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Shock compression of condensed matter using intense beams of energetic heavy ions
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In this paper is presented, with the help of sophisticated two-dimensional hydrodynamic simulations, a
suitable design with optimized parameters for a heavy-ion beam-matter interaction experiment that will be
carried out at the Gesellschaft fu¨r Schwerionenforschung~GSI! Darmstadt by the end of the year 2001 when
the upgrade of the existing accelerator facility will be completed. Our simulations show that this upgraded
heavy-ion beam is capable of generating strong shocks in solid targets that compress the target material to
supersolid densities and generate multi-mbar pressures. This will open up, at the GSI, the possibility of
investigation of the equation-of-state properties of matter under such extreme conditions. Numerical simula-
tions can predict the experimental results with reasonable accuracy, which is helpful in designing the diagnos-
tic tools for the experiment.

PACS number~s!: 51.50.1v, 25.75.2q, 62.50.1p, 79.20.Rf
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I. INTRODUCTION

Due to high accelerator efficiency, high repetition ra
and favorable energy deposition behavior of heavy ions
matter@1–10#, it is expected that a heavy-ion driver wou
be the best tool by which to operate any future inertial c
finement fusion~ICF! power plant. Moreover, intense beam
of energetic heavy ions are excellent tools for genera
strongly coupled, high-density plasmas@11–13#. These plas-
mas are of great interest in astrophysics because it is kn
that the interiors of giant planets and stars are made of s
matter. Exact knowledge of equation-of-state~EOS! proper-
ties of matter under such extreme conditions~supersolid den-
sity and multimegabar pressures! based on careful experi
mental studies is therefore very important in order
understand planetary as well as stellar structure and to
vance our knowledge about the formation and evolution
the universe. In addition to that, there are a number of
tential industrial applications for this field, including the po
sibility of creating metallic hydrogen in the laboratory@14–
17#.

During the past few decades, sophisticated theoret
models have been developed to evaluate the EOS param
of matter. Using these theoretical models, extensive E
data tables that cover wide ranges of density, tempera
and pressure have been generated. A typical example is
Los Alamos equation-of-state data library, SESAME tha
very widely used by the scientific community. However, d
to the complexity of these models, it is not possible to jud
the accuracy of this data, especially in the high-density, hi
temperature regime. With the development of high-pow
lasers, it has become possible to induce very high ene
density in matter and study the EOS properties of s
samples in the pressure, density, and temperature range
were not previously accessible by other means. Several
portant experiments have been done in this field using
existing laser systems@18–20# and pressures of the order o
PRE 611063-651X/2000/61~2!/1975~6!/$15.00
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tens of mbar have been generated. This work has shown
in certain cases, significant deviations exist between the
perimental results and the SESAME data. It is therefore v
important to check the validity of the theoretical models ov
the entire range of the physical parameters of interest.

Intense beams of energetic heavy ions offer an additio
tool with which to investigate the equation-of-state prop
ties of matter under extreme conditions. Heavy ions hav
number of advantages over lasers, as described below. L
light penetrates up to the critical density surface and fr
that region the energy is carried to the ablation surface b
number of transport processes including electron ther
conductivity, superthermal electron transport, and radiat
transport. The ablating material generates an ablation p
sure that drives shock waves into the overdense region
small fraction of the laser energy is used in the generation
these shock waves, while the bulk of the energy reside
the corona. Moreover, in laser-heated targets, creation of
electrons is always a serious possibility. If the production
these nonthermal electrons is not properly suppressed,
may preheat the material, which will weaken the sho
wave. The spot radius of the laser beam is very small~of the
order of 100mm!, which makes the dimensions of the mat
rial sample under consideration very small. In addition,
time duration of the laser pulse is of the order of a few
which makes the lifetime of the plasma and hence the t
available for experimental investigations very short.

