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Metallization of hydrogen using heavy-ion-beam implosion of multilayered cylindrical targets
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Employing a two-dimensional simulation model, this paper presents a suitable design for an experiment to
study metallization of hydrogen in a heavy-ion beam imploded multilayered cylindrical target that contains a
layer of frozen hydrogen. Such an experiment will be carried out at the upgraded heavy-ion synchrotron facility
(SIS-18 at the Gesellschaft fuSchwerionenforschung, Darmstadt by the end of the year 2001. In these
calculations we consider a uranium beam that will be available at the upgraded SIS-18. Our calculations show
that it may be possible to achieve theoretically predicted physical conditions necessary to create metallic
hydrogen in such experiments. These include a density of about 1°,gécipressure of 3—5 Mbar, and a
temperature of a few 0.1 eV.
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. INTRODUCTION 3% 10% ions of 300 MeV/u argon and about %l@ns of
uranium 200 MeV/u have been accelerated in separate op-

Intense beams of energetic heavy ions can generate egrations. The beam intensity is expected to increase steadily
tended volumes of high-energy-density plasmas with life-due to further optimization of accelerator parameters and the
times of the order of hundreds of ns. These samples ofiumber of uranium 200 MeV/u particles will increase to 2
heavy-ion generated plasmas can be used to study the10'l. The pulse length at present is of the order of 300 ns
equation-of-statéEOS properties of matter under such ex- that will be reduced to 50 ns due to bunch compression per-
treme conditions. In previous publicatiof$—3] we pre- formed by the rf-buncher. The upgraded SIS-18 parameters
sented optimized design for a number of suitable heavy-ionlead to specific power deposition of about 1-2 TW/g in solid
matter interaction experiments to create high-energy-densitinatter that according to our simulatiofig] will heat solid
matter in the laboratory. These design studies were carrieghatter to about 10 eV.
out using a two-dimensional hydrodynamic simulation Another very interesting and important experiment that
model, BIG-2[4]. These include simulation of hydrody- will be performed at the upgraded SIS-18 is to study the
namic and thermodynamic response of beam heated “sulpossibility of creating metallic hydrogen in appropriately de-
range” [1] as well as “super-range2] cylindrical targets.  signed multilayered targets imploded by the ion beam. This
In the former case, the cylinder length is considered to béaper presents design of such an experiment providing target
much less than the range of the driver ions whereas in theonfiguration and parameters that have been optimized with
latter case the cylinder length is significantly larger than thgespect to the SIS-18 beam. As shown in Fig. 1, the target
ion range. We also presented calculations using an ion beagonsists of a cylinder of frozen hydrogen with a radig
that has an annular focal sp@t ring-shaped focal spothat ~ and a lengttL. The hydrogen is enclosed in a thick cylindri-
interacts with solid as well as hollow cylindel3]. cal shell of solid lead whose outer radiusRg. The right

The above beam-target interaction experiments will beface of this target is irradiated by a beam that has an annular
performed at the GSI Darmstadt after the completion of theor ring-shaped focal spot. It has been shol@h using a
upgrade of the existing synchrotron facilit$lS-18. This  particle tracking computer program that it is possible to cre-
upgrade is expected to be completed by end of the year 20Gdte such a beam focal spot employing a plasma lens. The
and it includes introduction of a high current injecfét and  proposed beam-target geometry for this experiment has been
a powerful rf-bunchef6]. The new high current injector that arranged in such a manner that the inner radius of the beam
is based on a radio frequency quadrupole anditkerdigital ~ focal spot,Ry,; is =R, and the outer ring radiuRy, is less
H-mode structure has already become operational providinghan the target outer radiuR,. This avoids direct irradia-
argon as well as uranium ions. So far, a maximum number ofion of the frozen hydrogen and only a part of the lead shell
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dicted by different researchers that metallized hydrogen may
have exotic properties with useful applications. For example,
it has been predicted by Ashcr¢ftl] that metallic hydrogen
may be a room temperature superconducting material. Also
if it could be stabilized after release of the applied pressure,
the metallic hydrogen could be an efficient and clean tech-
nological fuel, in particular for rocket propulsion. It has been
suggested by Brovmaet al.[12] that once created, metallic
hydrogen may be metastable and the sample would remain
intact after the removal of the pressure.

