ideal-gas aspect or the non-planar geometry of the shocks
involved.
We have undertaken simulation and experiments of Mach stem
formation in a warm, dense plasmadtypically a few eV temperature and a few g cm3 density, respectively. Our present work is
motivated by recent astronomical observations. Recent HST timeseries results [6] suggest that certain emission features in
HerbigeHaro (HH) objects may be explained by Mach stem formation. Discovered independently by Herbig [7] and Haro [8], HH
objects were originally thought to be stationary nebulae perhaps
associated with hot, blue stars. HH objects in fact are wellcollimated astrophysical jets originating from newly-forming
stars whose emission is believed to be dominated by shock heating. Just as star formation is common in molecular clouds [9], so too
are the HH objects associated with them; a review may be found in
Ref. [10]. Velocity and density variation in the leading shocks of
these objects is most often assumed to be the source of the
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emission: dense clumps penetrate, or are overrun by, the bulk ﬂuid
motion, leading to particle acceleration and radiation by the
induced shocks [10]. By assuming a range of velocities and density
contrasts, simulations can recreate many of the important features
of such objects [11].
However, certain localized emission features may be alternatively explained via Mach stem formation. This explanation
postulates that two (or more) co-moving bow shocks may intersect
in such a way which support the formation of Mach stems, leading
to areas of enhanced shock heating, and therefore emission. In the
present work, we seek to better understand and characterize the
growth, stability, and destruction of a Mach stem in the warm
dense plasma regime. In so doing, we may address the central
question of whether or not the timescales associated with Mach
stem formation and destruction are compatible with the observed
emission features in HH objects. We discuss this idea further in the
next section and describe our experimental setup. The following
section will present our results to date, and the ﬁnal section will
offer a discussion and our conclusions.
2. Physics and experimental design
As mentioned in the Introduction, Mach reﬂection is discussed
in Refs. [1] and [2]. A similar treatment may be found in Landau &
Lifshitz [12]. Brieﬂy, given an incident and reﬂecting shock wave on
a solid boundary, there exists a critical angle between the shock and
boundary, fc, above which a ﬂuid parcel cannot pass through both
incident and reﬂecting shocks and maintain its original trajectory.
Instead, once this angle is reached, the solution of the ﬂow demands a new conﬁguration in which a shock normal to the
boundary offsets the incident/reﬂecting shock point (now a shock
wave triple point) some distance from the surface; see Fig. 1. One
may consider the analogous astrophysical case of two co-moving
bow shocks which, upon reaching an included angle of 2fc will
also form a Mach stemdthis is shown on the right in Fig. 1.
The result is referred to as Mach reﬂection so as to differentiate
it from regular reﬂection. The only variable upon which this conﬁguration can depend in the ideal ﬂuid mechanics case is the ratio
of speciﬁc heats, g. In the strong-shock limitdi.e., when the ratio of
post- to pre-shock pressure is much greater than 1dfor g ¼ 5/3 the
resulting critical angle is fc ¼ 37. The formula for fc is given
approximately by Courant and Friedrichs [2]

 
1

fc ¼ arcsin

g

:

(1)

The approximation breaks down as g decreases [13], differing by
nearly 10 at g ¼ 1.2 (from a practical perspective, exploring g < 1.2
has the potential to be unstable to the Vishniac instability [14] and
is thereby complicated). Foster et al. [5] have carried out experiments in the warm (5e10 eV) dense (1e2 g cm3) plasma regime in
which two counter-propagating bow shocks collide. The resulting
Mach stem differed from theory in that a) it had measurable curvature, and b) its critical angle was roughly 48 , or 10 larger than
that given by theory assuming g w 5/3. These results were conﬁrmed by the design codes PETRA [15,16] and RAGE [17], the latter
of which is discussed below.
As discussed in the Introduction, the present work seeks to
better understand and characterize the growth, stability, and
destruction of a Mach stem in the laboratory. We choose to address
this question in two parts. First, what can we learn about the
growth rate of the Mach stem? Secondly, once a Mach stem is
formed, what criteria are necessary and sufﬁcient to destroy it?
The basic experimental design is similar to that of [5], except
that only one of the two shocks are required, which is driven into

