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First experimental evidence of a radiative wave propagating ahead of a supercritical shock is
given. An aluminum piston driven by laser light at wavelengths of 1.06 and 0.35 wm induces the
shock wave in xenon gas. The plane piston velocity ranges from 2.5x10° to 1.2x107 cm-s~! and
the gas pressure is up to 6 bars. Experimental results are in good agreement with a simple analyti-
cal model of the propagation of a radiative wave in front of a supercritical shock wave when the ap-
proximation of radiation heat conduction is assumed.

PACS numbers: 52.35.Tc, 44.40.+a, 51.70.+f, 52.50.Jm

Radiative phenomena occurring in shock waves were
observed in strong explosions in air and described
many years ago.!"? The structure and the luminosity
of strong shock waves in gases have been theoretically
investigated,! taking radiation into account. However,
experimental results in this field of physics on labora-
tory plasmas are very scarce. Optical precursors have
been observed in explosive-driven shock tubes® and in
magnetically driven shock-wave boxes* but the charac-
teristic shock velocities for such systems are less than
4x10° cm-s~!. More recently, blast-wave experi-
ments studied in an ambient gas fill surrounding a
Nd-laser—irradiated target have revealed deviations of
the shock profile from the ideal one, attributed to pho-
toionization effects.’

A high-power laser is a well adapted tool to achieve
high pressures in thin plane targets®’ which may act as
a piston.® Shorter wavelengths (0.35 wm) present the
advantages of higher hydrodynamic efficiency’ and
smaller number of hot electrons.’

In this Letter, it is experimentally evidenced that a
radiative wave propagates ahead of a strong shock in-
duced by a laser-accelerated plane piston moving into
xenon gas with a constant and sufficiently high veloci-
ty. The analysis of the experimental results is based
on an analytic model of the propagation of a radiative
wave in front of a supercritical shock wave when the
radiation heat conduction approximation is assumed.

Within an adiabatic approximation the internal ener-
gy per unit mass of the gas U,Z/Z, where U, is the
velocity of the piston, is related to the shock tempera-
ture T¢ by

TC = Upz/zcl/» (1)

where C) is the specific heat. In the experiments
presented here, we choose xenon gas for which
Cy=1.85x107 erg-g~'-K~!. The piston velocity
ranges from 5x10% to 1.2x10” cm-s~! and conse-
quently the shock is supercritical.! It is losing energy
through radiation. Its temperature ranges from lower

than T¢ up to 3x10° K. In this range of temperature,
the variation of Cy is about a factor of 2. The above
value of Cy is an averaged value. Note that the radia-
tive wave temperature 7T varies as 1/CY7? as can be
deduced from Egs. (2), (3), and (5). Hence, T
depends weakly on Cy.

Assuming that the radiation heat conduction approx-
imation is valid, we get the equations!

8T/6t=—(1/p0Cy)V'Srad (2)
and
Siaa= No T3dT/ dx, (3)

where S,4 is the radiation flux, d7/dx the temperature
gradient in the radiation heat conduction layer ahead
of the shock front, o the Stefan-Boltzmann constant,
and A the Rosseland mean free path. A can be written
as proportional to some power of the temperature T
and density p, of the gas; for xenon gas!®

[7/(1 K)]*2

A=23x10"1"
lpo/ (1 g-cm-3)]12 cm

(4)

The geometrical location x; of the radiative wave
front is then determined by a dimensional analysis
with the following simplifying assumptions: (a) The
piston is of finite plane geometry; (b) the radiation
heat conduction approximation applies, i.e., A<1L,
where L is the characteristic length of the experimen-
tal system; (c) the piston moves into the gas with a
constant velocity; and (d) the piston is considered as a
constant radiation flux source at rest. The validity of
this last hypothesis is supported by the fact that the ra-
diation flux through the mass of the compressed gas is
nearly the same as it would be through an equal mass
of gas at py because the specific heat Cy and the opti-
cal thickness of the gas are weakly dependent on den-
sity.

