
PHYSICAL REVIEW E JULY 2000VOLUME 62, NUMBER 1
Equation-of-state properties of high-energy-density matter using intense heavy ion beams
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This paper presents two-dimensional numerical simulations of the hydrodynamic response of solid as well as
hollow cylindrical targets made of lead that are irradiated by an intense beam of uranium ions which has an
annular focal spot. Using a particle tracking computer code, it has been shown that a plasma lens can generate
such a beam with parameters used in the calculations presented in this paper. The total number of particles in
the beam is 231011 and the particle energy is about 200 MeV/u that means a total energy of approximately 1.5
kJ. This energy is delivered in a pulse that is 50 ns long. These beam parameters lead to a specific energy
deposition of 50–100 kJ/g and a specific power deposition of 1–2 TW/g in solid matter. These calculations
show that in case of the solid lead cylinder, it may be possible to achieve more than 4 times solid lead density
along the cylinder axis at the time of maximum compression. The pressure in the compressed region is about
20 Mbar and the temperature is a few eV. In the case of a hollow cylinder, one also achieves the same degree
of compression but now the temperature in the compressed region is much higher~over 10 eV!. Such samples
of highly compressed matter can be used to study the equation-of-state properties of high-energy-density
matter. It is expected that by the end of the year 2001, after completion of the upgrade of the existing facilities,
the above beam parameters will be available at the Gesellschaft fu¨r Schwerionenforschung~GSI!, Darmstadt.
This will open up the possibility to carry out very interesting experiments on a number of important problems
including the investigation of the EOS of high-energy-density matter.

PACS number~s!: 51.50.1v, 51.60.1a, 51.70.1f
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I. INTRODUCTION

The heavy ion synchrotron facility~SIS! at the Gesell-
schaft für Schwerionenforschung~GSI! Darmstadt is a
unique facility that delivers intense beams of energetic he
ions. The new high current injector@1# that consists of an
RFQ ~radio frequency quadrupole! and IH ~interdigital H
mode! structures has just become operational. The total n
ber of 300 MeV/u Ar110 ions that has been achieved in
single bunch is 3.231010 and the pulse length is of the orde
of 300 ns. It is expected that further optimization of acc
erator parameters would increase the total number of
ticles in the beam to about 1011. Later, the SIS will provide
an intense beam of U128 ions with a particle energy of abou
200 MeV/u. Employment of a multiturn injection schem
that increases the beam current by a factor of 15 without
significant losses will allow a total number of 231011 ura-
nium particles in the beam. Due to bunch compression p
formed by a powerful rf buncher, the pulse duration will
reduced to 50 ns. The total energy carried by the beam
be about 1.5 kJ. The beam intensity in the SIS will incre
gradually over the next two years and the maximum des
parameters of the upgrade will be achieved by the end of
year 2001. For further details about this scheme see R
@2,3#.
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The beam generated at the upgraded SIS facility will
posit a specific energy of 50–100 kJ/g and a specific po
of 1–2 TW/g in solid matter. This will not only make i
possible to study problems like energy loss of heavy ions
hot dense matter@4–16#, but will also provide samples o
high-energy-density matter. These samples of matter ca
used to study the equation-of-state~EOS! properties of mat-
ter under extreme conditions@17–19#.

Another very novel experiment that would be carried o
at this facility is to study the possibility of creating metall
hydrogen@20–22# by imploding appropriately designed mu
tilayered targets that contain a layer of frozen hydrogen
deuterium@23#.

Numerical simulations are an essential tool to optim
the design of a future experiment, efficiently and econom
cally. Use of sophisticated numerical simulation codes t
include good models for the physical processes that
relevent to the experiment, can predict the experimental
sults with a reasonable accuracy. This could be very help
in designing suitable diagnostic techniques to analyze
experiment.

