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Experimental investigations of multiple weak shock waves
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Abstract

The dynamics of low entropy weak shock waves induced by heavy ion beams in solid targets was investigated by means
of a schlieren technique. The targets consist of a metallic absorber for the beam energy deposition followed by a
plexiglass block for optical observations. Multiple waves propagating with supersonic velocities at 15 kbar pressures
were observed in the plexiglass, for pressures of up to 70 kbar numerically calculated in the absorbers. Pressures in the
megabar ranges are predicted for a near future beam upgrade, enabling studies of phase transition to metallic states of H,
Kr, and Xe.
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1. INTRODUCTION 1996, for which a heavy ion beam is a suitable driver. By
means of a slowly driven reverberating shock wave, density

The shock wave compression of solid matter is an issue ofatios up to 10 or more can be attaingschlegelet al,

close relevance to the equation-of-steE©S studies, with  2001). The process is governed by the amount of specific

applications to the phase transition to high conductive statesnergy deposited homogeneously in the target, culminating

of matter(Wigner & Huntington, 1935; Aoki & Meyer-ter- in the Bragg peak region where the entire beam is stopped.

Vehn, 1994; Mao & Hemley, 1994; Wedt al,, 1996; Tahir  The present synchrotrds|S) at Gesellschaft fuer Schwer-

et al, 2001 and astrophysics. Typical approaches are théonenforschungGSl) can deliver beams with up to 19

single shock and the multiple shock waves compressioparticles per bunch, 300-MgWucleon energies, and 300-ns

techniques. The former method is a fast process which folpulse durations. At these parameters, strongly coupled plas-

lows a Hugoniot curve in thép,V) phase spacgFig. 1, T4

Group, 1983, leading at high pressures to maximum densi-

ties of four to six times the solid state density in planar

geometries. Experiments with intense lasers showed a six- 10° multiple shocks
fold compressioiiDa Silvaet al., 1997; Collinset al,, 1998 104 4 \\\ L
obtained with a single shock wave generated by the ablation single shock | ;
pressure, giving rise to steep temperature, density, and pres- 1021 . b

p [Mbar]

sure gradients. A uniform, cold compression is preferable, 0 ~" isentrope
especially when a clear distinction between a state of high 1071 e (T,=0.028eV) T
conductivity as a plasma and a metallic state has to be made. ’ 0_2 1 H i
Compression at low temperatures can be achieved with mul- ! .

tiple shock wavegAoki & Meyer-ter-Vehn, 1994; Weiet al., 1 10

p/po

Address correspondence and reprint requests to: Carmen Constantin, ) ) ) ) ) )
Plasma Physics Group, GSI Darmstadt, Planckstrasse 1, 64291 Darmstaffig. 1. Hugoniot curves showing single and multiple shocks in aluminum,
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mas of some cubic millimeter volume are created at solidnitted light that is deflected due to changes in the index of
state density and temperatures below 1 (€¥ink et al,  refraction in the sample material. These changes are associ-
1998; Stoweet al,, 1998. At a specific energy deposition of ated with density gradients induced by the pressure waves in
up to 4 kJg, which is achieved by a plasma lens fine focus-the target. As light source, a cw He-Ne laser with 5 mW
ing (Stetteret al, 1993, 1996, the heated matter in the power at 632.8 nm wavelength expanded to a parallel beam
Bragg region represents a source of stress waves propagat-30 mm diameter was usééig. 2). The laser beam was
ing in the surrounding materid[Tahir et al, 1999. An focused by a 1000-mm focal length lens onto a beam stop
insight into the behavior of the solid target under the actionwhich was a cylindrical wire of a diameter varying between
of these stress waves was the subject of a series of measuf®8 mm and 1.6 mm placed perpendicularly to the expected
ments aiming at the determination of pressures, densitiesight deflections. In this experiment, a time-resolved detec-
and stress wave propagation velocities in cold matter. Thision with a 150-ns resolution was achieved by a streak cam-
is an important first step in the context of a near future beanera(Hamamatsu C2830Together with a fast shutter camera
intensity and short bunching upgrade which will yield pres-(PCO DICAM PRQ for 2D visualizations of the shock
sures in the megabar rang&ahir et al, 2000 and thus front, the streak camera was focused onto the target to gain
enable experiments on phase transition toward the metallispace resolution. The expanded parallel laser beam probed
state in solid crystals of hydrogen and noble gases. the target perpendicular to the direction of the heavy ion
beam. The target design was determined by the condition of
accomplishing cold compression with the heavy ion beam
2. EXPERIMENTAL SETUP and by the optical diagnostic requirements for a transparent
The first time-resolved experimental investigation of heavy-medium. Different multilayered targets composed from a
ion-driven weak shock waves inside a solid target are rebeam energy absorber made of Al, Cu, Fe, or Pb followed by
ported here. The experiment employed a schlieren technigueplexiglass block and an Al confiner were used. The targets
assisted by a two-dimensional hydrodynamic code for simwere placed at the position of the ion beam focus, which had
ulations. With the schlieren method, an accurate dynamicat FWHM diameter of 0.7 mm, in order to enhance the spe-
visualization of the pressure waves traversing a transparegific energy deposition.

