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Generation of Ultrahigh-Velocity Ionizing Shocks with Petawatt-Class Laser Pulses
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Ultrahigh-velocity shock waves (~10000 km/s or 0.03¢) are generated by focusing a 350-TW laser
pulse into low-density helium gas. The collisionless ultrahigh-Mach-number electrostatic shock prop-
agates from the plasma into the surrounding gas, ionizing gas as it becomes collisional. The shock
undergoes a corrugation instability due to propagation of the ionizing shock within the gas (the Dyakov-
Kontorovich instability). This system may be relevant to the study of very high-Mach-number ionizing

shocks in astrophysical situations.
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The passage of strong and/or relativistic shock waves
and the effects of radiation processes [1,2] determine much
of the observed structure in the interstellar medium. Many
aspects of these complex interactions are not well under-
stood—from the energy-dissipation mechanisms associ-
ated with the collisionless limit, to the stability of both
radiative and nonradiative collisional shock waves. There
is much interest, therefore, in producing very high-Mach-
number shock waves in the laboratory to study the evolu-
tion of their properties and to measure the characteristics of
any resulting instabilities.

Previous laboratory studies of laser-driven blast waves
have investigated the evolution of front formation by vary-
ing the target composition, laser energy, pulse duration,
and focused intensity [3-5] as well as the effect of radia-
tion. A less-studied problem concerns collisionless electro-
static shocks [6], their associated dissipation mechanisms,
and the subsequent relaxation into the collision-dominated
regime, along with the effect of ionization processes. Such
shocks are common in plasmas associated with supernova
remnants and can be created following a dramatic release
of energy. No single analytical theory describes such high-
Mach-number, ionizing nonradiative shocks, yet they are
important for a large number of astrophysical situations.
For example, the structure observed in the emission of
neutral hydrogen in SN 1006 and the Northern Cygnus
Loop has been attributed to such instabilities [7].

This Letter describes the results of an experiment that
investigated electrostatic shock formation in a low-density,
nonradiative (helium) plasma with an ultrahigh-intensity
laser-plasma interaction. We show for the first time the
development of ultrahigh-Mach-number ionizing shocks
and their associated instabilities. The use of a new genera-
tion of ““petawatt-class’ laser systems in such experiments
makes it possible to generate shock waves having veloc-
ities that are orders of magnitude higher than those pro-
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duced by any other laboratory method. The observed
velocities in our experiments begin to approach the rela-
tivistic regime, and with laser systems presently planned
for construction in the near future [8], it will soon be
possible to study relativistic shock waves in the laboratory
for the first time. The conditions created here present a
novel laser-driven blast wave study at intensities greater
than any previously reported (>10%° W/cm?) with a
much-higher Mach number and in a more astrophysically
relevant, low-Z plasma, where radiation effects can be
largely ignored.

The experiment was carried out on the Vulcan Petawatt
laser facility at the Rutherford Appleton Laboratory in the
UK. The laser delivered 1-ps-duration pulses with energies
of 200 to 350 J at a wavelength of 1.054 um. A 180-cm-
focal-length, f/3 off-axis parabolic mirror was used to
focus the beam to a vacuum focal spot of 6 to 7 um, full
width at half maximum, giving a peak vacuum intensity of
4 +1 % 10 W/cm?. Such parameters define a normal-
ized amplitude for the vector potential of ay=
eE/m,cwy > 15, where E is the instantaneous laser elec-
tric field, m, is the mass of an electron, and wy, is the laser
frequency. The laser was focused onto the edge of a super-
sonic helium gas jet target that was produced using a
2-mm-diam nozzle. The gas jet backing pressure was
varied to give plasma electron densities of up to 5 X
10" cm™3. Analysis of the wavelength-shifted laser light
scattered by forward Raman scattering instability provided
a simultaneous measurement of the plasma electron den-
sity during the interaction.

The main diagnostic of the interaction was a temporally
independent probe beam that passed through the interac-
tion region in a direction orthogonal to the main high-
intensity beam [Fig. 1(a)].The probe-beam pulse was de-
rived from the compressed main beam and frequency
doubled to 527 nm using a KDP crystal. The accuracy of
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FIG. 1. (a) Experimental setup. (b) Front images in helium
plasma interactions with n, = 1.6 X 10" cm™3 and 350-TW,
1-ps-duration laser pulses. The white line indicates the focal
plane of the laser. The laser propagates left to right. (¢c) Temporal
evolution of the front radius.

the probe-beam timing with respect to the main interaction
beam was comparable to the pulse duration. A lens mag-
nified the interaction by 10X and imaged it onto a 16-bit
charge-coupled device (CCD) to form a shadowgraphy
diagnostic channel.