Previously@24,25# we reported numerical simulations o
the hydrodynamic response of a solid lead cylinder wh
one face was irradiated by a heavy ion beam having sa
1224 ©2000 The American Physical Society
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parameters as the upgraded SIS beam. In these calcula
we assumed that the beam had a circular spot with a ra
r b that was significantly less than the target radiusr c , and
the cylinder length was smaller than the penetration dept
the projectile ions. The Bragg peak therefore lies outside
target and the specific energy deposition along the par
trajectory inside the target is fairly uniform. The inner part
the target material with a radiusr b , is strongly heated by the
beam and the pressure in this heated zone increases sub
tially. This increase in pressure launches an outward go
shock wave along the target radius. This can be appr
mated as a one-dimensional shock wave propagation in
radial direction and a one-dimensional computer code s
asMEDUSA-KAT @26# could be used to treat this problem. Th
validity of this approximation in case of such a beam-tar
arrangement has been confirmed by using a two-dimensi
computer codeMULTI2D @27#.

FIG. 1. ~a! A ‘‘super range’’ solid cylindrical lead target irradi
ated by an intense heavy ion beam having an annular focal spo~b!
A ‘‘super range’’ hollow cylindrical lead target irradiated by a
intense heavy ion beam having an annular focal spot.
ons
us

of
e
le
f

tan-
g
i-
he
h

t
al

The above beam-target arrangement simplifies the p
lem significantly, but a substantial part of the beam ene
cannot be utilized and as a result the specific power dep
tion in the target remains low. This in turn leads to low
compression of the target material. In order to make use
the total beam energy, one needs to design a ‘‘super ran
target whose length is larger than the beam penetra
depth. The Bragg peak now lies inside the target and
specific energy deposition is no longer uniform along t
particle trajectory. One therefore cannot use a o
dimensional computer program to treat this problem. Inste
it is necessary to employ a two-dimensional code to simu
such an experiment.

In a previous paper we reported@28# two-dimensional nu-
merical simulations of the hydrodynamic behavior of a ‘‘s
per range’’ solid lead target that was irradiated by the be
that will be generated at the upgraded SIS facility. The
simulations were carried out using a two-dimensional co
puter codeBIG2 @29#. In these calculations we assumed
normal beam with a circular beam spot and the beam de
sition profile was Gaussian in the radial direction. The f
width at half maximum~FWHM! of the distribution was
considered to be 1 mm which could be regarded as the
fective beam radius. The material that lies within the cyl
der whose length is equal to the penetration depth of
projectile ions and whose radius is equal to the beam rad
is strongly heated due to the energy deposited by the bea
this region. The pressure in this hot zone increases subs
tially ~to a few Mbar! that drives an outgoing shock wav
along the radial direction as well as in the beam direction
these simulations we achieved a maximum temperature
about 13 eV and a corresponding pressure of about 3.5 M
in the Bragg peak region. In the shock compressed region
the other hand, the maximum density was about 22 g/c3

which is a factor 2 higher than the solid lead density, wh
the temperature was of the order of 1 eV and the press
was of the order of 3 Mbar. This region represents h
density, high pressure, but relatively low temperature ma
which is very interesting for investigation of the EOS
matter in the regime of nonideal plasmas.

The degree of compression could be significantly
creased if one irradiates a solid cylindrical target with a be
that has an annular focual spot@see Fig. 1~a!#. In this case a
ring of hot material is created by the beam in the cylind
and the dimensions of this hot zone are determined by

TABLE I. Geometrical, beam, and field parameters suitable
generation of a beam with an annular spot.

Geometry parameters Plasma lens length 0.1 m
Lens radius 0.01 m
Distance to profile plane 0.085 m

Beam parameters Magnetic rigidity 5.7 T m
dp/p 61%
ex /y 5 mm mrad
ax /y 0
bx /y 20 m

Field coefficients k1 310 T/m
k2 11000 T/m2

Emittance growth Erms,i /Erms,f 4.9
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1226 PRE 62N. A. TAHIR et al.
dimensions of the beam focal spot and the ion range. A
inder of solid cold material is enclosed in the hot zone a
also the hot zone is followed by a shell of solid cold mater
The very high pressure in the ring of hot material launch
shock waves in the radial direction, inwards as well as o
wards and also a shock propagates along the cylinder le
ahead of the Bragg peak. The inmoving shock wave g
stronger and stronger as it converges towards the cylin
axis that results in a much higher density when the sh
wave arrives at the axis@30#. The outgoing shock wave in
the radial direction as well as that along the target len
weakens as it moves outwards because of this geomet
effect. In our simulations we find that a maximum density
more than four times the solid lead density is achieved at
cylinder axis at the time of maximum compression.