Heavy ions, on the other hand, penetrate deep into
target material and deposit their energy in solid matter alo
their trajactory. The penetration depth of these ions is prim
rily determined by the initial ion energy and the physic
state of the target material. Heavy ions are therefore cap
of generating extended volumes of solid density plasm
Unlike lasers, all of the heavy-ion beam energy is depos
in the high-density material and this energy is used to g
erate the shock waves in the target. Another property tha
unique to the heavy-ion-beam method of inducing high
1975 ©2000 The American Physical Society
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1976 PRE 61N. A. TAHIR et al.
ergy density in matter is the fact that the amount of ene
that is deposited inside the large volume of the target can
measured with high precision. This can be achieved by m
suring the energy loss of the beam and the total numbe
ions traversing the target. In the case of laser-produced p
mas, this may not be possible. Since the specific ene
deposition is almost uniform along most of the particle t
jectory ~except in the Bragg peak and neighboring regio!,
there are no sharp gradients of density, temperature,
pressure in an ion-beam-heated target, which is not the
in a laser-heated target. Such a system is much more at
tive for experimental studies compared to the laser-hea
targets, where sharp gradients of the above physical pa
eters exist between the absorption region and the abla
front. Moreover, unlike the lasers, heavy ions do not gen
ate any fast electrons and preheating by these fast electro
not a problem in this case. In addition, the time scale
evolution of heavy-ion-beam-generated plasmas is of the
der of a few hundred ns, which provides a longer time
experimental studies.

To summarize, ion-beam plasmas offer much greater
mogeneity, no sharp gradients, and much longer time sc
compared to the laser-produced plasmas.

The heavy-ion synchrotron~SIS! at the Gesellschaft fu¨r
Schwerionenforschung~GSI!, Darmstadt is a unique facility
that can deliver high-intensity heavy-ion beams over a w
range of parameters. Planned future developments@21,22#
will further improve the beam intensity significantly. It i
expected that after the completion of the current SIS
grade, which includes introduction of a new high-current
jector and a powerful rf buncher, the SIS will be able
accelerate an intense beam of U128 ions to a particle energy
of 200 MeV/u. Employment of a multiturn injection schem
will allow one to accelerate about 231011 particles in the
beam that will be delivered in about 50 ns. The total be
energy will be of the order of 1.5 kJ. It is expected that t
upgrade will be completed by the end of the year 2001.

Numerical simulations show that these beam parame
would lead to temperatures of about 10 eV and pressure
a few mbar in solid matter. This temperature regime is the
fore dominated by pure hydrodynamic effects. It should th
be possible to generate strong shocks in appropriately
signed heavy-ion-beam heated solid targets that would
to a high-density, high-pressure regime that is interesting
equation-of-state measurements of different materials.

Previously@23,24#, we proposed a beam-target geome
in which we considered a solid cylindrical target and t
beam was incident on one face of this cylinder. The length
the cylinder was assumed to be less than the penetra
depth of the ions. In such a case the ion beam deposits a
of its energy in the target and emerges from the opposite
of the cylinder with reduced energy. Since the Bragg pe
lies outside the target, the energy deposition in the ta
along the particle trajectory is fairly uniform. We also a
sumed that the beam radius was less than the target ra
and that therefore the central part of the target that lies wi
the beam radius was strongly heated by the beam. This
inder of heated material is surrounded by a thick cylindri
shell of solid cold matter. The pressure in the hot zone
creases substantially, and that launches a shock wave int
surrounding cold part of the target, thereby compressing
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heating the material. Our simulations showed that if t
length of the cylinder of the heated material was made a
times larger than its radius, one could neglect the hydro
namic expansion of the target along the cylinder length o
the time scale of our interest~a few hundred ns!. In such a
case, therefore, the problem is reduced to that of o
dimensional shock wave propagation along the cylinder
dius and one may use a one-dimensional computer prog
to simulate this experiment. For this reason we employe
one-dimensional, Lagrangian, hydrodynamic compu
model,MEDUSA-KAT @25# to simulate the hydrodynamic re
sponse of such ‘‘subrange’’ targets made of different ma
rials, including lead, aluminum, frozen neon, and frozen h
drogen, that were irradiated by the future SIS beam.