After some calculations, xs is given from Egs.
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(1)-(4) as a function of time:

poxes = (1.3x10~160)V7-2(U}/2)5 47 2p3/12(1/ Cy)8 472,

The laws describing the radiation and electronic heat
conduction processes are identical.! A similar analyti-
cal model for electrons gives in the same way an ex-
pression for the geometrical location of the electronic
wave front:

poxer= (10~ /3(U3/2)¥°pl°(1/ C,)"". (6)
The results of both calculations, compared in Fig. 1 for
po=10"2g-cm~3 and U,=5x10° cm-s~!, show that
the electronic heat conduction wave remains closely
ahead of the shock wave while the radiative wave rap-
idly breaks away.

Experimentally, high piston velocities can be
achieved with thin aluminum foils irradiated at high ir-
radiances in the range from 2x10 to 5x10'"
W-cm~2 A Nd-glass laser delivering a 1-nsec, 40-J
pulse or a 1-nsec frequency-tripled laser pulse with en-
ergies up to 17 J is used. In each case, the focal spot
diameter (FWHM) is about 100 wm ( +20 xm). Lat-
eral diffusion of energy is known to reduce the non-
uniformities!! and to yield a plane acceleration of the
piston.!? In these conditions, sufficiently high veloci-
ties are attained with 10-um-thick aluminum foils:
from 5x10% to 8x10® cm-s~! and slightly greater
than 10’ cm-s~!, respectively, for 1.06- and 0.35-um
laser wavelengths.!?

To study the propagation of the thermal wave in a
nearly plane situation, we use a kind of miniature
shock tube which consists of a 1-cm-long tube of
square cross section (200x200 wm?). This value is
chosen by taking into account the above hypothesis
(b) and Eq. (4). The quartz walls of the tube have
surfaces of optical quality and permit transverse obser-
vation of the propagation of the luminous phenomena
along the tube. One of the extremities is closed with a
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FI1G. 1. Evolution diagram of the front of both the radia-
tive wave (dotted line) and the electronic wave (dashed line)
in 10~2-g-cm~3 xenon gas, for a constant piston velocity of
5%106cm-s—1.

(5)

10-um-thick aluminum piston on which the laser
beam is focused with a f/6.7, 600-mm-focal-length
lens. The focusing accuracy of laser energy on the
center of the piston is insured to be about 50 um. At
the other end, the shock tube is filled with gas by
means of a feeder tube the tip of which is situated at
750 um from the piston’s initial position and is gilded
so that it constitutes an obstacle with a high Z number.

The evolutions of all luminous regions which appear
inside the shock tube after laser irradiation of the Al
piston are recorded by means of a streak camera. The
slit of the camera is parallel to the axis of the shock
tube so that the propagation of the piston and the ther-
mal front inside the shock tube, as well as the time at
which the obstacle glows, can be recorded.

Laser irradiances beyond 2x 10!* W-cm~2 induce a
strong shock wave in the Al piston.® At the time of
emergence of such a shock wave from the rear-side
free surface, the piston begins to move into the gas. It
generates a strong shock wave in the gas and a thermal
front propagating ahead of it. The thinness of the
shock does not permit one to distinguish the luminosi-
ty of the compressed gas from the luminosity of the
unloading piston. In these experiments, the energy of
the piston is very high compared to the energy
transferred from the piston to the gas. Consequently,
the slowing down of the piston is negligible. Once it is
reached by the thermal front, the high-Z obstacle is
heated and becomes luminous before being reached by
the shock wave. The distance between the piston and
the radiation wave front is not very different ( < 300
um in Figs. 2 and 3) from the shock tube cross sec-
tion, and so the radiation losses to the walls are low.

Figure 2 shows that in vacuum, a luminous front
moves along the shock tube with a nearly constant
velocity of (5 +1)x10% cm-s~! [Fig. 2(a)]. It corre-
sponds to the motion of the Al piston after irradiation
with the 1.06-um laser pulse at an irradiance of
(4 £1) %10 W-cm~2. When the shock tube is filled
with xenon gas, two additional effects can be observed
in Figs. 2(b) and 2(c).

(i) A luminous front moves ahead of the piston with
a velocity slightly greater than 10’ cm-s~!. Taking
into account the value of this velocity and the theoreti-
cal diagram of Fig. 1, this luminous front corresponds
to the propagation of a radiative wave in xenon gas.