If, on the other hand, one uses a hollow cylinder tha
irradiated by a beam with an annular focal spot@see Fig.
1~b!#, one will not only achieve a high density and hig
pressure along the target axis, but one will also achiev
high temperature in the compressed region. This is beca
when the target is heated, the inner boundary moves inw
and when it collapses at the cylinder axis, the kinetic ene
that is stored in this moving part of the target is conver
into thermal energy. These simulation results show that us
appropriate beam-target geometry, the upgraded SIS b
will be capable of creating samples of high-energy-den
matter that can be used to study equation-of-state prope
of important materials under such extreme conditions.

We acknowledge that important experimental work h
already been done on measurement of the EOS propertie
high-energy-density matter using high power lasers@31–33#,
but ion-beam generated plasmas have a number of
unique features as compared to laser-produced plasma

FIG. 2. ~a! Calculated particle distribution before the first ord
focal plane of the plasma lens,~b! corresponding beam crossectio
l-
d
l.
s
t-
th
ts
er
k

h
al

f
e

s

a
se
ds
y
d
g

am
y
ies

s
of

ry
as

discussed in detail in Ref.@28#. This makes the planned ion
beam-matter interaction experiments at the GSI very imp
tant.

In Sec. II we discuss how one can produce a heavy
beam that has an annular focal spot while in Sec. III
describe important range energy relations and beam-ta
parameters. The simulation results are presented in Sec
and conclusions drawn from this work are noted in Sec.

II. GENERATION OF INTENSE HEAVY ION BEAMS
WITH AN ANNULAR FOCAL SPOT

Beams with a ring type focal spot can be generated us
a magnetic flux density that is nonlinear in radial direction.
plasma lens@34# is therefore a very suitable device to crea
such beams as the flux density in this device is axisymme
by nature. Although in normal operation a plasma lens
linear focusing properties, there is a phase in which the
charge current in the lens is nonuniform@35#.

In order to estimate the ion optical properties of such
nonlinear flux density distribution, we have employed a p
ticle tracking computer code. This code transforms sin
particles of an initial KV distribution~uniformly filled phase
space area! through the plasma lens and the following dr
space. The magnetic field is purely azimuthal with sha
edges along the axis. The radial dependence of the mag
flux density distribution can be written as a Taylor expans

B~r !5k1r 1k2r 21k3r 31¯ , ~1!

wherek1 denotes the linear part of the field,k2 denotes the
second order term, andk3 represents the third order term
The units of these coefficients are given ask15T/m, k2
5T/m2, k35T/m3, and so on. In the specific case that w
consider in this paper, only first and second order terms
important and all the higher order terms are zero.

FIG. 3. Specific energy deposition vs target radius att550 ns,
at L50.3 mm ~Bragg peak!, and 1.0 mm, respectively, annula
beam focal spot, inner radius50.50 mm, outer radius51.50 mm,
Gaussian power deposition in radial direction, 200 MeV/u uranium
ions, N5231011, t550 ns, parabolic power profile in time, col
range of projectile ions in solid lead51.7 mm, Bragg peak lies a
L50.3 mm.
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FIG. 4. ~a! Density,~b! temperature, and~c! pressure vs cylinder length atr 51.0 mm at different times@case of Fig. 1~a!#.
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The distance of the profile plane where the particle dis
bution is being calculated is located at small distance fr
the first order focal plane in the direction of the lens. In t
example shown in Table I, it is assumed that the beam ra

Rx/y5Abx/ye

is matched to the plasma lens radius. The beam envelope
a waist witha50 at the entrance of the plasma lens.a and
b are known as Twiss parameters describing the shape
inclination of the emittance area in the transverse ph
space. The transverse rms emittance of the beame rms is de-
termined from the particle trajectories in the profile plan
By comparing the final emittancee rms,f with the initial emit-
tancee rms,i the emittance growth factor by the nonlinear fie
components can be determined. The relation between
emittance of the initially defined KV distribution and the rm
emittance iseKV54.e rms. Furthermore, a parabolic longitu
dinal momentum spread of61% is assumed. This momen
tum spread will be caused in the experiments as a resu
strong longitudinal compression. The space charge effec
well as higher order aberrations of the beam guiding e
ments between the accelerator and the plasma lens wer
considered. The dispersion function in the plasma len
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assumed to be zero, otherwise the beam size in the horizo
plane that is dependent on the product of the dispersion fu
tion and the momentum spread, would grow. A typical p
rameter regime is presented in Table I.

