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Abstract. Supernovae launch spherical shocks into the circumstellar medium (CSM). These shocks
have high Mach numbers and may be radiative. We have created similar shocks in the laboratory by
focusing laser pulses onto the tip of a solid pin surrounded by ambient gas; ablated material from the
pin rapidly expands and launches a shock through the surrounding gas. Laser pulses were typically
5 ns in duration with ablative energies ranging from 1-150 J. Shocks in ambient gas pressures of
~1 kPa were observed at spatial scales of up to 5 cm using optical cameras with schlieren. Emission
spectroscopy data were obtained to infer electron temperatures (<10 eV).

In this experiment we have observed a new phenomena; at the edge of the radiatively heated gas
ahead of the shock, a second shock forms. The two expanding shocks are simultaneously visible for
a time, until the original shock stalls from running into the heated gas. The second shock remains
visible and continues to expand. A minimum condition for the formation of the second shock is that
the original shock is super-critical, i.e., the temperature distribution ahead of the original shock has an
inflexion point. In a non-radiative control experiment the second shock does not form. We hypothesize
that a second shock could form in the astrophysical case, possibly in radiative supernova remnants
such as SN1993]J, or in shock-CSM interaction.
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1. Introduction

Interstellar space consists of a tenuous plasma capable of propagating shocks over
great distances. Shocks originate in supernova (SN) explosions (Miiller et al., 1991;
Reedetal., 1995; Sonneborn et al., 1998; Remington et al., 1999; Bartel et al., 2000)
and other astrophysical phenomena (e.g., T Tauri stars and stellar winds) and are
important to understand as they mix up interstellar matter and thus affect mass-
loading, stellar formation (McKee and Drain, 1991; Allen and Burton, 1993; Klein
and Woods, 1998) and the history of the Milky Way and other galaxies. The shocks
have high Mach numbers and can be strongly radiative (Blondin, 1998). Until
recently, these properties have not been easily attainable in laboratories, but using
high-power lasers, similar shocks can be now created and studied experimentally
(Remington et al., 1999; Bozier et al., 1986; Grun et al., 1991; Ryutov et al.,
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1999; Shigemori et al., 2000; Robey et al., 2001; Fleury et al., 2002; Keiter et al.,
2002).

An SN shock expanding through interstellar space sweeps up interstellar mate-
rial, most of which ends up in a shell just behind the shock. Once more mass has
been swept up by the shock than what was initially present, the shock could be
regarded as without characteristic length or time scales, and so one would expect
the well-known self-similar motion of a Taylor—Sedov blast wave, rg o %>, where
rs is shock radius and ¢ is time (Taylor, 1950; Sedov, 1959; Zeldovich and Raizer,
1966). If radiation removes energy from the shock in an optically thin environment
—and SN shocks can be strongly radiative — analytical and numerical studies pre-
dict a slower shock expansion, such as ry oc t2/7 (“pressure driven snow-plow”)
and ry o t'* (“momentum driven snow-plow”; the shock is simply coasting)
(Blondin et al., 1998; McKee and Ostriker, 1977). Furthermore, a radiative shock
is expected to “stall” (vanish) sooner than a non-radiative shock, as its energy is
lost.

We have conducted experiments at the Janus laser at the Lawrence Livermore
National Laboratory in California, comparing the shock expansion for non-radiative
and radiative shocks, and we report here on our findings, including a new phenomena
that has not previously been observed.

2. Experimental Set-Up

We create spherically expanding blast waves in the following fashion: a high-
power infrared pulsed laser (1064 nm wavelength) is focused onto the tip of a solid
(stainless steel) pin surrounded by an ambient gas typically at a pressure of ~1 kPa.
The laser pulse (5 ns duration and energy ranging from 1 to 150 J) ablates the pin
and rapid expansion of ablated material shocks the ambient gas. The initial shock
travels radially outward from the pin, collecting ambient gas in a shell immediately
behind the shock front. The blast wave velocity drops as more and more of the
ambient gas is accumulated and set in motion by the passing shock.