Fig. 1. Left: the formation and growth of a Mach stem (Mach reﬂection) at three different times; the included angle f is indicated, where in this case f  fc. Right: the
analogous case of two co-moving bow shocks in the astrophysical case; note that an
axis of symmetry is assumed. The acronyms are as follows: “IS” incident shock; “RS”
reﬂected shock; “MR” Mach reﬂection; “SL” slip stream; “BS” bow shock. Note that the
astrophysical case will also have a slip stream, which will be located on-axis and is
therefore not labeled for clarity.

a foam; see Fig. 4. In the place of a second shock, we insert a gold
cone, whose surface proﬁle we have varied between experiments,
in the foam (see the description of the two basic cone designs
below). In this fashion we may dictate the included angle f between the cone surface and the shock. The design takes advantage
of cylindrical symmetry which among other aspects allows less
costly computer modeling than a fully 3D design. As previously
mentioned, our experimental variable is the cone proﬁle. We have
investigated two basic cases. In the ﬁrst case (hereafter “ﬁxed angle”), the cone is machined so that the angle f as a function of r and
z is constant, i.e.

vzcone ðrÞ
¼ tanðf0 Þ
vr

(2)

0zcone ðrÞ ¼ r$tanðf0 Þ þ z0 :

(3)

While simple, this proﬁle has the disadvantage that the included
angle between cone and bow shock is not constant but rather increases over time owing to the curvature of the bow. In the second
case (hereafter “constant included angle”), we speciﬁed a proﬁle
such that the included angle is held ﬁxed. We derived this proﬁle
based on experimental data such that given a starting height z0 and
time t0, at a given r and z above that the angle between cone and
bow shock at that point is a constant f0:
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vzcone ðrÞ
vzshock ðr; tÞ
arctan
 arctan
¼ f0 :
vr
vr
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(4)

Eq. (4) is not amenable to analytic solution; instead, we assumed
a time-dependent bow shock shape and speed based on experimental data and iteratively solved the above starting at r ¼ 0,
z ¼ z0, t ¼ t0 to obtain the proﬁle. These tabulated values were then
supplied to target fabrication at high resolution (data points every
1 mm in r proved to be sufﬁcient).
To demonstrate the relationship between “ﬁxed angle” cone
angles and Mach stem growth rate, Fig. 2 offers some experimental
results from cones without a discontinuity. Based on these results
and numerical simulation, we chose two proﬁles to investigate the
discontinuous change. The ﬁrst was a “ﬁxed angle” cone with an
initial angle of 50 which transitions to 18.75 at r ¼ 500 mm. The
second was a “constant-included angle” cone which transitioned
from 60 to 35 also at r ¼ 500 mm. As previously stated, the “ﬁxed
angle” proﬁle is so called because the angle between the cone
surface and the horizontal is constant before and after transition. In
contrast, the “constant-included angle” cone proﬁle is curved in
order to maintain a constant included angle between cone and
shock, before and after transition.
The range of included angles sampled by these two designs is
shown in Fig. 3. Fig. 3 demonstrates that in both cases the initial
angle is above the critical angle, implying that the Mach stem will
form and grow. Again in both cases, once it reaches the transition
point at r ¼ 500 mm, the angle drops below the experimentallyderived critical angle (note that this implies it does not drop
below the theoretical fc, which is roughly 10 less). Based on
analytical theory, the Mach stem should be unsustainable in this
region of f < fc. While the 50 / 18.75 cone eventually reaches
f > fc, the 60 / 35 cone remains ﬁxed at an angle f < fc. Thus
one may expect the 50 / 18.75 cone to go through three phases:
growth before transition, reduction while f < fc, and secondary
growth after f > fc. In contrast, based on analytic theory the
60 / 35 cone should experience growth prior to transition, and
destruction after. The results from experiment are presented in the
next section. We have also investigated cone designs which feature
sinusoidal perturbations of many wavelengths along the cone
surface; these designs and results are deferred to a future publication. One important feature of the transition is that it creates
a new Mach stem off the cone surface. This new Mach reﬂection’s
triple point will move off the surface and eventually merge with the

Fig. 2. Measured Mach stem sizes for “ﬁxed angle” cones with different cone proﬁles
which have no discontinuous changes.