Using the parameters given in the table, we generate
beam with a ring type focal spot and the radii of this rin
have submillimeter dimensions. Figure 2~a! shows the par-
ticle distribution in the profile plane while Fig. 2~b! presents
the corresponding cross section.

III. RANGE-ENERGY RELATIONS AND BEAM-TARGET
PARAMETERS

A. Range-energy relations

In the case of ion-beam matter interaction studies, one
the most important parameters that determines the maxim
achievable temperature in the target is the specific po
depositionPs . This parameter is defined as follows:

Ps5
Es

t
, ~2!

wheret is the pulse duration andEs is the specific energy
deposition given by
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FIG. 5. ~a! Density,~b! temperature, and~c! pressure vs cylinder radius atL51.0 mm~Bragg peak lies atL50.3 mm) at different times
@case of Fig. 1~a!#.
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Es5
~1/r!~dE/dx!N

pr b
2 . ~3!

In the above equation, (1/r)(dE/dx) is the specific energy
loss due to 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.

Previous numerical simulations@24,25,28# show that the
temperature achieved in a solid lead target that is irradia
with the future SIS beam is of the order of 10 eV. Therefo
for the purpose of calculating (1/r)(dE/dx), one may regard
the target material to be cold and theTRIM code@36# could
be used to perform these calculations.

B. Beam-target parameters for the case of solid cylinder
irradiated by a beam with an annular focal spot

The beam-target geometry for this type of experimen
shown in Fig. 1~a!. In our calculations we used a solid lea
cylinder having a radius as well as a length of 2.0 mm. A
cording to theTRIM code@36#, the range of the 200 MeV/u
uranium ions in solid lead is about 1.7 mm and therefore
ions are completely stopped in the target.

We assume that the total number of ions in the beamN
5231011 and the pulse duration,t550 ns. The beam powe
d
,

s

-

e

deposition profile in the radial direction is considered to
Gaussian given by

P~r !5P0 expF2
~r 2m!2

2s2 G , ~4!

wherem is mean deviation ands is standard deviation of the
distribution. The above Gaussian distribution represents
power deposition profile along the radial direction in a h
low beam.

It has been shown in Sec. II that using a plasma lens
can generate such a hollow ion beam whose ring sha
focal spot has sub-millimeter radii. In our calculations w
assume somewhat more pessimistic parameters that lea
larger spot radii than determined by these calculations.
assume am51.0 mm and as50.2128 mm This value ofs
correspond to a FWHM50.5 mm. The time profile of the
beam power is assumed to be parabolic given by

P~ t !52
6E

t3 @ t22tt#, ~5!

whereE is the total energy in the beam and in this case
about 1.53103 J.
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C. Beam-target parameters for the case of hollow cylinder
irradiated by a beam with an annular focal spot

The beam-target geometry for this type of experiment
shown in Fig. 1~b!. We consider a hollow cylinder that ha
an inner radius50.5 mm, an outer radius52.5 mm, and a
length53.0 mm.

The inner radius of the beam spot ring is also assume
be 0.5 mm while its outer radius is taken to be 1.5 mm a
the beam deposition profile is considered to be paraboli
the radial direction. The rest of the beam parameters
assumed to be same as in the previous case.

IV. NUMERICAL SIMULATIONS RESULTS

In this section we present our numerical simulation res
that have been obtained using a one temperature,
dimensional hydrodynamic simulation modelBIG2 @29#. This
code uses an arbitrary Lagrangian-Eulerian~ALE! method
that combines both the Lagrangian and the Eulerian
proaches. It is based on a Gudonov type scheme and h
second order accuracy in space for solving hydrodyna
equations. It uses a rectangular grid and uses a sophistic
EOS data described elsewhere@37#. The code includes the
electron thermal conduction, although this energy transp
mechanism does not play any important role under the ph
cal conditions considered in this problem. The code also
cludes energy deposition of the incident ions taking into
count the beam geometry.