Although the above beam-target arrangement simpli
the problem substantially, a significant portion of the io
beam energy is not made use of and the specific ene
deposition in the target remains low, about 50 kJ/g. In or
to make use of all the beam energy, one should des
‘‘super-range’’ targets, which means that the target length
chosen to be larger than the penetration depth of the pro
tile ions. In such a configuration, the Bragg peak lies ins
the target~as shown in Fig. 1! and the energy deposition i
the target along the particle trajectory is not uniform, bei
about a factor of 2 higher in the Bragg peak region compa
to the rest of the irradiated target regions. As a conseque
the pressure in the heated region is much higher in the Br
peak region, which would launch a much stronger sho
wave as compared to that in case of ‘‘subrange’’ targ
@23,24#. This would lead to a much stronger compression
the target and much higher pressures would be generate
the shock-compressed region. Since the pressure profi
the beam-heated region in this case is not uniform, the c
responding shock wave that will be generated by this pr
sure profile will no longer be a one-dimensional proble
One would require a two-dimensional hydrodynamic mo
to simulate such an experiment.

FIG. 1. Beam-target geometry for shock wave experiments
the GSI heavy-ion synchrotron facility.
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We have employed a two-dimensional hydrodynam
computer code calledBIG2 @26# to carry out numerical simu
lations of the hydrodynamic response of this ‘‘super-rang
target that is irradiated by the future SIS beam. In Sec. II
present the target and beam parameters, while the simula
results are discussed in Sec. III. The conclusions drawn f
this work are noted in Sec. IV.

II. TARGET AND BEAM PARAMETERS

The specific power deposition by the ion beam into
target material is an important parameter, as it determines
final temperature that could be achieved in the target. T
parameter is defined by

Ps5
Es

t
, ~1!

wheret is the pulse duration andEs is the specific energy
deposition given by

E15

1

r

dE

dx
N

pr b
2 . ~2!

In the above equation, (1/r)(dE/dx) is the specific en-
ergy loss of a single ion,r is the target material density,x is
the coordinate along the particle trajectory,N is the total
number of particles in the beam, andr b is the beam radius.

The beam target geometry proposed herein for exp
ments is shown in Fig. 1. The target considered in the ca
lations is a solid lead cylinder with a lengthL54 mm and a
radiusr 53 mm. The right face of this cylinder is irradiate
by 231011 particles of uranium with an energy of 20
MeV/u. It is expected that these beam parameters will
available at the GSI accelerator facility by the end of the y
2001. The beam power deposition profile along the tar
radius, considered to be Gaussian, is given by

P~r !5P0 expF2
r 2

2s2G , ~3!

wheres is the standard deviation of the Gaussian distrib
tion.

As shown by Eq.~2!, the specific energy deposited in th
target and hence the maximum achievable temperature
pressure are fairly strong functions of the beam radiusr b .
Since 1991, GSI has employed a quadrupole final focus
system that consists of five quadrupole magnets that fo
the heavy-ion beam onto a spot having a radius of 450mm
@27–29#. In order to minimize beam losses that occur at h
transverse emittances, an additional plasma lens was d
oped and installed after the quadrupole system@30#. As men-
tioned before, the future SIS beam will have a much sho
pulse length of 50 ns compared to that of 300 ns which
currently available. Due to this strong pulse compression,
momentum spread will grow to about 1%. As a consequen
strong chromatic aberrations, especially those of the sec
order, are expected to occur. Detailed ion-optics calculatio
c
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including the transport system from the SIS to the targ
show that the beam spot radius in this case would be abo
mm @31#.

In the calculations presented in this paper, we theref
assume a full width at half maximum~FWHM! of 1 mm for
the Gaussian distribution represented by Eq.~3!, which may
be regarded as the effective beam radius.

The time profile of the beam power, assumed to be pa
bolic, is given by

P~ t !52
6E

t3 @ t22tt#, ~4!

whereE is the total energy in the beam and in this case
about 1.53103 J. The duration of the pulset is assumed to
be 50 ns.