(ii) The obstacle becomes luminous just at the time
it is reached by the thermal front. The distance of 750
um from the piston to the obstacle corresponds to a
few Rosseland mean free paths. The comparison of
Figs. 2(b) and 2(c) shows that if the gas pressure is in-
creased from 2 bars (py=10"2g-cm™3) to 6 bars, the
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FIG. 2. Comparison between the streak photographs
(hatched zones) and the results of the radiative heat conduc-
tion model (solid lines). Dotted lines represent the experi-
mental radiative front. The 10-um-thick Al piston moves in
(a) vacuum, (b) 2 bars of xenon gas, and (c) 6 bars of xe-
non gas. The laser is incident from the right and the irradi-
ance is about 4x 104 W-cm~2.

radiative front velocity is decreased by a factor of 1.4,
while the piston velocity is unchanged. These obser-
vations are in good agreement with the theoretical pre-
dictions of Eq. (5).

In Fig. 3, the experimental results obtained with
three different piston velocities, 2.5%10% 5x10°, and
1.2x107 cm-s™ !, show first that for the lowest veloci-
ty [Fig. 3(a)] the radiative front does not loom up out
of the luminosity of the piston in accordance with the
model, and then that if the piston velocity is increased
by a factor of 2.4 [Figs. 3(b) and 3(c)] the obstacle
glows simultaneously with the beginning of the piston
movement. This last result is qualitatively in agree-
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FIG. 3. Streak photographs compared to radiation-model
results obtained for three different piston velocities in a
shock tube filled with 6 bars of xenon. (a),(b) 2.5x10° and
5%10% cm-s~!, respectively, with 1.06-um laser light; (c)
1.2x 107 cm - s~ ! with 0.35-um laser light.

ment with the theoretical scaling law (5), the radiative
front velocity being expected to be multiplied by 6.7
when the piston velocity is multiplied by 2.4. Accord-
ingly, the obstacle must glow about 1 nsec after the be-
ginning of the movement of the piston. A possible ex-
planation could be that in 0.35-um experiments [Fig.
3(b)] the gas temperature is high enough to induce a
radiation regime out of equilibrium. And, because of
the transparency of the gas for the photons born in the
shock wave, the obstacle is heated quite early.

It has still to be noticed that the hot electron tem-
perature created by resonant absorption is about 6 keV
for 5x10“-W-cm~2 irradiance at 1.06-um laser
wavelength.]® The stopping range of these electrons is
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about 1 um in Al. In 0.35-um experiments the flux of
suprathermal electrons is greatly reduced.’ When the
experiments are done in vacuum, even at the highest
irradiance the obstacle does not become luminous.
Therefore, a 10-um-thick Al foil prevents the obstacle
from being preheated by suprathermal electrons'* or x
rays emitted from the piston'* 16 [Fig. 2(a)].

The luminous front moving ahead of the piston and
the brightness of the obstacle are really two effects
which only appear when the shock tube is filled with
gas. Laser energy was relatively low (=40 J) in our
experiments so that the shock temperature is about a
few tens of electron volts. However, the radiant flux
is high enough to induce a significant expansion of the
Au obstacle, especially in 0.35-um experiments [Figs.
2(b) and 3(c)]. These experimental results are in
good agreement with the analytic model of radiative
wave propagation. Accordingly, the electronic heat
conduction!’ does not take a major part in the interpre-
tation of our experimental results.

In this Letter, it is experimentally evidenced that a
radiation thermal wave propagates ahead of a super-
critical shock wave driven by laser light in xenon gas.
Future interpretation will deal with more detailed
parametric studies such as the nature of the gas (xe-
non, argon, air, . . . ), i.e., the heat capacity C), and
correlatively the piston velocity.

We would like to thank many people associated with
these experiments. In particular, we are greatly in-
debted to J. Lauriou for operating the laser and Ph.
Eyharts for target fabrication.
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FIG. 2. Comparison between the streak photographs
(hatched zones) and the results of the radiative heat conduc-
tion model (solid lines). Dotted lines represent the experi-
mental radiative front. The 10-um-thick Al piston moves in
(a) vacuum, (b) 2 bars of xenon gas, and (c) 6 bars of xe-
non gas. The laser is incident from the right and the irradi-
ance is about 4x 10" W.cm™2,
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FIG. 3. Streak photographs compared to radiation-model
results obtained for three different piston velocities in a
shock tube filled with 6 bars of xenon. (a),(b) 2.5x 10 and
5% 10° cm-s~!, respectively, with 1.06-um laser light; (c)
1.2% 107 ¢cm -s~! with 0.35-wm laser light.