A. Solid cylinder irradiated by a uranium beam with an
annular focal spot

As seen from Fig. 1~a!, the beam is incident on the righ
face of the cylindrical target. The range of 200 MeV/u ura-
nium ions in solid cold lead is about 1.7 mm@36#. The ions
therefore penetrate 1.7 mm into the target through the r
face that is located atL52.0 mm and the Bragg peak lies
the end of the range atL50.3 mm.

The ion energy is deposited in a cylindrical ring with
length 1.7 mm, an inner radius 0.50 mm, and an outer ra
of 1.50 mm. The Bragg peak lies at lengthL50.3 mm while
the maxima of the Gaussian power deposition profile occ
at a radiusr 51.0 mm. The highest value of the specific e
ergy deposition therefore occurs at the pointL50.3 mm, r
51.0 mm. This is clearly seen from Fig. 3 where we plot t
specific energy deposition along the target radius at
points along the cylinder length, namely, atL50.3 mm~that
is 1.7 mm to the left of the right face of the target and whe
the Bragg peak lies! andL51.0 mm~that lies 1.0 mm to the
left of the right face of the cylinder and is before the Bra
peak!, respectively. Also this figure is plotted at time,t
550 ns when the beam has just delivered its total energ

The high pressure in the hot zone launches shock wa
along radial direction~inwards as well as outwards! and
along the length. The inmoving shock wave becomes str
ger and stronger as it converges towards the cylinder a
while the outgoing shock waves in the radial as well as a
directions become weaker due to the cylindrical geometry
the problem. The shock converges at the axis att5165 ns.

To study the behavior of these shock waves in a m
quantitative manner, we present in Fig. 4~a! the density pro-
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files along the cylinder length atr 51.0 mm at four different
times, namely 50, 100, 150, and 170 ns, respectively.
ions are incident on the right face of the cylinder and th
penetrate 1.7 mm along the cylinder length. The pressur
the highest in the Bragg peak region that launches a sh
wave towards the left face of the target in the beam directi
It is seen that the maximum density in the shock region
t550 ns is about 18 g/cm3 while in the Bragg peak region
the density has become significantly lower. The shock
rives at the outer boundary~left face of the cylinder! at about
100 ns and the latter two profiles show the expansion al
the beam direction.

The corresponding temperature and pressure profiles
shown in Figs. 4~b! and 4~c!, respectively. Figure 4~b! shows
that the maximum temperature in the Bragg peak region
t550 ns is of the order of 8 eV whereas the pressure pro
in Fig. 4~c! shows a double peak behavior. The main pr
sure peak that lies to the right of the Bragg peak show
pressure of 1.3 Mbar. This region has a solid density an
relatively high temperature~about 7 eV!. The second smalle
pressure peak lies to the left of the Bragg peak and it ha
value of 1.1 Mbar. The density in this region is about
g/cm3 while the temperature is much less than 1 eV. In t

FIG. 6. ~a! Density, temperature, and pressure vs cylinder len
at r 50.0 mm ~on axis! at t5165 ns~maximum compression!. ~b!
Density vs length atr 50.0 mm at different times.
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Bragg peak region, on the other hand, the density is sig
cantly lower than the solid density and the temperature
about 8 eV while the pressure is just about 1 Mbar. T
therefore provides one with three different regimes of hig
energy density matter for EOS investigations. To the righ
the Bragg peak, one has a high pressure, solid density,
high temperature region. In the Bragg peak one has a
density, high temperature and high pressure region. To

FIG. 7. ~a! Density,~b! temperature, and~c! pressure vs cylinder
radius atL51.8 mm ~Bragg peak lies atL51.3 mm) at different
times @case of Fig. 1~b!#.
-
is
s
-
f
nd
w
e

left of the Bragg peak, one has a supersolid density, h
pressure but low temperature region that represents the i
esting regime of nonideal plasmas. All these three regim
are very important and one should be able to investigate
EOS properties of matter in these different states.