medium can be achieved. Estimations of density gradients In this single-shot experiment23Kr3¢* ion beam with a

in the target and measurements of the propagation velocitigzarticle energy of 300 Me\ucleon, 210%° particley

are possible. The technique relies on the detection of trangulse, and a pulse duration of 700 ns was employed. To
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Fig. 2. Experimental schlieren setup.
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achieve cold compression of the plexiglass, it is absolutely Al (witness)  plexiglass Pb
essential to avoid penetration of the projectile particles into
the plexiglass layer. Therefore, the length of the absorber
was chosen to be 1 mm longer than the stopping range of the
ions. According to numerical simulations, such beam inten-
sities can heat material to a few thousand Kelvin, and there-
fore the stopping data in negligibly ionized matter provided
by the TRIM code(Ziegleret al., 1996 could be used.
Ameasure of the gradients induced by the shock waves in Eé;%‘
the plexiglass layer is given by the angles under which the :
laser rays are deflected in the perturbed region. The angular :
displacement can be expressed, for a one-dimensional den- 10 5 0 5
sity gradient along the ion beam axisas

time [us]

Z [mm]
_ Y21 an Fig. 3. Streak picture of a Pb-plexiglass-Al target. The 700-ns beam pulse
a= E E dy, @ comes from the right side and its temporal profile is plotted at the location

" of the Bragg peak. The plexiglass region is indicated by the white, dashed

. . . . . lines.
where « is the angular displacement in radiamsjs the

index of refraction, ang; , is the target limits on the laser

path (Jahoda & Sawyer, 1971In the case of spherical

shocks, this relation is valid only for rays crossing the targethe speed of sound in plexiglass, which is 2.6/mccord-

on the ion beam axis. Therefore the slit of the streak cameri#d to the EOS data at room temperature from Lomonosov
was always aligned to the beam axis. A further correlatioret al. (1994. The pressures exerted in the plexiglass were
between the index of refraction and mass density is given bgstimated using empirical data from literatU#hang &

the Clausius—Mosotti relation for fluid#arton & Marton, ~ Mller, 1984, obtained for the same pressure and velocity
1981), under the consideration that plexiglass is a viscofanges in plexiglass as shown in Table 1. An interesting fea-

elastic fluid: ture of the stress wave behavior is the multiple shock struc-
ture displayed in the schlieren picturéBig. 3), starting
n2—1 around 0.7us after the beam is stopped in the driver. The
nio K(A)-p. (@ time intervals between the secondary waves emerging from

the interface between absorber and plexiglass show a depen-
whereK (X) is an empirical constant which depends on thedence onthe material. For Al and Fe, these time intervals are
laser wavelength and on the material. smaller than for Cu and Pb. Possible explanations for the or-
igin of the multiple waves and their time history are related
to the state of the matter in the Bragg peak region, which was
around 1 mm apart from the boundary with the plexiglass
The experimental streak pictur@sig. 3) give the amount of  block. The deposited energy heats the material and changes
the deflected laser light which can be related to the deflecits characteristics by bringing it above the melting point. Suc-
tion angles using an off-linia situschlieren calibration. The cessive reflections will occur on the created interface be-
deflection of the light was simulated by displacing the beamween the fluid state of the matter in the Bragg peak region
stop away from the laser focal spot, perpendicular to theand the rest of the cold material, as observed also in other
laser direction. For each position, the intensity in the re-experiments using light iondBBaumunget al,, 1996. The
corded streak picture was measured, starting from the opti-
cal noise level. Usingl = f-a whered is the displacement
from the focus andlis the focal length of the lens, a relation
between intensity of the deflected light andtould be ob-
tained. By using beam stops with sizes between 0.8 mm and
1.6 mm, recordings of the longitudinal shocks travelling

3. EXPERIMENTAL RESULTS

Table 1. The measured parameters in
plexiglass, for targets with different
absorber materials.

through the plexiglass on the beam axis were taken, reveal- Uplexi Prlexi
ing angular displacements larger than 0.8 mrad. They were Absorber (km/s) (kban
calculated by using equatiah= -« and compared with the Al 3.50 ~14.9
values given by the calibration curve of the setup described Fe 3.20 11.9
above. The propagation velocities of the shocks were deter- Cu 2.88 3.0
mined directly from the streak pictures with an accuracy of Pb 3.00 3.7

+0.1km/s(see Table L Their values are slightly higher than
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Bragg region is more spatially restricted in the case of Aland _
Fe than for the other two metals where the maximum tem- .85 g,
peratures reached were higher. A wave reflected from this I
interface propagates with smaller acoustic velocity in Cu
(3.95knys)and P(1.91 kny's) than in Al(5.2 km/s) and Fe
(5.7 km/s). The consequent effect is reflected in the time in-
tervals between the multiple waves’ arrival, which were - . §
smaller for Al and Fe than for Cu and Pb. These premises 118 T
were confirmed by simulations carried out with a one-
dimensional hydrodynamic code—MULTI 1D—which

C. Constantin et al.

- Reflectian

£ {22] 3658

s 4 !

