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Observation of a Velocity Domain Cooling Instability in a Radiative Shock
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We report on experimental investigations into strong, laser-driven, radiative shocks in noble-gas
cluster media. Cylindrical shocks launched with several J exhibit strong radiative effects such as
increased deceleration and radiative preheat. Using time-resolved propagation data from single-shot
streaked Schlieren measurements we observe temporal modulations on shock position and velocity,
which we attribute to the thermal cooling instability, an instability which until now has not been

observed experimentally.

PACS numbers: Valid PACS appear here

Shocks are a common phenomenon in astrophysics
and high-energy-density (HED) environments in general.
A shock forms when material expands with supersonic
speed into an ambient medium, faster than the surround-
ing material can adapt to the expansion. If the energy
deposition initially launching the shock is limited in time,
the shock is followed by a rarefaction which eventually
catches up with the shock front and a blast wave is
formed, often consisting of a thin shell containing much
of the swept-up material [1].

An understanding of shocks and the dynamics of ther-
mal and dynamical instabilities in HED plasmas is vi-
tal for numerical models of complex plasma systems. In
such environments, radiation can lead to fundamental
structural and dynamical changes in the system evolu-
tion. A shock becomes radiative if the post-shock con-
ditions lead to an efficient cooling rate through radiative
energy losses. The radiation is transmitted through the
shock shell and, in an optically thin case, is lost from the
system. In contrast, if the upstream material ahead of
the shock front is optically thick to parts of the emission
spectrum, radiation can be reabsorbed leading to preheat
and ionization of the material ahead of the shock front.
This modifies the shock propagation dynamics and can
lead to growth of instabilities [2, 3].

The temporal expansion of a shock radius is often de-
scribed as a power-law type function of the form

R(t) o< (Eo/p)*/*t (1)

where Ej denotes the deposited energy per unit length
(in cylindrical geometry) and p is the mass density. The
parameter « is the deceleration parameter determined by
the geometry and the energy dissipation in the system,
which for cylindrical, adiabatic blast waves is a@ = 0.5
[4]. Dissipative processes such as radiation or ionization
necessarily reduce the polytropic index, 7y, of the system,
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and therefore a, to a value below the adiabatic solution
and the blast wave decelerates more quickly. In case
where radiative losses in the shell are sufficiently large
such that the shell cannot support itself any longer, it
is pushed by the low-density but high-pressure interior
of the shock and collapses to high densities. Specifically
the transition to this pressure driven snowplow regime
and the associated shell-thinning is thought to make the
shock more susceptible to radiation-driven instabilities,
one of which we address in detail in this paper.

Radiative shocks can be studied experimentally by
utilizing the efficient absorption of high-intensity lasers
(> 10 Wem™2) by gases of atomic or molecular clusters
[5]. Furthermore, using short-pulse lasers temporally de-
couples the initial energy deposition (<ps) from the sub-
sequent evolution of the plasma system (>ns). This al-
lows one to study well characterized shocked plasma sys-
tems under repeatable experimental conditions and with
access to systems with a varying degree of radiation [6-8].
Provided the experimental geometry and key dimension-
less parameters can be matched to astrophysical phenom-
ena, clusters can be used to perform laser-driven shock
experiments scalable to astrophysical systems [6, 9].

For the experiment presented in this paper, clustering
was achieved using a gas jet with an orifice diameter of
500 pm and backed with Ho, Ar and Kr at 42, 52 and 35
bar, respectively. Weak clustering in Hs made it neces-
sary to operate the gas jet at cryogenic temperatures [10],
while clustering in Ar and Kr was achieved at room tem-
perature. The cluster gas was irradiated using the Vulcan
laser at the Rutherford Appleton Laboratory, which pro-
vided up to 60 J on target in a A=1054 nm, 1.4 ps full-
width-half-maximum (FWHM) pulse focused to 40 pym
FWHM using an {/18 off-axis parabola. The focus was
aligned into the cluster stream 3 mm centred above the
nozzle. This generated cylindrical shocks over an energy
deposition length of h~7.5 mm. In a pump-probe geom-
etry, the laser-cluster interaction and subsequent plasma
evolution was backlit and imaged using a A=527 nm, 1.3
ps probe beam providing spatially resolved snapshots of
the interaction. To maximise data-output, prior to injec-