III. NUMERICAL SIMULATION RESULTS

The purpose of the simulations presented in this sectio
to propose the design and suitable target parameters tha
optimized with respect to the beam parameters for a hea
ion-matter interaction experiment to generate strong sh
waves in solid matter. The shock waves will lead to hi
target compression and would generate multi-mbar p
sures, which will make it possible to investigate the EO
properties of matter under such extreme conditions in
laboratory. Such experiments will be carried out at the G
Darmstadt accelerator facility after the upgraded SIS beam
available by the end of the year 2001. Moreover, these si
lations can predict the results of future experiments with
reasonable accuracy that may be helpful in designing
diagnostic tools needed to analyze the experiments. Th
simulations have been carried out using a one-tempera
two-dimensional hydrodynamic computer codeBIG2 @26#.
This code is based on the Godunov numerical scheme
has a second-order accuracy in space in solving hydro
namic equations. It uses a rectangular grid and it inclu
electron thermal conductivity and a sophisticated equation
state described elsewhere@12,32#. It also includes energy
deposition by the projectile ions taking into account t
beam geometry.

In order to evaluate the specific power deposition in
target material one needs to substitute the (1/r)(dE/dx)
term in Eq.~2!. We evaluate this term using the energy dep
sition codeTRIM @33# that provides the energy loss of th
incident ions in cold matter. This is a very reasonable
proximation because with the above beam parameters
can only achieve a target temperature of the order of 10
@23,24#. At higher temperatures when the target material
comes ionized, one must take into account the enhan
stopping due to the free electrons.

As shown in Fig. 1, the heavy-ion beam is incident on t
right face of the cylindrical target and the ions penetr
along the cylinder length, depositing their energy along t
trajectory. In Fig. 2 we plot the specific energy depositionEs
along the target length at two values of radiusr, namely, 0.0
mm and 0.5 mm att550 ns when the pulse has delivered
total energy. It is seen that starting from the right face,
ions penetrate the target up to about 1.7 mm, which acc
ing to theTRIM code is the range of 200-MeV uranium ion
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1978 PRE 61N. A. TAHIR et al.
in solid cold lead. The Bragg peak therefore lies atL
52.3 mm, which is 1.7 mm to the left of the right face
the target. It is also seen from Fig. 2 that the curve co
sponding tor 50.0 mm shows a much higher value ofEs
than that forr 50.5 mm. This is because of the Gaussi
nature of the beam deposition along the radius. Moreove
is seen that a maximum value ofEs of about 130 kJ/g is
achieved atr 50.0 mm ~maximum of the Gaussian! and L
52.3 mm~Bragg peak region!.

The total beam energy is delivered att550 ns and in Figs.
3~a!, 3~b!, and 3~c!, respectively we plot the target densit
temperature, and pressure at this time on a length-ra
plane. It is seen that the temperature is the highest in
Bragg peak region and is of the order of 13 eV. Moreov
due to the Gaussian profile of the power deposition in
radial direction, there is a corresponding behavior of the te
perature along the target radius.

Figure 3~a! shows that a shock wave has started to
velop ahead of the Bragg peak region and the maxim
density in the shock-compressed region is about 22 g/c3,
which is almost twice the solid lead density~11.34 g/cm3!. It
is also interesting to note that due to the combined effec
the Bragg peak and a Gaussian power deposition along
radius, the development of the shock wave along the cylin
axis is faster than that in the radial direction. The density
the Bragg peak region is below solid lead density. The pr
sure exhibits double peak behavior, as indicated by Fig. 3~c!,
which is a very interesting feature and is due to the follow
reason. In the shock-compressed region, the density is a
22 g/cm3, while the temperature is relatively low~of the
order of 1 eV! and the corresponding pressure is abou
Mbar, which leads to the smaller pressure peak. This reg
therefore represents a high pressure and high density
low-temperature regime, which is the regime of nonid
plasmas. In the Bragg peak region, on the other hand,
though the temperature is very high~about 13 eV!, the pres-
sure is relatively low~of the order of 2.5 Mbar! because the
density is well below the solid density. This region therefo
belongs to that state of matter has high temperature,
density, and relatively low pressure. On the right-hand s