-3 1.65 ps !
1.20 2,85 us AN

=130 -1.20 -1.10 -1.00 -080 -08B0 -0.70

z|mm
clearly showed the weak multiple shocks in both regions of . i
interest—the plexiglass and the nonheated metallic pusher (a)
in front of the Bragg peak region. Both in simulation and ex-
periment, the second wave showed an increased velocity re-
lated to the first wave velocity. This fact is explained by a .24 _
pressure enhancement, since the second wave propagates — v 0.50 s/
through a material already compressed by the first shock. E e 4
= 1.50 ps
1.20 2.50 pa N
4. NUMERICAL CALCULATIONS AND =
COMPARISON WITH THE EXPERIMENT 118 o h i
The experimental data was compared with the results of a 40 80 A A 0% ok o0
two-dimensional hydrodynamic code, BIG2, that treats
interfaces with the Godunov method in moving gritfer- (b)
tov et al,, 1996. A semi-empirical wide range EO8ush- 1.32 ool
mann & Fortov, 1987; Lomonosoat al., 1994 was used 1.30
and the input beam parameters, as well as the target geom- 1.08 't
etry were complying with the experimental conditions. - It
Benchmarks such as the shock velocity in plexiglass and 5, o4 Refiection |' ]
the velocity of the expanding matter in front of the target, = oo e 144 2 .
measured by backlighting shadowgraphy, were provided ' E_QMGI 25ye [
by the experiment. The calculated parameters are given in B ﬁ’—-—;r_’———-ﬁ._;-.ﬁ—-,:h:
Table 2, showing a good agreement for the targets with Cu 118 B
and Pb absorbents, and less agreement for Fe. 140 -130 -1.20 ;'frfnﬂ 100 080 080
For a direct comparison with the experiment, the tempo-
ral density profiles for plexiglaséFig. 4) were used, to- (c)

gether with relation§l) and(2), to rebuild the streak pictures
as given by the schlieren technigifgg. 5. The comparison

Fig. 4. Density profiles at different times in plexiglass, after the beam was
stopped in the absorber materi@) Cu, (b) Fe, andc) Pb. At later times,

between the experimental and the simulated pictures outhe reflected wave on the interface between the plexiglass layer and the Al
lines the good agreement in the wave propagation velocitiegitness layer is observed.

and the delays of the secondary waves. According to the

simulations, the maximum pressure induced by the heavy

ion beam in the metallic absorbers was 70 kbar in the Bragghese ion beam parameters, was 1fb@the target with Pb
peak. The resulting compression factor in plexiglass, fombsorbey, at a temperature increase of only 4 K.

Table 2. The calculated parameters in plexiglass and

absorbents for three layered targets, using the BIG2 code.

Uplexi Pplexi Tmetal Pretal
Absorber (km/s) (kban (K) (kban
Fe 2.70 1.5 2900 30
Cu 2.80 2.1 3468 35
Pb 2.87 4.5 7380 71
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5. CONCLUSIONS

The behavior of the weak shock waves induced by the heavy
ion beam inside solid targets was studied for the first time,
space and time resolved, with a schlieren technique. Aspher-
ical, thick shock front with pressures of up to 15 kbar and
with a strength declining in time was observed over some
tens of microseconds as the pictures recorded at later times
(up to 30us delay showed. The shock propagation veloci-
ties in the plexiglass layer were up to 1.35 times higher than
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Fig. 5. Experimentala) and simulatedb) streak pictures for a target with

a 7-mm-long Cu absorber in front of the plexiglass layer.
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glass will be replaced by rare gas and hydrogen cryogenic
crystals, while the absorber will be chosen based on an
acousticimpedance mismatch in order to shape planar shock
fronts, desired for effective measurements. Promising per-
spectives for the beam parameter upgrade are given by the
bunching of the beam pulses down to 50 ns durai&piller

& Hofmann, 1998and an intensity increase leading to higher
compression ratios and pressures in the megabar range, as
asserted by theoretical calculatigi®hiret al, 2000. This

is a new regime of high energy density studies, proper for
fundamental research in phase transition physics and EOS
properties of matter under extreme conditions.
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