Due to the many exciting predictions for highly com-
ressed hydrogen, extensive experimental effort has been de-

Hollow Beam

FIG. 1. Design of a multilayered heavy-ion-imploded target for
creating metallic hydrogen.

foge?;esi‘in-rhﬁ]ehehafr% lg?}d ér;?nloirri]ﬁlo?he: ér:évazrdso ds(‘alovv\\lllgoted during the past few decades to study this problem.
pre 9 ydrogen. Empioying ) ifferent technigues including employment of diamond anvil
have simulated hydrodynamic and thermodynamic response

of the above target using the upgraded SIS-18 beam. O CreII [13,14 and gas gunl5,16, samples of hydrogen have

simulations show that it may be possible to achieve theoretiz. strongly compressed to achieve metallization. Although
. ; y be p . . significant progress has been made in this field, the final goal
cally predicted physical conditions required to metallize hy-

; has still not been achieved.
drogen, namely, a density of about 1 gfcm pressure of Intense beams of energetic heavy ions provide us with an
3-5 Mbar and a temperature of a few 0.1 eV. 9 y P

In Sec. Il we present a general discussion on the proble additional tool to investigate the interesting problem of hy-

of hydrogen metallization while the simulations results aréﬂrogen metallization. High pressures generated due fo ion

iven in Sec. Ill. The conclusions drawn from this work are beam energy deposition seem to be sufficient to implode the
9 S target to the required high densities. The time scale for
presented in Sec. IV.

Gesellschaft TaSchwerionenforschungss)) is also con- heavy-ion driven compression is of the order of hundred ns,

sidering as a possible scenario for future development of th\évhICh leads to a slow implosion that allows a near isentropic

o ) . : compression. At the same time this time is short enough to
accelerator facility to build a synchrotron with a much h'gheravoid anv sianificant diffusion of hvdrogen into the confin-
magnetic rigidity of 200 Tm(SIS-200. Preliminary design Y SI9 yarog

studies show that the beam delivered by such a facility will"9 qud shell. “In Sec. Il we present det"?‘"ed two-
) - 0. : . dimensional hydrodynamic simulation results using suitable
consist of at least #8ions of U"®with a maximum particle

energy of 1 GeV/u. Since it is also possible to operate such multilayered heavy-ion imploded targets that can be used at

; . ) : e GSI accelerator facility.
machine at lower particle energies, we have carried out a
calculation using the SIS-200 beam, but considering a par-
ticle energy of 400 Mev/u which is more appropriate for 1. SIMULATION RESULTS

such experiments. _ )
The heavy-ion synchrotron at the GSI Darmstadt is a

unique facility worldwide that delivers intense beams of en-
ergetic heavy ions. Using the existing facility, interesting
Creation of metallic hydrogen by application of high pres-experimental work has been carried out during the past de-
sure has been a subject of great importance since its theoretade in the field of heavy-ion matter interaction. This in-
ical prediction by Wigner and Huntigton in 1938]. In their  cluded measurement of energy loss of ions in plasma, studies
original treatment they predicted that the normal moleculaof charge state of projectile ions in the target, heating of
hydrogen, which is an insulator, will transform to a mono-solid crystals with ion beams and studies of ion-beam-
atomic metallic system when subjected to a pressure of 0.2&duced hydrodynamicgl7—-23. However, in these experi-
Mbar. More recently, an alternative picture has been proments lighter heavy ions like neon and argon were used and
posed according to which the insulator molecular solid firsthe pulse duration was quite long, 300—500 ns. The corre-
transforms to a metallic state, remaining a molecular soligsponding specific power deposition was very low that in turn
under the influence of the applied pressure. This metallizalead to low target temperatures of a few thousand K.
tion occurs due to an overlap of the valence and conduction The upgraded synchrotron SIS-18 would deliver &
bands[9,10]. As the density is further increased, molecularbeam having a total number of210'! ions with a particle
dissociation takes place that leads to an atomic metallic statenergy of 200 MeV/u. The pulse duration will be 50 ns and
The critical pressure of 0.25 Mbar predicted by Wignerthe beam power deposition profile along the radial direction
and Huntigton is certainly incorrect because experimentsvill be a Gaussian with a full width at half maximum of 1.0
have exceeded 2 Mbar without detecting such a state sucam, that can be regarded as the effective beam radius.
cessfully. Modern estimates predict that this transition will GSl is also considering a proposal to build a synchrotron
occur at pressures of 3—5 Mbar and at a density of around With a magnetic rigidity of 200 TniSIS-200. According to
g/cnt while the temperature should be a few 0.1 eV. the preliminary design studies, this synchrotron would de-
Properties of hydrogen under extreme conditions are ofiver a U"'? beam that will contain at least 1Dparticles
importance to inertial fusion and for interiors of giant plan- with a maximum energy of 1 GeV/u.
ets, such as Saturn and Jupiter. Moreover, it has been pre- In this section we present hydrodynamic simulation re-

