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Abstract

Experimental investigations of heavy-ion-generated shock waves in solid, multilayered targets were performed by
applying a Schlieren and a laser-deflection technique. Shock velocity and the corresponding pressures, temporal and
spatial density profiles inside the material compressed by multiple shock waves, and details of the shock dynamics were
determined. Important for equation-of-state and phase transition studies, such experiments extend their relevance to
inertial confinement fusion and astrophysical fundamental research.
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1. INTRODUCTION of the compression process was obtained by avoiding the
direct ion beam heating and enhanced by generation of mul-
¥iple waves. Reverberations of a primary weak shock on the

le b H ion b b ted th té'ample boundaries with the neighboring layers as well as on
cle beams. Heavy lon beams can be accounted among &l ;,iarface between coexistent fluid and solid phases of

as an advantageous tool due to their spatially and temporal%e material heated by the beam lead to an increase of wave
well-defined energy deposition profile. The heavy ion syn—Strength and compression ratios

chrotron SIS-18 at the Gesellschaft fir Schwerionenfors- The experiments described herein provide details of the
chung(GSI) can supply intense ion beam bunches, of abouFnultiple shock dynamics, time history, and structure, and

9 1 i 1 - -
'5I'h>'< 1|0 dpatrtlcles fo'rf.U, dehve(rjed m.?50 r}s It;)ngt ptlildses. report on measurements of temporal and spatial density
Is leads to a specific energy deposition of about/g profiles for multilayered targets irradiated by different pro-

a]’ectiles with similar parameters. The former was investi-
Eated by means of a dark-field Schlieren method and the

The shock-wave loading of solids can be accomplished b

tively low temperature$~1 eV) and generates a pointlike
source of pressure waves in the Bragg peak region. There
ayield of weak shock waves that are generally characterize easured shock velocity and density of the compressed
by velocities just above the speed of sound, imparting to th?n

terial behind the shock front locit the order of aterial represent a good support for theoretical modeling
material behind the shock front a veloCily on the order of a, 4 equation-of-state analysis of compressed solid matter,
10th of the wave velocity. The material is compressed b

Xvith implications in phase transition to metallic states and

only a few perqent. The chapge of the quantltleg of Stal§ ndamental research regarding targets for inertial confine-
occurs isentropically, just as in the case of acoustic waves, .+ fusion

from which they differ little. Previous studies on such pres-

sure waves generated by the GSI heavy ion bg&usstan-

tin et al, 2002 indicated that the temperature increase due2. TARGET DESIGN AND EXPERIMENTAL
to shock heating of a sample in multilayered targets does not ARRANGEMENT

exceed 4 K, for pressuresrising upto 10 GPa. The efficiencyl_he ion beam was stopped in a metallic plate made of Al

_ Cu, Fe, or Ph. A few millimeters were added to the calcu-
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Lawrence Livermore National Laboratory, L-399, 7000 East Avenue, Liv- te Oca_tlon of the !’agg peak to 'aVO| the penetration o
ermore, CA 94550. E-mail: constantinl@lInl.gov the following layer. This was a plexiglass block chosen due
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tter by employing a single-laser-beam deflection. The
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to its transparency as an observation window. The metallic a

absorbent was surrounded by plexiglass to enable two- 2628 Al (winess) _ plexiglas Pb (absorber)
dimensional visualizations of the shock propagation, both 6

radially and longitudinally. Athin Al layer was affixed to the

plexiglass block to keep the target confined during the com- 5

pression or relaxation processes. The targets were posi-
tioned in the interaction point with the ion beam, which was
focused down to 0.7 mm by means of a plasma [&tstter
etal, 1996. Side-on measurements were performed with a
cw He-Ne laser of 5 mW power, expanded to a parallel beam
of 30 mm diameter for the Schlieren measurements. The 2
recordings of the deflected light of the laser beam were
acquired by a streak camera with a temporal resolution of
100 ns, simultaneously with a multiframing camera for two- 0
dimensional imaging. For this purpose the laser beam was

split by a half-transmitting mirror just before the detection

plane. Both cameras were focused onto the target. Around p,
obstructer of 1 mm diameter, placed in the laser focus, was  15¢c Al (witness)
used to block the entire undeflected, parallel laser beam. An '

time [us]

20 15 10 5 0 5 10
x [mm]

plexiglas Cu (absorber)

image of the refractive disturbance inside the shocked target 6
is recreated by the deflected rays that pass the obstructer to 5
reach the detectors. In this single-shot experimetf{a %"
ion beam with a particle energy of 300 AMeV, maximum — 4
2% 10° particles in a pulse of 700 ns duration was employed. 3
For the laser deflection diagnostics, a gated diode laser o 3
was used, probing the target transversally to the ion beam 2
axis. The laser beam in this case was not expanded, covering 2
a range of 0.5 mm inside the target, at a fixed position. The
detection occurs at a large distance from the taf@eprox- 1
imately 4 m where the laser spot size becomes as large as
3 mm. The same type of streak camera was used to image the 0
deflection of the laser spot each time when a shock traversed -20 -10 0 10
it. The targets were heated by?3U 73" ion beam with a X [mm]