It is also of interest to study the behavior of the targ
along the radial direction. In Figs. 5~a!, 5~b!, and 5~c!, re-
spectively, we plot the density, temperature, and press
along the cylinder radius atL51 mm at three different val-
ues of time. It is seen from Fig. 5~a! that att550 ns, when
the beam has just delivered its total energy, the density
decreased atr 51 mm which is the position where maximum
of the Gaussian deposition distribution lies and the high
energy deposition occurs. Across this position, on both sid
the density has increased that shows the developmen
shock waves in the radial direction inwards as well as o
wards. The corresponding curves in Figs. 5~b! and 5~c! again
show a Gaussian behavior of the temperature and pres
along the radial direction with the maxima lying atr
51 mm. This pressure profile is responsible for driving t
shock waves in the radial direction. Further developmen
the shock waves is shown by the curves plotted at 100
150 ns and it is clearly seen that the inmoving shock is be
amplified.

The shock converges at this point on the axisL
51 mm) att5165 ns and the maximum compression occu
In Fig. 6~a! we plot the density, temperature, and press
along the length atr 50.0 ~along the cylinder axis! at t
5165 ns. It is seen that one gets a very high compress
and a maximum density of about 47 g/cm3 is acvieved which
is more than 4 times solid lead density. The maximum pr
sure is about 19 Mbar while the temperature is about 3 e

It is to be noted that the energy deposition is not unifo
along the particle trajectory and correspondingly, the pr
sure profile generated by this deposition is also nonunifo
The pressure is highest in the Bragg peak region and it
creases as one moves towards the right face of the cylin
in opposite direction to the particle trajectory. Also the ma
mum of the pressure profile along the cylinder length occ
at r 51.0 mm, where the maxima of the Gaussian distrib
tion lies. Due to the nonuniformity of pressure, the inmovi
shock wave in radial direction arrives at the axis at differe
times along different points on the axis. This is demonstra
in Fig. 6~b! where we plot the target density vs length
different times. It is seen that the maximum density
achieved att5165 ns atL51.0 mm and this highly com-
pressed region expands along the axis with time, while
density decreases. The density in the compressed regio
mains above 30 g/cm3 between 160 and 190 ns, which pro
vides a time of about 30 ns for experimental investigatio

B. Hollow cylinder irradiated by a uranium beam with an
annular focal spot

Figure 2~b! shows the beam-target arrangement for an
periment that involves compression of a hollow cylind
which is irradiated by an ion beam having an annular fo
spot. The target is made of lead and the beam is inciden
the right face of the target. It is assumed that the inner rad
of the cylinder as well as that of the annular beam focal s
is 0.5 mm. The outer radius of the target is 2.5 mm while t
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of the beam focal spot is 1.5 mm. The beam deposition p
file is parabolic in the radial direction. The length of th
target is 3.0 mm.

The ions penetrate about 1.7 mm along the cylinder len
and a hollow cylinder of very hot and high pressure mate
is created inside the target. The length of this hot holl
cylindrical region is 1.7 mm, inner radius is 0.5 mm, a
outer radius is 1.5 mm. This hot zone is surrounded b

FIG. 8. ~a! Density,~b! temperature, and~c! pressure vs cylinder
length atr 50.0 mm~on axis! at different times.
-

th
l

a

solid cold shell that has an outer radius of 2.5 mm. Also
the left of the Bragg peak, betweenL50 and 1.3 mm, there
is solid cold lead. The very high pressure in the hot reg
launches shock waves along the cylinder length as wel
along the radius in outward direction. However since t
cylinder is hollow, no shock wave propagates inwards alo
the radial direction. Instead, a rarefaction wave moves in
the inner surface of the hot hollow cylindrical region e
pands towards the axis.