Il. A DISCUSSION OF HYDROGEN METALLIZATION
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sults of implosion of multilayered cylindrical targets that Energy (kJ/g)
contain a layer of frozen hydrogen and that are irradiated by 20 time = 50 ns
the SIS-18 and SIS-200 beams, respectively. These calcula- '
tions have been carried out using a two-dimensional hydro-
dynamic simulation code BIG-P4]. The numerics of this
code is based on a Gudonov type scheme that has a second-
order accuracy in space. It is an Eulerian code that uses a
rectangular curvilinear adaptive moving grid. It can handle
complex target geometry and it includes ion-energy deposi-
tion taking into account beam geometry. It also includes

e
)]

Radius (mm)
o

electron thermal conductivity and it allows for two different 05
options for equation-of-statdEOS data, namely, from
the SESAME data Library and from a semiempirical data 0
library [24]. 0 1.0 2.0 30 ¢
In these calculations we use the SESAME equation-of- @ Length (mm)
state (EOS data for hydrogen while for lead we use the Pressure (Mbar)
Chernogolovka semiempirical EOS data. 20 time = 50 ns
1.5

A. Super range multilayered target for the SIS-18 beam

The beam-target arrangement is shown in Fig. 1. The tar-
get consists of a solid hydrogen cylinder that is enclosed
within a solid lead shell. In these calculations we assume that
the target length. =3.0 mm, the radius of the hydrogen re-

Radius (mm)
o

gion, R,=0.5mm and the outer radius of the lead layRy, 0

=2.5mm. The right face of this target is irradiated by the

ion beam that has a ring-shaped focal spot. The inner radius 0

of the focus ringRy,; is also= 0.5 mm while the outer ring (b) 0 1-ﬁength (mm)z-o 30 o

radius,R,,= 1.5 mm. Although the upgraded SIS-18 beam is
expected to contain:2 10 particles, our calculations show
that one may carry out this experiment even with a lower FIG. 2. (a) Specific energy deposition ar{}) pressure in the
number of particles. In these calculations we assume that tHerget, created by 1Bparticles of uranium 200 MeV/u, ring-shaped
beam consists of Hions of uranium with a particle energy focal spot, inner radius0.5mm, outer radius1.5mm, pulse
of 200 MeV/u and the pulse duration is 50 ns. Moreover thdength=50ns, att=50ns.

power profile in time as well as the power deposition profile

along the radial direction are parabolic. and outwards. The radially inward propagating shock wave
Since previous simulation$1-3,7 showed that the enters the hydrogen layer and compresses and heats the ma-
SIS-18 beam will heat solid lead to about 10 eV, it is suffi- g as it converges towards the axis. Due to the cylindrical
cient to consider the target as cold material and use colfl,nyergence effect, a higher temperature is generated along
range of 1ons I thege calculatlons. The range of 200 MeViype yis 1t is also important to note that the specific energy
_uranlLrl]m |(]2ns in solid Coldblead1|§ aboqt 1.7hn{:25](.j Ihe hdeposition is not uniform along the particle trajectory, being
Ir(i)gnr?t tfaecr: ?or\(/av;r%ge:?etele?‘t O'Lrj;e.ng;;]Igfaﬁ( ?hS: Iiers(i)_n;tt fivo times higher in the Bragg peak area compared to the rest
' a?f the absorption region. The strength and the speed of the

=1.3mm. The energy is deposited in the lead region th . ;
creates a shell of very hot material around the frozen hydrog'hOCk front therefore varies accordingly and as a result of

gen cylinder. This hot lead shell has a length of 1.7 mm, ar’;h's the shock front arrves at the cylinder axis ".’u different
inner radius of 0.5 mm and an outer radius of 1.5 mm. adiMmes and creates a nonuniform temperature profile along the