tion into the vacuum chamber the probe beam was di-
vided into three separately timed beams of equal bright-
ness which imaged the interaction onto charged coupled
device (CCD) cameras from three different angles orthog-
onal to the laser propagation direction. Additionally each
imaging setup distinguished between orthogonal polari-
sations, resulting in six (three beamlines x two polarisa-
tions) individually timed probe pulses available on each
laser shot. The probe timing could be adjusted from 0 to
15 ns, while the separation between the polarisations was
variable from 0 to 3 ns. Each image was then relayed into
simultaneous dark-field Schlieren setups and Michelson
interferometers [11]. A calorimeter positioned after the
laser-cluster interaction region measured absorbed ener-
gies while an array of infrared filtered diodes was setup
to detect scattered radiation. As in past experiments, no
scatter was detected [5, 12].

When extracting the shock evolution from time-framed
snapshots of the interaction, experimental fluctuations
necessarily limit the accuracy to which this can be deter-
mined from multi-shot data. As was successfully demon-
strated in [13] such ambiguities can be removed by using a
long-duration optical backlighter to image the blast wave
onto a streak camera via a Schlieren setup, thus track-
ing the full shock trajectory on a single laser shot. To
this end, the nominally 6.8 ns pulse of a g-switched, fre-
quency doubled Nd:YAG laser (532 nm) was stretched to
~31 ns FWHM by passing it through a multi-reflection
etalon array providing a smooth temporal profile. The
elongated pulse was then used to image the plasma onto a
Hamamatsu C5680 streak camera via a Schlieren setup.
This recorded the shock position with a temporal and
spatial resolution of 50 ps and 20 pm.

Fig. 1 shows typical shock evolution data for Hy, Ar
and Kr launched with 5, 6 and 11 J of deposited energy.
Here shock radii expanding away from the nozzle are plot-
ted as a function of time on a double-logarithmic scale.
Superimposed onto the data (solid lines) are power-law
fits (dashed lines) used to extract time-averaged deceler-
ation parameters. For clarity error bars are only included
for Hy. As can be seen from Eq. 1, the shock evolution
is expected to depend on the deposited energy per unit
length divided by the mass density. This should therefore
be maintained equal in different gases to allow a direct
comparison of the trajectories for identification of poten-
tial energy loss mechanisms [14]. In Ar and Kr, this is
the case with 2.3 + 0.6 x 10*Jem? /g and 2.9 + 0.5 x 10*
Jem? /g, respectively. However, limitations on the avail-
able gas pressure meant that the energy density for Hs
exceeded that of the other gases by a factor ~6. Com-
bined with the knowledge that hydrogen should not lose
significant energy through radiation, it is therefore ex-
pected to expand faster than the other two cases, as is
observed in the data. Interestingly, the extracted decel-
eration parameter for Hy exceeds 0.5 and therefore the
prediction of the adiabatic solution. A contributing fac-
tor is the shock front propagating away from the noz-
zle and therefore down a density gradient. Furthermore,
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FIG. 1: Streaked Schlieren trajectory results in Hz, Ar and
Kr. For clarity, error bars are only included for the Ha data.
As expected, Ha expands the fastest, while the deceleration
parameter decreases with increasing atomic number.

this could indicate a departure of the shock geometry
from a purely cylindrical scenario. In any case, for gases
of higher atomic number, the shock deceleration should
be increasingly dominated by energy losses through ra-
diation. Indeed, the shock trajectories for Ar and Kr
for t>15 ns both exhibit an a<0.5 suggesting the blast
waves are radiative during that time.

This observation is consistent with shocked electron
density profiles extracted from short-pulse interferome-
try data via Abel-inversion. An example for the early
time evolution of a shock launched in Ar with 6 J
(1.3 4+ 0.4 x 10* Jem?/g) is displayed in Fig. 2. In this
plot the shock is propagating from left to right. At 6 ns
(gray line) the shock front, situated at 600 pym is already
well resolved and the data also exhibits an ionization pre-
cursor ahead of the shock front indicative of an energy
transport mechanism. At 12 ns (black line) the shock is
significantly more steep and pronounced with the shell
thickness Ar having decreased by more than 60%. Addi-
tionally, the upstream material ahead of the shock front
is heated further, resulting in a doubling of the upstream
electron density via increased ionization, while the mea-
sured post shock electron density is reduced. From an
estimated preheat temperature of a few eV, the electron
mean free path is not expected to exceed 20 pm, such
that the extent of the ionization precursor in the data
(>400 pm) provides compelling evidence of the strongly
radiative nature of these shocks. Using the observed shell
thickness, the compression, i.e. the shocked mass density
divided by the ambient density, can be estimated to be as
high as C' =~ 5.5 for the late snapshot. This is the high-
est compression value so far reported in shocks in cluster
media and exceeds the theoretical compression limit for
an ideal gas (C=4), further underlining the importance
of dissipative processes such as ionization and radiation
in shocks under these experimental conditions.

