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Pressure Effect in a Shock-Wave-Plasma Interaction Induced by a Focused Laser Pulse
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The effect of ambient pressure on the interaction between a laser plasma bubble and a shock wave
involving a Richtmyer-Meshkov instability was experimentally studied via framing Schlieren visual-
ization. A sharp plasma interface could be formed without any separation material that causes undesired
disturbances. The fundamental vortex structure which was produced via baroclinic effects was self-similar
with respect to the laser energy-ambient pressure ratio. Yet, the higher the ambient pressure, the more
high-wave-number instabilities were enhanced so as to contaminate the self-similarity.
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The fluid-dynamic instability appearing in impulsively
loaded flows, which is referred to as Richtmyer-Meshkov
instability [1,2], is a research topic of considerable impor-
tance in astrophysics and fusion research, for instance. This
type of instability is initiated by baroclinic vorticity pro-
duction that is in proportion to the vector product of the
density and pressure gradients; the interface instability
grows irrespective of the sign of the product, while the
direction of the growth depends on it. The theoretical
model of instability initiation was developed by
Richtmyer [1]. However, the long-term flow evolution
induced by this instability is so complicated that few de-
tails can be quantitatively predicted even by numerical
simulation, thus warranting further experimental studies.
Most published work related to this instability has used the
Atwood number and shock Mach number as primary con-
trol parameters. To the authors’ knowledge, few studies
have been performed concerning the effect of the ambient
pressure as an independent parameter, and, in particular,
whether or not the flow becomes self-similar irrespective
of the ambient pressure if these control parameters are
unchanged. Hereafter, this effect will be referred to as
the “pressure effect.” Experimental studies of this effect
using existing methodologies are hampered by technical
problems such as the membrane disturbance [3,4].

Many studies on Richtmyer-Meshkov instability have
been conducted using shock tubes. When a sliding sheet
is used to separate prefilled test gases, the interface be-
comes diffusive while it is being opened mechanically
[5,6]; the thickness of the diffusive zone depends on the
ambient pressure. The pioneering work of Meshkov [2]
and many following works employ a plastic membrane [7—
12]. Erez et al. [13] concluded that the presence of a
membrane is important to the initial stage of a small
amplitude. Even using a soap film to form the membrane,
its impact is not completely eliminated [14-16]. In
Ref. [15], small-scale perturbations appearing on the inter-
face are attributed to the nonuniformity of the soap mem-
brane. However, as will be shown later, this speculation is
questionable.
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A membraneless method to make an interface has been
employed by supplying a gas flow as a sheet or column(s)
[17-19]. Jones et al. [20,21] developed a technique to form
an interface in a vertical shock tube as the boundary of
opposing gas flows, both of which exit the shock tube to the
ambient atmosphere. Although the interface has a diffusive
zone, it becomes thinner after experiencing the shock
compression, and an evolution of the sharp interface can
be observed. Yet, in this case the test section pressure is
impractically difficult to vary with an incident shock Mach
number being kept constant, because usually the test pres-
sure should be maintained at a level only slightly higher
than the atmospheric value. The effects of the wall bound-
ary layer is another serious problem in applying shock tube
technology to the present problem [22—-24].

Sankin er al. [25] studied the interactions between a
laser-generated bubble and a shock wave in water. Al-
though a laser-induced bubble can be generated relatively
easily in water, in gaseous media the breakdown threshold
is sensitive to the local laser power density; with optics of a
long focal length a spherical bubble is difficult to produce.
Without any special modification, short focal length optics
may itself disturb the flow of the interest.

In this study, the pressure effect on a laser plasma-shock-
wave interaction that involves Richtmyer-Meshkov insta-
bility is studied with a new experimental arrangement, in
which a sharp interface is generated without undesired
membrane-oriented disturbances, and the reflected shock
wave driven by the plasma itself is used for the interaction.
Figure 1 schematically illustrates the test section of the
present experiment. The cylindrical test chamber was
300 mm in inner diameter and 300 mm in length along
the horizontal axis. Near the center of the chamber, an
aluminum parabolic mirror was set so that its axis was
aligned with a radius of the test chamber. The diameter of
the parabola was 42 mm, the focal length 21 mm. A TEA
(transversely excited atmospheric) CO, laser pulse (wave-
length; 10.6 um) was directed along the parabola axis
through a ZnSe window. The output laser beam had a
diameter of 50 mm. The effective beam diameter incident
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FIG. 1. Schematic diagram of test chamber.