shown in Fig. 2a) where we plot the specific energy depo- axis. The ;hock propagation is followed by a strong adiabatic
sition att=50ns, a time when the beam has just delivered itFompression and the hydrogen-lead boundary slowly moves
total energy. It is seen that the Bragg peak liesLat inwards as shown by Fig. 3 where we plot the target density
=1.3mm and the maximum value of the specific energy@tt=200ns.
deposition is 17 kJ/g that lies in the Bragg peak region at It is interesting to note that this boundary moves faster in
=1.0mm. This corresponds to a specific power depositiothe region where the Bragg peak lies because in this region
of 0.34 Tw/g. the energy deposition is much higher. This is indicated by
The energy deposited by the beam creates a high pressuiee difference in the position of the lead-hydrogen boundary
region as shown in Fig. (B) which is also plotted at along axial direction below the deposition regioh (
=50ns. This pressure profile generates shock waves alorg1.3—3.0 mm). It is also seen that there is no compression
the beam direction as well as along the target radius, inwardsf hydrogen between the Bragg peak region and the left face
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Density (g/cm3) The above study shows that the results obtained using this
time = 200 ns i design are insensitive to significant variations in beam pa-
rameters. A similar study has also been done in which we
keep the beam parameters fixed and alter the target param-
eters. We again found that the results are insensitive to sig-
nificant variations in target parameters.

We note that as the radii of the beam focus are increased,
the area of the focal spot increases and the specific energy as
well as the specific power deposition decreases. If we keep
the target radii fixed, the mass of lead that has to be im-

a ploded increases witR,;. This slows the implosion as is
seen from a comparison among Figs. 4, 5, and ®&Rffis
made too large, the lead mass becomes too big to be driven
effectively that makes the implosion inefficient.

0 1.0 2.0 3.0 T ;
Length (mm) 0.002 We also note that the minimum thickness of the com-
pressed hydrogen is about 30 micron. For diagnostic
FIG. 3. Density on a length-radius planetat200 ns. purposes, it may thus be more appropriate to study the

optical properties of the sample rather than measuring the

of the cylinder which lies below the unheated part of the leadFonductiity.
shell.
The compression of hydrogen enters the interesting phase
of theoretically predicted physical conditions required for ~ B. Subrange multilayered target for the SIS-200 beam
metallization at about=240ns. In Figs. &)—4(e) we plot The considered SIS-200 design is expected to deliver a
the density, temperature, and pressure along cylinder lengffeam of uranium that will have at least#@articles. Al-
in the compressed hydrogen regionrat0.0 mm (cylinder  though the maximum particle energy is expected to be 1
axis) at different times. Figure (& shows that att  Gewv/u, it is possible to operate the machine at a lower par-
=240ns, betweeh =1.4-1.7mm, the pressure is above 2ticle energy. We found that 400 MeV/u is a more suitable
Mbar, the density is about 0.8 g/while the temperature is regime for our calculations. We also consider that the beam
about 0.15 eV. Figure(®) shows that at=245ns, between has a ring-type focal spot with an inner radius of 0.5 mm and
L=1.35-1.6 mm, the pressure is between 2.0-4.5 Mbar thgn outer radius 2.0 mm while the beam power deposition
density is above 1 g/cirwhile the temperature is about 0.3 profile along the radial direction is parabolic. The pulse
eV. Figures 4c) and 4d) are plotted at=250ns and 255 ns, |ength is 50 ns and the power profile in time is also para-
respectively. These figures show similar physical conditiongolic. The range of these ions in cold solid lead is about 4.3
as Fig. 4b), except that the maxima are shifted towards themm [25].
left. Figure 4e) which is plotted att=260ns, shows the In these calculations we consider the same beam-target
onset of the expansion phase. It is seen from these figurggeometry as shown in Fig. 1, namely, a multilayered cylinder
that the hydrogen remains in compressed state for about 28at consists of a frozen layer of hydrogen which is enclosed
ns, which is enough time to carry out the analysis. in a thick lead shell. The length of this targét=3.0 mm,
In order to check the sensitivity of the results to variationsradius of hydrogen regiork,=0.5 mm and outer radius of
in beam parameters we carried out calculations using differthe lead shellRo=3.0 mm.
ent radii for the beam focal spot, while keeping the target Although the beam-target geometry as well as the target
dimensions fixed. In one case we assumed tRaf  parameters in the two cases are the same, the targets work in
=0.7mm andRy,=1.7mm. In another calculation we al- a very different manner. This is because in the previous case
lowed for anR,;=0.8 mm and arR,,=1.8 mm. The results of 200 MeV/u uranium ions, the ion range is 1.7 mm which
are plotted in Figs. 5 and 6, respectively. is much shorter than the length of the target. The beam is
Figure 5 shows the density, temperature and pressurompletely stopped in the target and it is a “super-range
along the cylinder length in the compressed hydrogen regiofarget.” Due to the presence of the Bragg peak in the target,
betweenL=1.4mm and 2.0 mm, at=0.0mm(along cyl-  the energy deposition is highly nonuniform along the particle
inder axig, att=330 ns, corresponding to the former case. Ittrajectory that leads to a nonuniform implosion of the hydro-
is seen that betweeln=1.5mm and 1.8 mm, physical con- gen layer.
ditions necessary for the hydrogen metallization exist. These In the present case, on the other hand, the range of the 400
conditions last for about 20 ns. MeV/u uranium ions is larger than the target length. The ions
Figure 6 shows the density, temperature, and pressungerefore deposit part of their energy in the target and emerge
along the cylinder length in the compressed hydrogen regiofrom the left face with a reduced energy. This is a typical
betweenL=1.4mm and 2.0 mm, at=0.0mm¢(along cyl-  ‘“subrange target” and the Bragg peak now lies outside the
inder axig, att=370ns, for the latter case. It is seen thattarget. The energy deposition along the particle trajectory is
although we achieve physical conditions required for hydronearly uniform that leads to an almost uniform compression
gen metallization, the results are not so good as in the presf the entire hydrogen layer.
vious two cases. In Fig. 7 we plot the specific energy deposition along
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FIG. 4. Density, pressure, and temperature vs length=d2.0 mm (axis) in compressed part of hydrogefd) att=240ns,(b) at t
=245ns,(c) att=250ns,(d) att=255ns, ande) att=260 ns.