FIG. 2. Specific energy deposition along target length ar
50.0 mm and 0.5 mm att550 ns~time when the beam has deliv
ered its total energy!.
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FIG. 3. ~Color! ~a! Density, ~b! temperature,~c! pressure on a
length-radius plane att550 ns for a solid lead cylindrical target
initial length 4 mm, initial radius 3 mm, irradiated by 231011 par-
ticles of uranium, particle energy 200 MeV/u, pulse duration 50
parabolic power profile in time, Gaussian power deposition pro
along the beam radius with a FWHM51.0 mm.
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of the Bragg peak, the density is still the solid-state den
while the temperature is very high and the correspond
pressure is the highest~about 3.5 Mbar! and that creates th
main pressure peak.

Figures 4~a! and 4~b! present the density as in Fig. 3~b!,
but at t5100 ns and 400 ns, respectively. Figure 4~a! shows
that a two-dimensional shock wave has developed and
cause of the higher energy deposition in the Bragg peak
due to the Gaussian behavior of the energy deposition a
the radius, the shock in the axial direction is much stron
than that in the radial direction. Material expansion from t
beam-heated region is also shown in this figure.

Figure 4~b! shows that the shock has propagated outwa
away from its original position and the shock strength h
also been reduced due to the cylindrical nature of the sh
wave.

FIG. 4. ~Color! ~a! Same as in Fig. 3~a! but at t5100 ns, ~b!
same as in Fig. 3~a! but at t5400 ns.
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These simulation results allow one to choose the diagn
tic tools appropriate to the relevant parameter ranges. S
the shock wave in this experiment is not a planar station
one, the diagnostics cannot be restricted to shock front
material velocity only but, rather, a complete set of diagn
tic methods has to be employed. The surface velocities
appear in the experiment can be measured with strea
fast-framing cameras in shadowgraphy or by laser inter
ometry. The maximum surface temperature of about 10
corresponds to a maximum of the Planck radiation at a wa
length of about 30 nm, thus making pyrometry in the v
region the method of choice by which to measure these t
peratures. Measurement of the temperature inside the s
lead target, however, may not be an easy task. This diffic
may be overcome by using a target that contains fine h
that are drilled at suitable locations in that part of the tar
which is not directly irradiated by the ion beam. Pyromet
measurements through these fine holes could determine
shock front temperature at different locations inside the
get at different times. One can also perform x-ray measu
ments in the same target arrangement. A comparison of
measured spectra with spectra that are simulated with a
phisticated atomic-physics–radiation model that include
treatment for reabsorption could also provide detailed inf
mation about the temperature and the density of the mate
inside the target. Piezoelectric polymer stress gau
~PVDF! immersed in the solid lead target can be applied
measure pressures up to 0.1 Mbar as they appear in
outward-moving shock. The size of these gauges should
of the order of 1 mm31mm. Manganin pressure sensors a
applicable in the 1-Mbar range in the center of the interact
region.

IV. CONCLUSIONS

This paper presents two-dimensional numerical simu
tions of the hydrodynamic response of a solid lead target
is irradiated by an intense heavy-ion beam that will be av
able at the GSI Darmstadt by the end of the year 2001, a
the upgrade of the existing facilities, which will include in
troduction of a new, high-current injector and a powerful
buncher, is completed. This upgraded facility will genera
U281 beams with a particle energy of 200 MeV/u that will b
delivered in 50-ns-long pulses. Use of a multiturn injecti
scheme with intermediate electron cooling will allow acc
eration of 231011 particles in the beam that translate
about 1.5 kJ total input energy. Our calculations show t
strong shocks will be generated in the target and the m
mum material density in the shock region could be about
g/cm3, which is a factor of 2 higher than the solid lead de
sity. The corresponding maximum pressure is about
mbar. This will allow, at the GSI the possibility of invest
gating the equation-of-state properties of high-ener
density matter.
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