onto the parabola was controlled by the diameter of the iris
placed above the window. The full width at half maximum
of the primary laser power peak was 0.2 us; 90% of the
total energy E was irradiated in 3 us. The peak power
density effectively incident upon the parabola was 7 X
10° W/m? for a total laser energy of 10 J. The effective
laser pulse energy was measured with an energy meter
(GENTEC ED-500-LIR) placed above the parabola in
the test chamber when it was open to the atmosphere.
Initially, the test chamber was evacuated using a turbo-
molecular pump that was backed by a rotary pump to
1073 Pa. Then the test gas was introduced to the *“ambi-
ent” pressure Pj. In our previous work [26], it was con-
firmed that flow physics were unchanged among argon,
krypton, and xenon. Therefore, in this study, only one
species, krypton, was examined as their representative.
Time evolution of the laser-induced flow was visualized
through a Schlieren system, recorded onto a high-speed
framing camera (HyperVision HPV-1, Shimazu Co., reso-
Iution 312 X 260 pixels). In this camera, one hundred
images were sequentially recorded onto a single CCD
device, so that the sensitivity distribution in each frame
was fully reproducible. A xenon flush lamp was used as the
light source. The collimated light beam for the visualiza-
tion was supplied along the axis of the test chamber.
Figure 2 shows an example of the visualized laser-
induced events over the parabola [27]. It should be noted
that in all the figures shown hereafter the contrast and
brightness are not software processed; they all are rough
pictures. Time elapsed after the laser pulse initiation is
designated by #; even in the first frame at t = 64 us the
laser pulse has already terminated. During the laser pulse,
the central radiating region was directly heated through
inverse bremsstrahlung. This region hereafter will be re-
ferred to as a ““plasma bubble.” At r = 64 us—96 us, it
was shaped almost as a sphere, but being influenced by
laser power absorption processes its bottom part slightly
extruded downward. This “‘jetting”” has been observed in
other works [28—-30] and has been explained as relating to

FIG. 2. Framing Schlieren images, Kr, P, =40kPa, E=3.611,
d =36 mm, At=16 us (uptoz =400 us)/160 us (+>400 us).

unsteady pressure variation around the focus. However,
under the present experimental conditions, this jetting
motion was beaten by the proceeding baroclinic motion,
which will be discussed later.

During the expansion of the plasma bubble, a spherical
shock wave was driven forward. The incident spherical
shock wave was reflected on the surface of the parabola,
as was observed at t+ =96 us and thereafter. When a
spherical acoustic wave that originates in the focus is
reflected on a parabola, a plane wave is reflected. The
observed reflected shock wave was primarily planar and
interacted with the almost-spherical plasma bubble,
thereby forming a baroclinic interaction, while the geo-
metrical simplicity was degraded to some extent by several
nonideal mechanisms, that is, the reflected wave was a
shock wave which had nonlinear characteristics; the inci-
dent spherical shock wave was not perfectly centered at the
focus; the plasma jetting deformed the plasma shape; and
the incident shock wave diffracted around the edge of the
parabola so that the reflected shock wave was attenuated
from the periphery to the center. Since the speed of sound
is higher in the plasma bubble than in the surrounding gas,
the reflected shock wave traveled through the plasma faster
than through the surrounding gas [15]. As a result, the
bottom interface became distorted before the arrival of
the reflected shock wave in the surrounding gas.

The baroclinic vorticity production rate is given by

dol _ 1y, xvp )
ar [p p

where P, p, and w designate pressure, density, and vor-
ticity, respectively. Cartesian coordinates are assumed in
order to simplify the explanations (although the fundamen-
tal configuration is actually axisymmetric), with x in the
horizontal direction, y vertical (coincident to the axis of
symmetry), and z normal to the paper. Across the plasma
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bubble, Vp has an effective negative x component in the
left half, and positive in the right half. The reflected shock
wave yields an effective negative pressure gradient in the y
direction. As a result, a positive-z vorticity is produced in
the left, negative in the right, so that the curvature of the
plasma bubble at the bottom becomes inverted. This pro-
cess was observed from ¢ = 128 usto 192 us. In particu-
lar, from t = 144 us onwards, the interface, which is
recognized as the discontinuity of radiation emission in-
tensity, became concave. Being penetrated by the ambient
gas flow from the bottom, the plasma bubble assumed the
shape of a jellyfish [15]. From t = 224 us to 336 us the
radiation emission from the plasma bubble acted as a good
particle tracer; its vortex motion could be clearly observed,
and the plasma bubble formed a toroidal shape [31,32].
The “bubble reversal’ [15] started at t = 240 us; a hump
at the top of the plasma bubble appeared and was extruded
upward. The ambient gas flowed through the plasma torus
and was ejected upwards. The head of the hump was
strongly perturbed due to the interaction between the am-
bient gas flow and the plasma bubble. As was reported in
Ref. [15], the plasma formed as double vortex rings, with
the upper portion developing from that which was origi-
nally the lower part, and the lower one from the upper part.