particle energy of 300 AMeV, & 10° particlegpulse, and a Fig. 1. Schlieren picture of induced shock wavesana Pb-plexiglass-Al
pulse duration of 700 ns. According to numerical simula-target andb) a Cu-plexiglass-Al target. The temporal ion beam profile is
tions, such beam intensities can heat material to a few thouwplotted on the picture together with the location of the calculated stopping
sand Kelvin and therefore the stopping data in negligiblyrange(dotted line.
ionized matter provided by the TRIM cod&iegleret al.,
1996 could be used.
intensity distributiongDeckeret al., 1985. Both the front
3. SCHLIEREN EXPERIMENTAL RESULTS and the pack of a shock .cont'ribut'e to the density change in
the plexiglass layer, which is ultimately detected as two
Schlierenis amethod commonly used for quantitative analybright stripes following at close times to one anotlsze
sis of cylindrical or spherical indexes of refraction distribu-
tions, suitable for the present case. The Schlieren images
experlmenFaIIy obtained provide important information O Table 1. Shock propagation velocities with the corresponding
the dynamics, geometry, and structure of the shock Waveﬁressures and delays for the first shock arrival in plexiglass for

traversing the target. o _ ~ each absorber material
The method works on the principle of the bending of light

rays under certain angles due to density gradients transvergésorbent Umax[Km/s] P (GPa t[ps]
to the light propagation direction, translated into detection

) e A S A 3.80 >1.40 0.05
of spatial variation of the refractive mdex._ The detection, 3.50 ~1.40 0.80
takes place at the location of the focused image of the rege 4.00 ~1.40 0.30
fractive disturbance. The dark-field Schlieren introduces subPb (focused beain 3.20 1.19 0.70
sidiary elements into the optical system that transform théb(unfocused beam 2.67 0.19 0.30

structurized angular distributions of the deflected rays into
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2 E — e - Fig. 19. Atlater times, an increased intensity of the detected
5 _ light indicates the presence of some secondary waves
Cu - Pb | (Fig. 1b), propagating in some cases with higher velocities,
5 o T % up to 4.5 kmy's. The first shock velocity for all types of
T4 Fetum e I targets is above the sound speed in plexiglass at standard
E ' T Cu’ conditions, equal to 2.6 kyis. Table 1 gives this values,
ES3 NN T . Fe together with the corresponding pressures taken from liter-
o] Al ' : ature(Zhang & Mueller, 1984
: The time resolution allowed not only measurements of
14 Al the mean value of the first shock propagation velocity, but
o, N1 _ also the change of the velocity curve slope in time for each
_15 _10 _5 0 25 30 35 40 type of target. Clearly a more pronounced attenuation of the
z [mml v lkmis] velocity and therefore of the shock strength occurs for the
Fig. 2. Comparison of shock wave propagation velocities in plexiglass forStrongeSt shocks, as (f‘an be observed in Figure 2. This was
targets with Al, Cu, Fe, and Pb absorbents. the cases of targets with Al and Fe absorbents.
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Fig. 3. Temporal and spatial density profiles in plexiglass for targets @@itAl, (b) Fe,(c) Cu, andd) Pb absorbents. Overplotted are
the density profiles obtained from interferograms recorded simultaneously with the laser deflection pictures.
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context of equation-of-state studies. There are well-defined
advantages that make the use of heavy ions an attractive tool
: to investigate the behavior of matter in states of high densi-
. third shock ties and pressures, such as the accurately determined energy
: deposition profiles, both in space and time. The rather low
strength of the created single shocks can be surpassed by
formation of multiple shock waves in certain target config-
urations, in conditions of a cold, efficient compression. To
measure the parameters describing the states reached by the
compressed material and thus to provide benchmarks for
simulation codes, different optical diagnostics were em-
ployed. Herein, a dark-field Schlieren and a laser-deflection
technique were described, yielding the shock propagation
velocity and the temporal changes of the shock dynamics,
Fig. 4. An image showing the laser spot deflections inside the pIexigIassdenSities, and pressures, the latter provided by data from
as the shock waves cross over. . . . .

literature. Following experiments determined the pressures
directly by polyvinylide fluoride pressure gauge measure-
ments. The main features of the stress waves were defined
by the measured velocities, which proved to be above the
speed of sound in the probed matefiplexiglass, with a
peak at 4 knis for the primary shock. The presence of atrain
Although Schlieren is a method that renders a good visuabf shocks, detected by both diagnostics, lead to an increase
inspection in the refractive behavior of the compressibleof the shock velocity and undisputable enhancementin den-
field of the target, more appropriate quantitative evaluationssity, as displayed by the temporal density profiles obtained
by means of densitometry are provided by a laser-deflectiomith the laser-deflection method.
technique. This was applied together with a Mach—Zehnder As asserted by numerical simulation, an eventual upgrade
interferometer, and thus the results could be cross-checkeaf the GSI synchrotron ring, currently under discussi@ént-
with the output of the time-resolved interferograms. If thebrodet al, 2002, would bring about pressures as high as 10
total length from the target to the detection pldieknown  Mbar in solid targets, opening opportunities for investiga-
and the streak screen is calibrated in millimeters, the spatidlons of phase transition to metallic states of matter. At this
displacement, of the laser spot from its initial position can point, target materials of interest due to numerous possible
be easily measured from the pictures and inserted in thapplications are cryogenic crystals made of hydrogen, as
following relation :d = | -sina =~ | -«. The deflection angle wellasrare gases, which are already developed in the Plasma
a can be further related to the refractive index by the rayPhysics Group at GSI. Diagnostics such as those described
equationJahoda & Sawyer, 1971The refractive index can in this work can be further improved or adapted to match the
be converted into densities by using the Clausius—Mossottiew conditions.
relation(Merzkirch, 197). The results are givenin the form
of temporal density profiles plotted in Figure 3 for all types ACKNOWLEDGMENT
of targets. The comparison with interferometric results gen-
erally shows a good agreement, especially for the targets This work was supported by the German Ministry for Education
with Al and Fe absorbents. The spatial coordinates wer@"d ResearctBMBF).
calculated using the shock velocities measured interferomet-
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