3. Diagnostics

We obtain image and spectrometer data of the shocks to deduce blast wave radius
as a function of time and temperature profiles across the shock. To image a blast
wave on spatial scales up to ~5 cm, we use two lenses in a telescope configuration
and a gated, single-frame, high-speed CCD camera (2 ns gate), along with a low
energy, green laser pulse (A = 532 nm wavelength) as a backlighter. Blast wave
radius as a function of time is obtained from schlieren images. A spectrometer is
used to infer electron temperatures ahead of and behind the blast wave.
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Figure 1. Blast wave expansion through nitrogen gas (1.3 kPa) at times = 150 ns to 6 us after an
ablative laser pulse (energy £ = 10 J, duration 5 ns) is focused on a solid pin (visible in images,
pointed down). The laser pulse was incident from the left. The shock grows as a Taylor—Sedov blast
wave. The image to the right (# = 150 ns to 6 us) is a composite of four images (with overlapping
pin locations).
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Figure 2. Spectra for nitrogen (left) and xenon (right) at # = 150 ns. The location of the pin is marked
with a solid line. The shock locations, as obtained from schlieren images, are indicated by dashed
lines at radii » = 6.2 mm for nitrogen and r = 3.5 mm for xenon.

4. Results with Nitrogen as the Ambient Gas

Schlieren images were obtained from 5 ns up to 35 us after the initial laser pulse.
Examples of images using nitrogen as the ambient gas can be seen in Figure 1.
In each image, the laser is incident from the left. The pin is clearly visible, as is
the expanding blast wave. After an initial, brief, non-self similar phase, the shock
expansion settles into the Taylor—Sedov relationship for a blast wave, ry (%)% 3,
where r; is the shock radius, ¢ is time, E is the ablative laser energy, and py is the
density of the ambient gas.

Emission spectroscopy data in the near ultraviolet range was readily obtained at
and behind the blast wave in nitrogen, but no readings discernible from noise were
possible ahead of the shock. Figure 2 shows spectra taken at a time ¢ = 150 ns after
the initial laser pulse (E = 10 J), with electron temperatures in the range 4—7 eV
at and behind the shock.

5. Results with Xenon as the Ambient Gas

With its higher atomic mass number, xenon radiates more strongly than nitrogen.
Therefore, we expected to see a slower shock expansion in xenon, and also to
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Figure 3. Blast wave expansion through ambient Xe gas (1.3 kPa) at times r = 50 ns to 30 u s after
an ablative laser pulse (energy E = 10 J, duration 5 ns) is focused on a solid pin (visible in images,
pointed down; pin location in bottom row of images is at the left edge of each image). The laser pulse
was incident from the left. The initial shock is strongly radiative (super-critical) and preheats the
ambient gas. At = 150 ns both the initial shock and the preheated gas ahead of it are clearly visible.
Att ~ 1 us the initial shock begins to stall, and the shock front is no longer sharp. At &~ 4 us a
second shock pops out (located at tip of arrow), ahead of the initial shock. The initial shock stalls,
while the second shock expands like a Taylor—Sedov blast wave. The final image (r = 8 us, 30 us)
is a composite of two images (with overlapping pin locations).

observe the shock stalling. Examples of images obtained with xenon as the ambient
gas are shown Figure 3.

There are several notable differences compared to the images of shocks in nitro-
gen, all pointing to the radiative nature of the shocks in xenon: (a) plasma emission
from pre-heated gas, that is gas heated by the radiation from the shock, is clearly
visible as a glow surrounding the shock at early times (+ < 400 ns). Spectroscopy
data (see Figure 2) confirm that the temperature immediately ahead of the shock is
roughly the same as behind the shock. A few millimeters in front of the shock the
temperature then drops sharply (to noise levels). (For comparison to the nitrogen
case, at t = 150 ns and a laser energy of £ = 10 J the temperatures in xenon
ranged from 2 to 5 eV.) (b) As expected, the shock rapidly becomes diffuse and
stalls, as seen in images from ¢ ~ 1 to 4 us. (c) Another shock forms ahead of
the initial shock. This second shock is a new phenomena that has not previously
been discussed in literature. It is not surrounded by a glow of pre-heated gas, and
it continues to propagate long after the initial shock has vanished.

Measurements of shock radii versus time, reproduced in Figure 4, surprisingly
revealed that the (initial) shock in xenon follows a Taylor—Sedov-like time depen-
dence, despite being radiative. The second shock also grows Taylor—Sedov like.