length atr =1.25 mm(where maxima of the parabolic distri- ning of the particle trajectory and is about 40 kJ/glat
bution lieg, att=50ns(time when the beam has delivered =0.0 mm that lies at the end of the beam trajectory. One
its total energy. It is seen that the specific energy depositionmay therefore consider that the energy deposition along the

is of the order of 30 kJ/g dt= 3.0 that represents the begin- target length is approximately uniform.
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- . . . FIG. 7. Specific energy deposition along target lengthy at
FIG. 5. Same as in Fig. 4, but'a@bSBO.ns, using an inner radius —1.25mm att=50ns, 162 ions of uranium 400 MeV/u, annular
for focal spot=0.7mm and an outer radiel.7 mm. focal spot, inner ring radius0.5 mm, outer ring radius2.0 mm
and pulse length50 ns.

The heated material from both faces of the lead cylinder
expands in axial direction while shock waves are generated =
in radial direction, inwards as well as outwards. The inward?Y this time the hydrogen-lead boundary has moved from an
moving shock wave heats and compresses the hydrogen adfitial position of 0.5 mm to 0.3 mm. _ _
converges towards the axis. The shock is reflected at the axis The compression of hydrogen enters the interesting re-
and a return Shock iS generated that propagates radia”y OLnge of the predlcted metallization conditions at 170 ns as
ward. The return shock is then reflected at the hydrogen-leashown by Fig. %) where we plot the density, temperature,
boundary which is slowly moving inward, thereby compress-and pressure along the cylinder axis<0.0 mm). It is seen
ing the hydrogen layer. Due to the multiple shock reflectionthat the density is about 0.9 g/énmhe pressure is about 2.5
plus the slow adiabatic compression of the hydrogen layeiMbar and the temperature is of the order of 0.2 eV. Figure
the density increases substantially, while the temperature ré&b) shows the same variables as Fig(@9 but at
mains low. In this beam-target configuration, the entire hyt=180ns. It is seen that now the density is about 1.5 &/cm
drogen layer is uniformly compressed, which is in contrast ta¢he pressure is over 5 Mbar, while the temperature is about
the case presented in Sec. Ill A. This is shown in Fig. 80.4 eV.

where we plot the target density &t 100 ns. It is seen that Figure 9c¢) again shows the same variables as Fi@,9
but att=190ns. It is seen that conditions required for hy-

drogen metallization still exist in the target. In fact these
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FIG. 6. Same as in Fig. 4, but &t 370 ns, using an inner radius

of focal spot=0.8 mm and an outer radig<.8 mm. FIG. 8. Density on a length-radius planetat100 ns.
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FIG. 9. Density, temperature, and pressure along the target axis FIG. 10. Density, temperature, and pressure vs target radius at
(at r=0.0mm, (a) at t=160ns, (b) at t=180ns, and(c) at L=1.0mm, (@ at t=170ns, (b) at t=180ns, and(c) at
t=190ns. t=190ns.