Interestingly, assuming an equal ionization rate the
shocked mass in the 12 ns image seems less than would
be expected from a simple geometric account of the mass
swept up by the shock between the two displayed times.
This can, however, be explained by noting that the peak
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FIG. 2: The early evolution of an Ar shock launched with 6
J exhibits a strong radiative precursor and significant reduc-
tion of the shell thickness Ar. Both displayed snapshots were
obtained on the same shot.

electron densities generated in the shock front result in
very strong and hard to resolve fringe shifts in the inter-
ferometric data. Specifically in the data for 12 ns, the
fringes are difficult to trace around the peak and the dis-
played data should be considered a minimum value. It is
conceivable that the peak fringe shift is, in fact, under-
estimated by a factor of 27, equivalent to one full fringe
shift. This would raise the peak electron density to ~3.5
x10" e¢m ™2 thus solving the mass discrepancy.

Shell thinning is an important feature in radiative blast
waves as it is expected to make the shock more suscepti-
ble to instabilities such as the dynamic spatial overstabil-
ity [3] or the thermal cooling instability (TCI) [2]. While
a considerable body of experimental work has been de-
voted to the former [7, 11, 15] the latter has received only
little experimental attention. In fact, prior to the work
presented here it has only been predicted in simulations
of astrophysical plasmas and could not be verified exper-
imentally [13]. This instability is thought responsible for
a deviation of the ultra-violet and optical emission spec-
tra away from those expected for steady-state flow condi-
tions for example in the Cygnus-loop or the Vela super-
nova remnant [2]. The TCI occurs when a shock begins
to stall while losing kinetic energy through radiation, but
then reforms as it expands into the radiatively preheated
medium. As a result, this instability is expected to mani-
fest itself in an oscillation of the shock velocity in time, as
the shock front periodically gains and loses energy. The
onset of the TCI is determined by the radiative cooling
function of a gas with a given electron temperature Ts.
This can be described locally following A(T,) o« T2 and
a shock is expected to be susceptible to the TCI if § ful-
fills the condition 8 = d(logA)/d(logT.) < 1 [16]. For
astrophysical shocks a shock velocity threshold of ug >
120 kms~! has been calculated for the TCI to occur [17].
However, since the instability only depends on the shape
of the cooling function with temperature, in principle it
should be possible to study this feature on a laboratory
scale at a lower temperature and shock velocity provided
the condition for g is satisfied.

Earlier experimental studies presented in [13] identi-
fied Kr as the most likely candidate to undergo the TCI
under the experimental conditions currently accessible in
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FIG. 3: Temporal evolution of the expansion velocity of cylin-
drical blast waves in Kr. Both shocks launched with (a) 7 J
and (b) 11 J decelerate with an averaged a=0.38. While (a)
shows no unambiguous modulation, (b) exhibits significant os-
cillations in the shock velocity. This is believed to be caused
by the thermal cooling instability.

laser-driven shocks in clusters. However, while at the 1
J drive level used for previous experiments this could
not be demonstrated successfully, it was deemed possi-
ble that faster and hotter shocks accessible with higher
energy laser systems can potentially enter a regime sus-
ceptible to the TCI. A result for the temporal evolution
of the shock velocity, comparable to previously obtained
data at the 1 J drive level (see for example [13]), can be
seen in Fig. 3(a). It was obtained by averaging the shock
propagation from streaked Schlieren measurements in 2
ns intervals, chosen such that the shock front expansion
during this time step is well resolved on the streak cam-
era. The Kr shock was launched with a deposited energy
of 8 J (2.1£0.5x 10* Jem?/g) and for t>15 ns, the veloc-
ity very closely follows an averaged deceleration with o =
0.38 (dashed line), the deceleration predicted for a fully
radiative shock disregarding ionization [18]. While small
variations in the shock velocity are visible, these are too
small to be interpreted as characteristic oscillations. In
stark contrast, Fig. 3(b) shows the shock velocity evo-
lution of a blast wave in Kr launched with slightly more
energy (11 J) and 2.9 + 0.5 x 10* Jem?/g. While the
averaged velocity (dashed line) again corresponds to a
deceleration with @ = 0.38, the time resolved velocity
now undergoes strong oscillations in time with a period
of At ~7—9 ns.

