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Laboratory studies of hydrodynamic effects driven by a flowing, expanding plasma of high-energy
density and high Mach number are reported. The flowing plasma is the ejecta from matter accelerated
and heated by an ablative shock. X-ray backlighting diagnoses the structure produced when this plasma
impacts low-density foam. We observe the forward shock driven into the foam and the stagnated ejecta
which drives a reverse shock into the flow. [S0031-9007(98)07075-6]

PACS numbers: 52.50.Lp, 47.40.Nm, 52.35.Tc

The hydrodynamics of high-energy-density plasma hashe behavior of such a system and reports the results of
been an active area of study in recent years, motivated byomparisons with simulations.
applications from inertial fusion [1] to equation of state The experiment used the Nova laser facility [20]. The
(EOS) studies [2] to supernovae [3]. A major focus indesign involves a “package” (see Fig. 1) which is attached
these studies has been the hydrodynamic effects drivelo the bottom of a laser-heated, cylindrical gold cavity
by the ablation of matter, resulting from irradiation by (a hohlraum). We used a previously developed method
lasers [4] or by x rays [5—14]. We present here work[21] to produce an ablation-driven, planar shock which
on a complementary problem—the hydrodynamic effectbecomes the source of our flowing plasma. For the data
driven by the impact of energetic, flowing, expandingshown below, 18 = 2 kJ of laser energy ab.35 um
plasma upon matter. Such situations abound in the naturldser wavelength, in @97 = 0.02 ns FWHM, flat-topped
universe and there have been many theoretical studigmilse, heats the 3-mm-long by 1.6-mm-diam hohlraum
of them, for example, in the heliosphere [15] and into a radiation temperature @fl5 = 5 eV. Time in the
supernova remnants [16—19]. We report here the firstollowing is referenced to the half maximum of the laser
laboratory study, to our knowledge, of hydrodynamicpulse on its rising edge. This is a well-characterized
structures driven by a plasma flow-ati00 km/s. “Nova Scale 1.0” configuration [22,23].

In ablation-driven hydrodynamics, ablation pressure The x-ray flux from the hohlraum ablates~&200 xm
drives a shock forward into uncompressed material, whilehick plastic plug. One sequence of experiments used
the ablated material expands and rarefies away from th€soHs4Bre plugs; the second usedsdEsBr,. The Br
surface. In flow-driven hydrodynamics, stagnation pres-
sure drives a shock forward into uncompressed material,
as long as the incoming flow has sufficient velocity. The (@) Initial target

flowing plasma is slowed to the velocity of the contact & X-ray flux

surface between the materials, and in this sense can be ~220eV, 1ns

said to stagnate. If the pressure in the incoming plasma is

low enough, relative to its kinetic energy, then a reverse Gold hohlraum

shock develops in the flowing plasma. It moves more
slowly, in the laboratory frame, than the contact surface.
In the present paper we report the first laboratory obser-
vation, to our knowledge, of such structures driven by a  Gap . Br-doped CH plug
high-velocity plasma flow.

Plans for the experiments reported here were discussec
in three paragraphs in Ref. [3]. That paper showed data
from the single, demonstration laser shot which had been
performed at that time and discussed the feasibility and
potential applications of experiments of this type. The

present paper reports the results of the first two sequences$s. 1. The experimental package that is driven by a standard
of experiments devoted to quantitative measurements dfohlraum x-ray source.

Low-density aerogel

CH slab
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doping reduces the transmission of higher-energy x rays.
The plug is mounted in a700-xm-diam hole in a gold

washer attached to the hohlraum. The ablation of the & 0-8 3
plug by the x rays drives a strong shock through it. ?0 ]
In the simulations discussed below, just prior to shock E 34
breakout, the postshock pressure and temperature were = 0.4 .
approximately25 Mbar and20 eV, respectively. We used 5 k=
a UV streak camera to measure the breakout of the shock. ]

This occurred aB.3 = 0.3 ns from a205 = 1 um thick

plug of GCsoHu4Bre (density p; = 1.54 g/cm?’) and at

2.9 * 0.1 nsfroma205 = 1 wm thick plug of GoH4gBr,
(densityp, = 1.22 g/cm?). The observed ratio of shock
breakout times equalgp;/p,, as expected for constant
ablation pressure (assuming similar EOS). Once the shock ¢ 40
breaks out of the back of the plug, plasma ejecta are
released. The released plasma ejecta expand, cool, anc -
accelerate across 150 um wide gap. This flowing,
expanding matter is the plasma flow.

The plasma flow impacts and accelerates low-density 00 400 500 600
SiO, aerogel foam, of initial density0 + 4 mg/cn?, Position (um)
producing a strong forward shock. We chose the foam
density to be large enough that radiation preheat byIG. 2. Profiles a8 ns calculated by a hydrodynamic simula-
emission from the shocked matter would be small. Théion of the experiment, with the abscissa showing distance from

pressure of the stagnating ejecta produces a reverse shztaﬁ |.n|t|a| inner plug surface. The simulation used HG.Brs