6. Discussion

In xenon, the creation of a second shock ahead of the initial shock is a direct
consequence of the initial shock being radiative. Figure 5 (computed by the LASNEX
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Figure 4. Plot of shock radius as a function of time as measured in the experiment, compared to a
numerical simulation and to analytical estimates of shock propagation. The 1D numerical simulation
by the LASNEX code shows the largest radius at which the compression n > 1.25. The analytical

estimates are represented by the three (displaced) lines with slopes p = %, %, and %.
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Figure 5. Numerical simulation showing compression 1 (upper graph) and electron temperature
(lower graph) as a function of radius for six different times. At# = 100 ns the initial shock has n & 6.
Note the initial shock dissipating and the second shock being born at the radiative heat wave front.

code (Zimmerman and Kruer, 1975) in 1D) shows a plot of compression versus
radius in which both shocks are clearly identifiable. The initial shock weakens over
time; the second shock grows stronger. In the plot of electron temperature versus
radius, the temperature distribution is that of a supercritical shock, with a radiative
heat wave moving toward larger radii. The high temperature ahead of the initial
shock makes the shock Mach number quite low, resulting in a rapid weakening
and shock stall, as can be seen in the compression plot. A vertical comparison of
the two plots in Figure 5 shows that the second shock is born at the sharp front of
the radiative heat wave. This is confirmed in a second LASNEX calculation where
we set up a temperature distribution identical to that in Figure 5, but excluded the
initial shock; with time a shock essentially identical to the second shock in Figure 5
forms. A third LASNEX calculation with a piston instead of the laser as the initial
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energy source develops the same temperature distribution and the same second
shock, confirming details of initial conditions are not important.

Mathematically, we can make an estimate for where the second shock forms
by considering equations for conservation of mass pju; = pyu, and momentum
p1+ plu% = pr+ pzu% in the lab frame of the radiative heat wave front, where
subscript 1 denotes the region ahead of the front, and subscript 2 denotes the region
behind it. Combining the equations assuming p; =~ 0 and p, = pzcg, where c; is
the sound speed, we find that a real solution of the compression n = p,/p; requires
the mixed Mach number M = u;/c, > 2, so we would expect that the second
shock should form at the radiative heat wave front when the velocity of the front
drops below Mach 2 (analogous to when a blast wave forms ahead of a fireball
(Zeldovich and Raizer, 1966; Mihalas and Mihalas, 1984)).

To make a numerical comparison to the experiment, we thus need to know
the velocity of the radiative heat wave front and the sound speed (or temperature)
immediately behind the front. Assuming that we can write the radiative conductivity
of the ambient gas as x = xo0*T?, then the temperature T (r, t) and the location r, (¢)
of the radiative heat wave front is given by Barenblatt’s solution (Barenblatt, 1979;
Reinicke and Vehn, 1991). Using values for our experiment in xenon, £ = 10 J,
po=78g/m?,y =1.2,and x = 107*p 22710 in SI-units, we find that the Mach
number at the heat front M(ry, t) = drd”t(t ) | #7ie— drops to Mach 2 when r;, =~ 10
mm, consistent with what was actually observed (=12 mm).

Despite its radiative nature, for reasons that are not fully understooc;, the shock

in xenon still follows the Taylor-Sedov relationship, r oc #” with p = £. This may

be because most of the radiative losses occurred very early in time (at # < 50 ns),
or it may be that the radiative effects (causing p — %, or p — i) and the effect of
the shock stalling (causing p — 1) balance each other so that p &~ % by a fortuitous

circumstance.

7. Conclusion

We have conducted experiments with blast waves traveling through ambient gas,
intended to simulate supernova-like shocks. In nitrogen, radiative effects are min-
imal and the shock expands as a Taylor—Sedov blast wave. In xenon, the shock is
strongly radiative, heating the ambient gas ahead of the (supercritical) shock. The
loss of energy through radiation and a comparatively low Mach number cause the
shock to stall much sooner than the shock in nitrogen. We also report on the first
experimental observation of a second shock forming ahead of the initial shock.
We show by numerical simulation that the second shock is created at and from the
temperature gradient at the front of the slowing radiative heat wave ahead of the
initial shock. The second shock is formed at a location that agrees reasonably well
with an analytic estimate.
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