Figure 1(b) shows three shadowgrams of the front that
forms in helium plasma interactions with n, =
1.6 X 10" cm™3 using 350-TW, 1-ps-duration laser
pulses. The images were taken at t = ¢, + 7 ps, t = t, +
8 ps,and t = 1, + 10 ps, where 1 is the arrival time of the
main laser pulse at the edge of the gas jet. The white line
indicates the focal plane of the laser. The images show the
formation and evolution of a cylindrically symmetric front
in the region of the laser focal plane. The front extends four
to five vacuum Rayleigh lengths prior to the defocusing
and filamenting of the laser pulse. This is indicative of the
presence of relativistic self-focusing. The front radius as a
function of time is plotted in Fig. 1(c). This measurement
was made along the radial axis defined by the position of
the laser vacuum focus. The data give an expansion veloc-
ity of (7.9 = 1.8) X 10® cm/s. The front maintained an
approximately uniform front thickness over this 10-ps
period of around (50 * 10) um.

Figure 2(a) shows five shadowgrams of the front that
forms in helium plasma interactions with n,=
2.0 X 10" cm™3 using 200-TW, 1-ps-duration laser pulses.
The images were taken 30, 70, 153, 225, and 231 ps after
time ¢ = t,. The white line indicates the focal plane of the
laser. The images show the formation and evolution of a
cylindrically symmetric front that extends for several hun-
dred microns prior to the laser defocusing and filamenting.
In the first 70 ps, the front propagates at (8.3 = 2.5) X
107 cm/s. By 231 ps the front has traveled into the sur-
rounding ambient gas and has reduced in velocity to (1.1 =
1.0) X 107 cm/s. The front radius as a function of time is
plotted in Fig. 2(b). This measurement was made along the
radial axis defined by the position of the laser vacuum
focus. The front thickness along the same line is plotted
in Fig. 2(c) and is observed to reduce in thickness.
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FIG. 2 (color online). (a) Front images in helium plasma
interactions with n, = 2.0 X 10> cm™3 using 200-TW, 1-ps-
duration laser pulses. The white line indicates the focal plane
of the laser. The laser propagates left to right. (b) Temporal
evolution of the front radius and (c) front thickness along the
radial axis defined by the laser focal plane.
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The trajectory data indicate three stages in the front
evolution. In the earliest stage, the system is dominated
by a high-velocity, nonlocal electron heat wave [9]. In
time, the data are described by a power law with exponent
a; = (0.13 = 0.07). This transition is consistent with the
electron mean free path becoming comparable to the
temperature-gradient scale length across the propagating
front and the formation of a thermal heat wave (o = 1/7 in
2-D cylindrical geometry). After several hundreds of pico-
seconds, the shock front catches up with the electron
thermal front, forming a blast wave [10-12]. The data
support this transition and the power-law exponent be-
comes a, = (0.55 = 0.05), consistent with a nonradiative
blast front.

The expanding front is observed to develop thin-shell
instability [see Fig. 3(a)]. The instability developed follow-
ing an earlier phase (Figs. 1 and 2) in which the front
appears to be smooth. This is unlike any previous insta-
bility generated in a laser-generated blast wave since in
helium plasmas, radiation effects are not expected to play
an important role. Indeed, the thin shell perturbations have
grown without the front fragmenting or breaking up. The
front maintains an approximately uniform thickness across
its transverse extent, while the instability has a wavelength
and amplitude with a similar spatial scale as the front
thickness itself. This instability has grown from noise
following the front reducing in thickness, and by t = 7, +
(800 = 200) ps, the unstable modes have been damped.
The front thickness has stopped reducing in extent and
remains approximately constant by this time [Fig. 3(b)].