In Fig. 7~a! we plot the target density along the cylind
radius atL51.8 mm at four different points in time. It is see
that a shock wave propagates outward in the radial direc
and the position of the inner cylinder boundary moves as
inner surface of the cylinder expands. It is interesting to n
that there is a very sharp gradient of the density across
inner boundary and there is a density peak at the positio
the inner boundary. This is because the radius of the bea
fixed. As the material is heated due to energy deposition
expands and moves out of the beam spot region. The m
rial that moves out of the beam spot region during the ea
stages remains relatively cold and dense as it moves tow
the cylinder axis. The curve att5150 ns shows that the inne
cylinder surface has moved very close to the positionr
50.0 mm and the density at the center has started to incr
as the material collapses. The temperature and pres
curves corresponding to Fig. 7~a! are plotted in Figs. 7~b!
and 7~c!, respectively.

It is to be noted that the energy deposition and hence
pressure profile along the target length is not uniform. A
result of this the velocity with which the inner cylinder su
face moves inwards is also not uniform. It increases as
moves along the particle trajectory in the beam directi
Therefore the entire inner target surface does not converg
the axis simultaneously, but different parts arrive at the a
at different times depending on their corresponding velo
ties. In Fig. 8~a! we plot the density along the target length
r 50.0 ~axis! at six different times. It is seen that att
5157 ns, the density starts to increase aroundL51.75 mm.
Since the cylinder is 3.0 mm long and the beam is incid
on its right face, the ions will penetrate along the cylind
length up to a distance 1.7 mm that means that the Br

FIG. 9. Density, temperature and pressure vs cylinder radiu
L57–8 mm, att5160 ns.
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TABLE II. Achievable compression in different beam-target geometries.

Beam-target configuration Density~g/cm3! Temperature~eV! Pressure~Mbar!
Solid lead cylinder and
annular beam spot

48.0 3.0 20.0

Hollow lead cylinder and
annular beam spot

57.0 13.0 33.0
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e-
peak will lie atL51.3 mm on theX axis of Fig. 8~a!. Since
the energy deposition has its highest value in the Bragg p
region, the higher pressure in this region pushes materia
the left and to the right that results in a reduced density in
Bragg peak region itself. Therefore we do not see any d
sity peak on the axis exactly below the Bragg peak bu
occurs to the right of the Bragg peak atL51.75 mm.

The corresponding temperature and pressure profiles
shown in Figs. 8~b! and 8~c!, respectively. Due to the high
pressure in the highly compressed region, the materia
pushed to the right as well as to the left of the compres
region and this region expands with time. In addition to th
more material continues to arrive on the axis along the c
inder length from above. Att5172 ns, we achieve a max
mum density of about 55 g/cm3, a temperature of 13 eV an
a pressure of about 33 Mbar atL52.2 mm. The later two
curves show the expansion of the target along its length

We also note that unlike the previous case of irradiat
of a solid cylinder with an annular beam, in the present c
culations, not only we achieve a high density and high pr
sure, but we also achieve a high temperature. This is bec
in the present case the material is set in motion due to
rarefaction wave and a significant amount of kinetic ene
is stored in the target. When this moving material collap
at the target axis, all the kinetic energy is instantaneou
converted into thermal energy that results at a high temp
ture.

In Fig. 9 we plot the density, temperature and press
along cylinder radius atL51.80 mm att5160 ns. It is seen
that the radius of the highly compressed region is a few t
of microns.
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V. SUMMARY AND CONCLUSIONS

This paper presents two-dimensional numerical simu
tions of the hydrodynamic response of solid as well as h
low lead cylindrical targets that are irradiated by an inten
heavy ion beam which has an annular focal spot. The t
number of particles in the beam is 231011 and the particle
energy is on the order of 200 MeV/u that means 1.5 kJ tota
energy in the pulse. The pulse is delivered in 50 ns and
beam power profile in time is parabolic. These beam para
eters will be available at the upgraded GSI synchrotron
cility by the end of the year 2001.

Our calculations show that in case of the solid cylind
one can achieve a compression of over 4 times solid l
density, a pressure of about 20 Mbar and a temperature
few eV along the cylinder axis at the time of maximum com
pression. In case of the hollow cylinder, one would achiev
compression of about 5 times solid lead density, a press
of about 30 Mbar and a temperature of over 10 eV. Th
results are summarized in Table II. Such samples of hi
energy-density matter will be created at the upgraded
facility and equation-of-state properties of matter under s
extreme conditions will be investigated experimentally.
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