in the plasma flow. We designed the experiment usin g
both one- and two-dimensional (1D and 2D) radiation-
hydrodynamic simulations with the Lagrangian code,cession. The resulting-shell x rays 6.7 keV for Fe
LASNEX [24]. We modeled the system in planar geometryor 4.3 keV for Sc) were transmitted through the target,
using a radiation temperature source at the inner boundagpertured by a&00-um-wide slit, and detected by an in-
of the plug. We used average ion (XSN) opacitiestensified x-ray framing camera. The framing camera,
[25]. The results obtained using QEOS formulas [26] diddescribed elsewhere [28], obtained gated images of the
not differ significantly from those obtained using EOStarget for which the FWHM of the gain wa) ps. We
tables. The absolute spectrum of the hohlraum x raysdletermined the spatial shape of the backlighter source,
corresponded to experimental irradiation conditions. Fowvith nearly identical results, by direct measurement of
the GoHagBr, plug, the treatment of radiation transport the backlighter spot on a separate laser shot or by fit-
was important. In this case, a multigroup diffusion modelting the shape of the backlighter signal as seen through
was not accurate. We used a discrete-ordinate [27(ndisturbed parts of the target. We calibrated the opti-
radiation transport model for the simulations discussedaal depth by using the known transmission through undis-
here. The 2D simulations helped determine geometriturbed parts of the target.
details such as the optimum ratio of plug diameter to foam Figure 3 shows images of the optical depth obtained
diameter (unity). by this method, at.1 £ 0.1 ns and9.1 = 0.1 ns, and
The 1D and 2D simulations produced the same grosalso shows the optical depth, averaged across the image,
hydrodynamic behavior near the axis for the duration offrom experiments using asgH4sBr, plug. The forward
the experiment, to withi200 ps overl0 ns. Practical 2D shock and the peak of the stagnated ejecta are labeled.
simulations, however, are not very well resolved. SinceThe shock fronts are spread beyond the nomiiaem
we are better able to resolve the axial flow with 1Dresolution of the framing camera. We attribute the
simulations, we show in Fig. 2 axial profiles from such spreading both to parallax and to the alignment of the flat
a run. The expanding ejecta flows in from the left, with surfaces along which the measurements are made. We
decreasing density, pressure, ion temperatur@;, and a  estimate the consequent width of a sharp, small step in
flow velocity u that increases linearly with distance. Atthe optical depth to be~30 um. In the cases shown, the
reverse shocky abruptly drops ang, p, andT; increase. forward shock has propagatéd0 um (a), (b) and more
There is a density minimum at the contact surface, and athan450 wm (c), (d) through the foam. It is notable that
quantities drop abruptly at the forward shock. the forward shock is well defined and is quite planar
We diagnosed the spatial structure with x-ray backlightwithin the region defined by thel00 um slit. The
ing, using methods described previously [13]. A planar2D expansion of the ejecta and the foam, which will
slab of Fe (or Sc) was mounted behind the target, where gventually occur, is not yet large enough to affect these
was irradiated by two of the Nova laser beams in sucdata. An independent measurement, without slits, made
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Figure 4 shows data and simulation results for the two
sequences of experiments. In both cases, the simulations
reproduce the observed shock breakout time. In the case
of the GyHu4Brg plug [Fig. 4(a)], the simulation repro-
duces the observed velocities of the ejecta, the forward
shock, and the ejecta peak to within the uncertainties. The
forward shock in the simulation appears to be ahead of the
observed shock, but the differencel/4 n9 is marginal.
Based on least-squares fits, the forward shock and ejecta
peak velocities implied by the data of Fig. 4(a) &ge+ 1
and55 *= 1 km/s, respectively. The corresponding simu-
lation curves give 67 andl km/s. If the level of pre-
heat calculated by the simulations is correct, the upstream
Mach number of the forward shock #s30. In the case
of the GyH4gBr, plug [Fig. 4(b)], the simulation under-
estimates the velocity of the forward shock, the velocity of
the ejecta peak, and the separation between them. The ob-
served velocities of the forward shock and the ejecta peak,
from least-squares fits, at®7 + 3 and77 * 4 km/s, re-
spectively. The corresponding simulation curves give 84
and 62 km/s. This difference between the data and the
simulation results is discussed next.

The difference occurs late in time. Radiation effects are
negligible then, as confirmed by simulations run with and
without radiation transport aftérns. This is as expected,
because we designed the system so that radiation from the
hohlraum would be stopped by the brominated plastic, and
so that the amount of preheat due to emission from the
shocked GyH4sBr; or the stagnated ejecta would be small.
In other experiments using similar targets [2], the preheat
was too small to cause changes in the foam density.

The observed separation between the ejecta peak and
the forward shock implies an effective adiabatic indgx
of the foam. Both the simulations and the observed sepa-
ration of Fig. 4(a) correspond tp ~ 1.4. The observed
separation of Fig. 4(b) is much closer to that expected
fory ~ % We have identified two possible explanations.
First, the EOS of the foam might be incorrect. The experi-
mental database for foams in this pressure regime is quite
limited, and the theory is not trivial. Second, the electron
preheat might not be negligible. Preheat could potentially
increasey by breaking chemical bonds and ionizing the
foam. There is also some past evidence of unanticipated
preheat [11] under similar conditions. Further exploration
of these issues is, however, a subject of future research.

The flow-driven system demonstrated here has several
potential applications. It can be used for the general study
of hydrodynamics at high-energy density, for which it has
the advantage that the hydrodynamics is decoupled from
the details of the energy source. It can be used for hy-

FIG. 3. Grayscale images (a), (c) and spatially averagedlrodynamic instability studies, as the stagnated ejecta near

lineouts (b), (d) of the measured optical depthoats (a), (b)

and9 ns (c), (d).

the contact surface are Rayleigh-Taylor unstable and as
the forward shock wave can be sustained for a long pe-
riod. It has application to astrophysics, as there are many

along a perpendicular line of sight, showed the forwardastrophysical systems in which flow-driven hydrodynam-
shock to be curved near the edges while remaining planacs is essential. It can provide the first experimental tests

near its center.
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80T T T T T T T T T T T T T simulations. In another case, there are some differences,
" (a) which we have discussed. Flow-driven hydrodynamics

offers potential as an environment for basic hydrodynamic

studies and as a tool for applications from astrophysics to
equation of state.
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