Fig. 3. Included angles between cone and shock for two proﬁles, a 50 / 18.75 “ﬁxed
angle” cone (blue, constantly-varying curve) and a 60 / 35 “constant-included
angle” design (orange, ﬂat curve). The dashed line denotes the critical angle from Ref.
[5]. The abscissa is a measurement of the position of the bow shock (without Mach
stem) on the cone surface, therefore equivalent to a measurement of time since the
speed of the shock is known. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

original Mach stem’s triple point. We have seen that if this merger
does not occur soon enough after transition, the original triple
point will run into the cone and the Mach stem will be destroyed.
Speciﬁc details of the design follow. The cone is 3000 mm in
diameter and roughly 1000 mm in height. It is embedded in
a resorcinol formaldehyde (RF) aerogel foam (C15H12O4) at
0.3 g cm3 of diameter 4000 mm and length 6000 mm.1 The tip of
the cone is located 1000e1500 mm above the “pusher”; we have
seen the results to be robust to this positioning. An example preshot radiograph of the assembled target is given in Fig. 5. In these
experiments, the pusher is comprised of 100 mm of 2% brominated
CH plastic at 1.22 g cm3, on top of which is 300 mm of pure CH
plastic at 1.03 g cm3. As indicated in Fig. 4, we use indirect drive,
heating a hohlraum using 12, 450 J/beam laser beams of the Omega
system [18] in a 1 ns duration, constant-power laser pulse of
0.35 mm wavelength. This produces a peak radiation drive temperature of close to 175 eV as determined by previous measuring
with the DANTE diagnostic [19]. The experiment is imaged using
nickel backlighter beams positioned roughly orthogonal to each
other (perpendicular to the axis of symmetry) in order to evaluate
axial symmetry. The backlighter targets are located 18 or 21 mm
from the package and consist of a 5 mm square, 50 mm-thick tantalum foil illuminated with 3 or 4 425 J beams. The beams are
incident on a 400 mm diameter, 5 mm-thick Ni dot on a 2 mm square,
50 mm-thick CH foil. Pinhole diameter is either 10 or 20 mm
diameter.
We have investigated the discontinuous change with both the
ﬁxed-angle and the constant-included-angle cone types. A full
description of the campaign will be offered in a future publication;
here we discuss these two examples we have ﬁelded and offer
justiﬁcation for a third type to be performed in our next set of
experiments.
The design work was carried out with the LANL code RAGE [17].
RAGE is a multidimensional, multiphysics cell-based adaptive mesh
reﬁnement (AMR) code with applications for laboratory experiments. RAGE utilizes radiation diffusion and the SESAME equation-

1
As it does not affect the experiment, the RF foam is hollowed out above the
cone in order to reduce weight, to an extent that structural integrity is not
compromised.
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Fig. 4. Experimental conﬁguration with the 60 / 35 “constant included angle” cone
proﬁle. Please see the text for details on the materials used.

of-state (EOS) and (gray) opacity tables, and is a “2-temperature”
(radiation and material) code. Owing to excellent target fabrication
by General Atomics (GA), we were able to conﬁdently employ RAGE
in its cylindrically-symmetric capacity. Typical ﬁnest resolutions
were of order 1 mm. Fig. 6 gives examples of synthetic Ni backlit
images from a run modeling the 50 / 18.75 cone. We note that
RAGE does not have laser deposition physics; instead we utilize
a volumetric temperature source based upon DANTE data [19] as
this collaboration has done successfully in the past.
3. Results
Experiments addressing discontinuous change in angle were
performed at the Omega laser facility. Eight shots were conducted
with the above two proﬁles, four each. Two additional shots
addressed the topic of preheat, which will make up some discussion in this section. Two ﬁnal shots prototyped a target design
employing a gas ﬁll, which is discussed in the ﬁnal section.

Fig. 5. A preshot radiograph of a 50 / 18.75 “ﬁxed angle” cone with a discontinuous
change in angle at r ¼ 500 mm. The three stalks used for in-chamber alignment are
visible, as is the (opaque) gold hohlraum. The line in the upper left represents 100 mm.

Fig. 6. An example of RAGE synthetic Ni backlighter images. The cone design is
50 / 18.75 ; images are every 25 ns, starting at 65 ns. The Mach stem has formed by
90 ns and has reached the transition; it has shrunk by 115 ns, and is regrowing by
140 ns. The time at which f again reaches fc is roughly 120 ns. Shown at bottom is
a zoomed in view of the Mach stem at 140 ns, when it is roughly 130 mm in size. The
ablation front location’s (dark horizontal band behind bow shock) disagreement with
experiment is understood to be an artifact of the volumetric temperature source
placement [19]. Note the absence of a preheat “shoulder” as seen in Fig. 7.