An estimate of the oscillation time based on the TCI
mechanism can be made by calculating the time it takes
for the shock to radiate away all of its kinetic energy.
Through knowledge of the shock speed, the total kinetic
energy contained in the shock in Fig. 3(b) is ~2.4 J.
Using the data published in [19], the radiative cooling
coefficient at the density of the compressed gas in the
shock shell (~ 10'%cm™3) can be extrapolated to be ~
4.6 x 1073* Wm3, which results in an estimated energy



loss rate of ~ 4 x 10% J/s and a cooling time of ~ 6
ns. Given that cooling function data is only available
for astrophysical densities, this is at most an order-of-
magnitude estimate. Yet, it agrees surprisingly well with
the oscillation period of At ~ 7—9 ns visible in the shock
velocity in Fig. 3(b).

Following the formalism developed in [18], it is also
possible to estimate the energy loss of the shock directly.
To this end we use a generalized energy equation which
has to be equal on both sides of the shock front, i.e.

qu Y kBT

4
—uaT?. (2
2 VS i ma +zual” (2)

E:
pu 3

——(1+(2)) + E.

Here, p, ma, u, v and T are the mass density, atomic
mass, fluid velocity in the shock frame, polytropic index
and temperature, respectively. (Z) and E. denote the
effective ionization of the gas and the associated excita-
tion energy. The values kg and a are the Boltzmann and
radiation constant.

The shock velocity, u1, as well as the precursor ioniza-
tion, (Z7), are extracted directly from the data, while p;
is obtained from gas jet characterization measurements
[21]. Through (Z), one can estimate E,. in the precursor
via known ionization potentials [22]. This leaves the pre-
shock polytropic index and temperature, which have to
be known in order to calculate the energy content in front
of the shock. Assuming local thermal equilibrium (LTE)
and following an extrapolation method detailed in [4], an
average ionization of (Z) = 2.9 gives T1=4.8 eV. Regard-
ing the post-shock values, the gas velocity in the shock
frame as well as the post-shock density can be obtained
experimentally through measurement of the compression,
C, and substituting us = u1/C and ps = Cp;y. This also
gives the effective ionization and, using the same argu-
ments as above, translates to an effective temperature
((Z2) = 3.3, Ty = 6.3 eV), leaving only the pre- and

post-shock polytropic indices unknown. Naturally, upon
choosing the pre-shock value 7;, the post-shock v is de-
termined through the requirement for energy balance and
Eq. 2. We estimate y; = 1.2 [1] and find v, = 1.1.

Ultimately, this allows one to calculate the energy
dissipation, ¢ due to ionization and radiation via ¢ =

% and dE/dt = —mRhpiuje [18]. This

equates to 3.5 x 108 J/s, which agrees well with the cool-
ing rate extrapolated from astrophysical values, again
confirming an expected oscillation rate on the order of
a few ns, as is observed in the experimental data.

The observation of shock velocity oscillations is ex-
tremely promising and elegantly demonstrates the capa-
bility of the streaked Schlieren technique to observe the
TCI. In conjunction with the excellent agreement of the
estimated oscillation time with the experimental result,
we can say with some confidence that the presented data
is, in fact, the first experimental observation of the TCI.

In conclusion, we have presented data from recent ex-
perimental investigations of laser-driven shocks in cluster
media. The shocks were driven with significantly higher
energy densities than in previous experiments and the
data clearly shows stronger radiative effects than pre-
viously observed in cluster shocks. This includes a re-
duced deceleration, shell thinning and enhanced com-
pression exceeding the theoretical strong shock limit for
an ideal gas. Furthermore, the temporal evolution of
shocks in Kr was investigated by means of the single-shot
streaked Schlieren technique. The shock velocity data
shows strong oscillations as a function of time, which we
believe constitutes the first experimental observation of
the thermal cooling instability.
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