The blast-front evolution is determined by collisionless
electrostatic shock formation and the onset of collisional
interactions as the shock wave enters the surrounding
unionized gas. The ultrahigh-velocity collisionless shock
is achieved by the transient, large-amplitude electric fields
generated by charge separation caused by the ponderomo-
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FIG. 3. (a) Images of the rippled front structure at r = 7, +
233 ps and the smooth front structure at t = t, + 70 ps with
n, = 2.0 X 10! cm™3 and 200-TW, 1-ps-duration laser pulses.
(b) Front image with n, = 2.0 X 10" cm™3 and 200-TW, 1-ps-
duration laser pulses taken at t = o + (800 = 200 ps).

tive pressure of a relativistically self-focusing laser pulse
[13,14]. The shock front thus generated was observed to
reduce in thickness and subsequently develop significant
corrugation instability. This occurred on a time scale con-
sistent with a transition in the ion dynamics from a period
of quasineutral collisionless expansion to collisional inter-
action of the ions with the neutral gas and the consequent
ionization of the helium atoms. Indeed if an estimate is
made of the energy contained in the hot ions generated
initially in the shock wave, i.e., a radius of 5-um diameter
with an average energy of 500 keV [6], the system contains
sufficient energy to ionize helium (ionization potentials
24 and 54 eV) over a radius of a few hundred microns
before the shock is significantly depleted. This distance is
consistent with the 100 wm shock front radius in our
experiments [Fig. 2(b)] in which the shock is observed to
slow down and become thinner, signaling the transition
from collisionless expansion to collision dominated
behavior.

To understand the electrostatic shock-launching mecha-
nism, a 2D particle-in-cell simulation of the interaction
was performed (Fig. 4) [15]. In the simulation electrons
and ions started to lag the main front and form the emer-
gent backfill of the previously formed cavity. Over the
simulation, the electric field across the front reduced in
accordance with energy dissipation and the loss of elec-
trons and ions to the quasineutral, forward-propagating
front, and the quasineutral plasma that lags the principal
front. The ultrahigh shock velocity generated in these
simulations was similar to that observed in our experiments
at early times. These simulations are also in qualitative
agreement with work [13,14] at lower intensities.

Concerning the instability at later times, Dyakov and
Kontorovich (DK) [16] have previously investigated per-
turbation instability imposed on the surface of a shock
wave. They found that perturbation growth was linked to
the emission of acoustic waves from the front and identi-
fied the conditions under which these perturbations grew.
The criteria for corrugation instability growth were linked
to the Hugoniot-curve shape. In particular, the DK insta-
bility is present if the Hugoniot slope lies below a threshold
value, ie., h.=[1—M:1+V,/Vy)]/[1 —M3(1 -
V,/V,)] where M is the Mach number of the flow, and i =
j@v/dp)y, where j*= (p,—p)/(Vi—V,) is the
square of the mass flow density (1 and 2 are the upstream
and downstream fluids with respect to the shock front). The
derivative in the definition of / is taken along the Hugoniot
curve.

For an ideal gas it is not possible to satisfy this condi-
tion; however, for complex Hugoniot shapes such as those
associated with ionizing shocks, the threshold can be met.
This has been demonstrated theoretically and in simula-
tions [17,18] and has also been observed in low-Mach-
number ionizing shocks driven by shock tubes [19]. The
original need for modification of the standard DK criteria
arose as the application of the latter failed to explain the
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FIG. 4 (color online). OSIRIS code results for different time
steps showing (a) the evolution of electron density and (b) the
magnitude of the radial electric field.

accumulating observations of irregular behavior behind
strong shocks. The conditions for this instability are also
likely appropriate for the highly nonlinear ionizing shocks
generated in our experiments. Indeed the thermal nonequi-
librium between the electrons that are produced by the
electron-atom ionization process in ultrahigh-intensity,
laser-driven plasmas and the remaining atoms and ions
can play a decisive role in the onset of DK instability. In
addition, DK instability has been shown to eventually
decay away—in agreement with our experimental obser-
vations [18] (Fig. 3). Such instabilities will be important in
highly nonlinear situations in which there is a significant
temperature difference between the plasma electrons and
ions as found in the period up to blast-front formation. It
has been shown that a single ionization process can provide
the main mechanism for DK instability and excitations of
the electronic energy levels of atoms or ions result only in a
slight modification of the instability threshold [18]. Future
quantitative studies of the experimental DK growth rate
may now be realized based on the work presented here to
study the detailed development of the instability.

In conclusion, optical probing measurements have been
presented of ultrastrong collisionless shocks within under-
dense plasmas irradiated at intensities >10% W/cm?.
These are the first observations of such ultrahigh-velocity
collisionless shocks in the laboratory that approach the
relativistic regime. An important aspect of these interac-
tions is instability formation as the shocks propagate into a
surrounding gas and form blast waves. These results are
potentially interesting for the laboratory study of a unique
class of shocks relevant to the understanding of some
important astrophysical situations.
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