conditions last for up to 200 ns which means that one has=170ns, the radius of the compressed hydrogen cylinder
about 40 ns to study the sample experimentally. is 110 microns and the compression is quite uniform. In
In Figs. 1@a)—10(c) we plot the density, temperature, and the latter two figures, the radius has been reduced to 106
pressure along radius Bt=1.0 mm in the hydrogen region at micron and 100 microns, respectively. This shows that the
t=170ns, 180 ns, and 190 ns, respectively. It is seen that aimensions of this compressed hydrogen sample are reason-
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ably large, which makes it relatively easy to diagnose theof 200 MeV/u uranium ions is about 1.7 mm which is much
material. smaller than the target length. This configuration therefore
We note that hydrogen is difficult to contain and whenleads to implosion of a “super-range target” in which the
statically heated above 500 K, it diffuses into the walls of theentire beam is stopped. Our calculations show that it may be
containing vessel very rapidly. It is therefore very importantpossible to achieve the theoretically predicted physical con-
that hydrogen sample is heated for a very short period oflitions required for hydrogen metallization. We achieve a
time. In our calculations, the time scale of the proposed exdensity of about 1.5 g/cfna pressure of about 4 Mbar and a
periment is of the order of a few hundred ns. This time scaléaemperature of the order of 0.4 eV. A systematic parameter
is short enough to avoid loss of hydrogen through diffusionstudy has also been carried out that has shown that the results
are insensitive to significant changes in beam as well as tar-
IV. SUMMARY AND CONCLUSIONS get parameters.
] ) ) GSl is also considering as a possible scenario for devel-
We have shown with the help of two-dimensional hydro-gpment of the accelerator facilities to build a synchrotron
dynamic simulations that intense beams of energetic heavyith a much higher magnetic rigidity of 200 Tm. Such a
ions may be used to create metallic hydrogen by implodingnachine, SIS-200 will deliver a beam of & that will con-
multilayered cylindrical targets that contain a layer of frozeni,in at least 18 particles with a particle energy of 1 GeV/u.
hydrogen. In these calculations, we have considered a muj js aiso possible to operate this machine at a lower particle
tilayered cylindrical target that is 3.0 mm long and that con-gnergy and we find that 400 MeV/u is more suitable for our
sists of a frozen hydrogen cylinder which is enclosed in &g|cylations. Using this beam we simulated the hydrody-
thick shell of solid lead. The radius of the hydrogen layer ispamic response of the same target as in the first case. The
0.5 mm while the outer radius of the lead shell is 2.5 mm.range of 400 MeV/u uranium ions in cold solid lead is about
The right face of this cylinder is irradiated by an ion beamy 3'mm. Therefore the ions deposit part of their energy in the
which has an annular or ring-shaped focal spot that has agrget and emerge from the opposite face of the cylinder with
inner radius of 0.5 mm and an outer radius of 1.5 mm. They mych reduced energy. This configuration therefore leads to
beam energy is deposited in the lead and a layer of hot, highnpjosion of a “subrange target.” Since the Bragg peak lies
pressure lead region is created around the hydrogen regiogytside the target, the energy deposition along the particle
The high pressure in the lead layer launches a shock wavigajectory is approximately uniform. This in turn leads to a
into the hydrogen that compresses the hydrogen as it COfyearly uniform compression of the hydrogen layer. The im-
verges on the axis. The shock is reflected at the axis and gosjon leads to a density of about 1.5 gfcand a pressure
return shock is generated that travels outward along the g the order of 5 Mbar. The average temperature is low and
dial direction. The return shock is again reflected at thgg gpout 0.3 eV.
hydrogen-lead interface while this interface continues 10 The second configuration is more attractive from the ex-
move inward. As a result of this multiple shock reflection perimental point of view because the hydrogen is uniformly

and slow adiabatic compression, the hydrogen density ingompressed and the sample dimensions are sufficiently large.
creases substantially, while the temperature remains low.

In this paper we report results using beams with two dif-
ferent parameters. In one case we consider & beam with
10 particles having a particle energy of 200 MeV/u. Such a The authors wish to thank the German Ministry of Re-
beam will be generated at the GSI Darmstadt heavy-ion synsearch and DevelopmenBMBF) for providing financial
chrotron facilty, SIS-18, by end of the year 2001. The rangesupport to carry out this work.
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