The pusher design for these experiments is based on pushers
used by this collaboration in the past. It is designed so that its
opacity is low enough to not occlude any of the ﬂuid dynamics in
the shocked system. The inclusion of the brominated CH layer is
intended to prevent the transmission of M-band radiation from the
gold hohlraum during the 1 ns laser pulse. On experiments which
had a shock wave overrunning a collection of sapphire spheres, no
evidence of preheat was observed [20]. Such evidence in experiments would have been distortion (growth) of the balls due to the
radiation, which was not seen: the dimensions of the spheres in
preshot radiographs agreed excellently with those taken during the
shot.
However, evidence of potential preheat in previous shots in the
present campaign exists, most notably as a measurable expansion
of the cone prior to the impact of the shock. This expansion was
veriﬁed by comparison with preshot radiographs which are not
included here, again deferred to a future publication. However, we
do include an example experimental image. Fig. 7 shows
50 / 18.75 shot image at t ¼ 90 ns, with the preheat artifact
being the horizontal “shoulder” after cone transition. Preheat is,
therefore, a possible reason for late-time discrepancy between
experiment and simulation (see below). This will be tested by
changes to the ablator/pusher design in the next round of shots.
Another issue with this round of experiments was that we found
the 60 / 35 design to be too aggressive. That is, slight tilt of the
targets resulted in occlusion of the Mach stem after transition; see
Fig. 8. Thus, while the design was attractive from a theoretical
viewpoint, it was shown to be unfeasible from an experimental
viewpoint.
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Fig. 7. 50 / 18.75 cone design imaged at t ¼ 90 ns. Evidence of preheat includes the
horizontal “shoulder” on the cone between the leading edge of the bow shock and the
transition. This is believed to be a result of cone expansion and subsequent compression by the shock. This is not seen in the RAGE results, which as we have noted
does not have laser deposition physics capability. The reﬂected shock off the cone is
barely visible. The dark horizontal band behind the bow shock is the ablation front.
Analysis of this image yields a Mach stem size of roughly 80 mm.

Fig. 9 shows how the experimental data compare with RAGE
simulation. While the pre-transition data are in rough agreement,
the post-transition data are less so. On the assumption that the
cone expanded due to preheat this may explain the smaller Mach
stems than predicted. Cone expansion also increases the difﬁculty
of Mach stem survival after transition, as it reduces the separation
between Mach stem triple point and cone surface, narrowing the
window in which the Mach stem needs to stabilize and (if possible)
start growing again. We believe these reasons explain why the ﬁnal
data point, at r ¼ 0.9 mm, indicates that the Mach stem had been
destroyed, whereas the simulation results indicate it should have
survived and begun to grow again by this time.
Finally, analysis of RAGE temperature data (not shown to avoid
confusion) indicates that the Mach stem temperature is 50% higher
than the bow shock temperature before the transition, and increases to 100% more after merger and regrowth. This provides
a weak implication that indeed in the astrophysical case the
emission would be brighter at these locations.

Fig. 8. 60 / 35 cone design imaged at t ¼ 110 ns. The red line is what the initial
proﬁle was believed to be; the image demonstrates line-of-sight tilt/occlusion effects
discussed in the text. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)
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Fig. 9. Mach stem size for two cone designs, based on experimental (solid circles) and
simulation (hollow circles) results. While there is reasonable agreement before transition, experimental data after transition are widely scattered and agree poorly with
simulation. The error bars on the experimental data come from the ﬁdelity of the
radiographs, which as a rule of thumb cannot resolve features below the pinhole size.
The 50 / 18.75 data point at w(0.625,115) has been extracted from Fig. 7.