Based on the inviscid compressible flow relations, the
flow evolution is self-similar with respect to E,/ Py, where
E, denotes the effective blast wave energy. The shock
Mach number M, measured at a point becomes a function
of E,/P,. In reality, some energy is lost from the laser
energy, not contributing to the blast wave motion. Here, the
effective energy conversion efficiency 7 is defined by

E,

m=7g ?)
where E denotes the incident laser pulse energy. With the
value of 7 given, M, becomes a function of E/P, [33—35]
with the quasi-self-similar solution of Ref. [36] being used
as the reference. Figure 3 shows the variation of M|,
measured at a radius of 25 mm from the center axis of
the parabola, plotted as a function of E/P. Those experi-
mental data fit to an n = 0.2 curve with *=0.1 scatter.
Although the scatter is not necessarily trivial, a clear
dependence of 1 on P or d is not obtained; the large-scale
flow evolution is primarily depends on E/P,,.

Figure 4 shows Schlieren images observed under four
operation conditions at almost constant E/P,. Within the
jitter of the time origin, the images are synchronized with
each other. As shown in Fig. 3, the large-scale flow evolu-
tion, including the bubble reversal, was similar with re-
spect to time. However, the higher the ambient pressure,
the more small-scale perturbations were enhanced; for
example, the central bubble at r = 1008 ws is an almost
ellipsoid for Py = 10 kPa, whereas it is subject to pertur-
bations on half-diameter scales for Py = 20 kPa, up to
about one-tenth scales for Py = 40 kPa and much finer
scales for P, = 100 kPa. In Ref. [15], at the atmospheric
pressure, such small-scale perturbations are also reported;
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FIG. 3. M, at r = 25 mm vs E/P,. The error in M, which is
caused mainly by framing interval duration, is £5%. That in

E/P,, which is caused mainly by shot-to-shot scatter in E, is
*2%.

the authors attributed them to the nonuniformity of the
soap bubble. Since they are reproduced in the present
experiments in which no separation material was used,
those perturbations should be caused by fluid dynamics.
It is necessary to examine the effect of the sensitivity of
the Schlieren visualization. Because the contrast of the
Schlieren image originates in the diffraction of reference
beams, which is proportional to the density level, the
higher the ambient pressure the more enhanced the contrast
becomes. However, looking at the images at t = 1008 us,

t=80us

432us 832us 1008us

(d)

FIG. 4. Framing Schlieren images, Kr, E/Py, = 6.7 £ 0.5 X
105 J/Pa, (a) Py=10kPa, E=0.69], d=18 mm,
(b) 20 kPa, 1.44 J, 18 mm, (c) 40 kPa, 2.69 J, 30 mm,
(d) 100 kPa, 6.20 J, 42 mm.
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the large-scale structure of the plasma bubbles differs
greatly. Therefore, the difference in the earlier bubble
shape is physical, not due to contrast enhancement in the
visualization. In these experiments, in order to tune the
laser energy, the iris diameter d was also adjusted. As seen
in Fig. 3, its effect on the large-scale flow patterns is not
critical. Moreover, as is discussed in Ref. [34], the small-
scale perturbations were not explicitly related to d.

At present, the cause for this pressure effect is not fully
understood. A possible mechanism is Rayleigh-Taylor in-
stability [37,38]: In general, an interface has inherent per-
turbations. The higher P, the larger the dominant wave
number of perturbation k& becomes. Since in Rayleigh-
Taylor instability, the growth rate of the perturbation scales
with exp(z/gkA), where g and A designate the apparent
acceleration measured on the interface and Atwood num-
ber, respectively. The rate is increased with increasing k
and hence P,. In an overexpansion phase in the plasma
bubble bounce motion, the interface experiences decelera-
tion. Because the density in the plasma bubble is lower
than that in the surroundings these interface instabilities
grow over time. Through the interaction with the reflected
shock wave, these instabilities should be enhanced. The
validation of this idea warrants further investigations.

The present experiments study the interactions between
the laser-generated plasma bubble and the shock wave,
which are induced by the same laser pulse irradiation and
lead to Richtmyer-Meshkov instability. A sharp interface
over a single test gas species is produced without any
material and disturbance associated with the separation,
and the effect of the ambient pressure on the flow evolution
can be systematically investigated. Although the large-
scale baroclinic vortex motion is similar with respect to
E/P,, small-scale perturbations are enhanced at high am-
bient pressures thereby violating the self-similarity. In later
times the baroclinically driven flow motion will induce
Kelvin-Helmholtz instability and turbulent mixing, on
which the initial-stage perturbations dealt in this paper
are expected to impose significant impacts, thereby war-
ranting further investigations.
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