4. Discussion and future work
We wish to better understand the growth and stability/survivability of Mach stems in the laboratory setting. By doing so, we can
begin to address the question of whether or not Mach stems are
a viable explanation for certain emission features seen in astrophysical jets which are not easily amendable to typical explanation.
There is compelling evidence that our experiments to date may
have been affected by preheat, causing the cone to expand. This
expansion serves to reduce the size of the Mach stem and cause it to
be destroyed more rapidly than predicted by RAGE simulation. We
therefore are taking additional steps to eliminate preheat in our
next set of experiments, including modifying the pusher design to
ensure enough brominated CH remains unablated to guard against
M-band radiation. We are including Al in the pusher as well, to
serve as a guard against another possible source of preheat, namely
“laser glint”: laser light reﬂected off the hohlraum wall at early time
before the laser-absorbing gold plasma is established. It is hoped
that the modiﬁcation of the pusher and the addition of this laserglint shield will yield improved results in the next round of
experiments.
Based on further RAGE simulation, we will be ﬁelding a modiﬁed discontinuous “ﬁxed angle” cone design. Fig. 10 shows that, in
the absence of preheat, this design permits three distinct stages of
evolution after transition (growth before transition is not shown,
but may be inferred from Fig. 3). The ﬁrst stage shows rapid
destruction of the Mach stem. In this case, the Mach stem is being
destroyed owing to the trajectory of its triple point which, after
transition, moves toward the cone surface. This may be contrasted
with the typical destruction scenario of a Mach stem, which is
indicated by the angle of its slip surface to the surface [1]. Traditionally, if the angle between the solid body and the slip surface is
positive, zero, or negative, the Mach stem will grow, remain stable,
or be destroyed, respectively. In our case, however, this angle remains positive after transition, suggesting that slip stream angle
measurement is not a proper diagnostic technique to use with this
geometry.
The second stage after transition occurs after the triple points
have merged, but before f > fc. Simulation indicates that this is
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investigate our thesis of Mach stem emission in astrophysical objects. Our collaboration has begun to address the latter point with
the University of Rochester 3D MHD AMR code AstroBEAR [21,22]
and anticipate a set of simulations complementary to our experimental design discussed here. Perhaps most importantly, it remains to be seen whether the growth and destruction timescales
observed in the lab are compatible with those inferred from observations. One important distinction between the astrophysical
case and our experiments to date concerns the ratio of speciﬁc
heats g. Our experiments to date all have an effective g ¼ 5/3,
however the astrophysical regime features cooling via radiatively
thin emission, reducing the effective g. Since the critical angle is
a function of g, it would be very interesting to systematically
sample a range of values. We have ﬁelded a prototype design which
uses a gas ﬁll in place of the RF foam in order to reduce g, similar to
those seen by Reighard et al. [23]. This work is ongoing.
Acknowledgments
Fig. 10. Mach stem size and growth rate predicted by RAGE for an upcoming cone
design, with angles of 55 / 12 “ﬁxed”. The three stages indicated are discussed in
the text.

a stage of quasi-stability, with the Mach stem neither growing nor
shrinking. The ﬁnal stage occurs once f > fc, and we again see
Mach stem growth. We are working on developing a theory for this
evolution which is slated to appear in a future publication.
The angles chosen for the pre- and post-transition angles were
55 and 12 , respectively. This choice permits a Mach stem growth
rate high enough that, after transition, it will still be resolvable at its
smallest size (roughly 40 mm predicted). Reducing this angle only
reduces the Mach stem size; increasing this angle serves to increase
the angle between Mach stem and bow shock, which reduces the
visibility of the triple point. The choice of 12 post-transition allows
a large window between the triple point merger and the reachievement of f > fc, thereby creating the roughly equal three
windows discussed above. The choice of using a “ﬁxed angle” cone
typedwhich constantly sweeps through a range of included
anglesdis based on the desire to eliminate any tilt occlusion which
we observed in our 60 / 35 design.
5. Conclusion
We are ﬁelding a set of experiments aimed to improve our understanding of Mach reﬂection in the laboratory. Our experimental
package consists of an indirectly-driven bow shock propagating
through a foam, which impinges on a cylindrically-symmetric gold
cone. By varying the cone proﬁle, we can observe the Mach stem
growth as a function of angle and compare this with theory [13] and
previous experiment [5] concerning the critical angle fc. By introducing a discontinuous change of angle in the cone proﬁle, we can
take the ﬁrst step toward understanding the criteria of Mach stem
destruction once it has formed.
Simulations suggest that two criteria are necessary for Mach
stem growth after a discontinuous change of angle. The ﬁrst is that
the new Mach stem launched off the cone surface must merge with
the original in order to change the original’s triple point trajectory.
The second is that the included angle must once again reach the
critical angle. If the former condition is met, simulation indicates
that the Mach stem will enter a quasi-stable conﬁguration and will
only start growing again once the second condition is satisﬁed. We
anticipate addressing this with our next set of experiments.
There remain many unaddressed aspects of Mach reﬂection in
the lab. A large open question has to do with discrepancy between
experimental values of fc and theory. There also is opportunity to
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