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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 X 10' and the particle energy is about 200 MaWat 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 (oigdeiO e\f. 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 Gesellsche&thwerionenforschun@Sl), Darmstadit.

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 numbds): 51.50+v, 51.60:+a, 51.70+f

I. INTRODUCTION The beam generated at the upgraded SIS facility will de-
posit a specific energy of 50—100 kJ/g and a specific power
The heavy ion synchrotron facilitySIS) at the Gesell- of 1-2 TW/g in solid matter. This will not only make it
schaft fu SchwerionenforschungdGSl) Darmstadt is a possible to study problems like energy loss of heavy ions in
ynique facility thaj delivers inye.nse beams of engrgetic heavyot dense mattef4—16], but will also provide samples of
ions. The new high current injectgl] that consists of an  high-energy-density matter. These samples of matter can be

RFQ (radio frequency quadrupgleand IH (interdigital H | ;seq to study the equation-of-st&&0OS properties of mat-
mode structures has just become operational. The total NUMe, nder extreme conditiofd7—-19.

+10 ; : -
ber IOf b300 'r\]/l.evéjerolo |or(1js r:hat kllaslbeerr\] _ach;exed 'g & Another very novel experiment that would be carried out
Single bunch IS 5. and the puise length Is of the order . ¢ facility is to study the possibility of creating metallic

of 300 ns. It is expected that further optimization of accel- . : : : : i
erator parameters would increase the total number of parm/dmger[20 22 by imploding appropriately designed mul

ticles in the beam to about 10 Later, the SIS will provide glsaltee rr(ial:jn:[azrg]ets that contain a layer of frozen hydrogen or
an intense beam of 1#8 ions with a particle energy of about Numerical simulations are an ntial tool to obtimiz
200 MeV/u. Employment of a multiturn injection scheme umerical simulalions aré an essential tool 1o op €

that increases the beam current by a factor of 15 without ang1e design of a fut_ur_e experimentt effic_iently _and economi-
significant losses will allow a total number ofL0M ura- ally. Use of sophisticated numerical simulation codes that

nium particles in the beam. Due to bunch compression pefnclude good models for the physical processes that are
formed by a powerful rf buncher, the pulse duration will be releven_t to the experiment, can pred_|ct the experimental re-
reduced to 50 ns. The total energy carried by the beam wilpults with a reasonable accuracy. This could be very helpful
be about 1.5 kJ. The beam intensity in the SIS will increasén de?'Q”'”Q suitable diagnostic techniques to analyze the
gradually over the next two years and the maximum desig@Xperiment.

parameters of the upgrade will be achieved by the end of the Previously[24,25 we reported numerical simulations of
year 2001. For further details about this scheme see Refthe hydrodynamic response of a solid lead cylinder whose
[2,3]. one face was irradiated by a heavy ion beam having same
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TABLE |I. Geometrical, beam, and field parameters suitable for

Bragg Peak
" generation of a beam with an annular spot.
8
% Geometry parameters  Plasma lens length 0.1m
E Lens radius 0.01 m
] Distance to profile plane  0.085 m
g_ Beam parameters Magnetic rigidity 57Tm
@ ) dp/p +1%
lon Penetration Depth € /y 5 mm mrad
Solid Cylinder ayly 0
Byly 20 m
Hollow Beam Field coefficients kq 310 T/m
K, 11000 T/nf
Emittance growth Ermsi /Erms 4.9

The above beam-target arrangement simplifies the prob-
; lem significantly, but a substantial part of the beam energy
(@) cannot be utilized and as a result the specific power deposi-
tion in the target remains low. This in turn leads to lower
compression of the target material. In order to make use of
the total beam energy, one needs to design a “super range”
target whose length is larger than the beam penetration
depth. The Bragg peak now lies inside the target and the
specific energy deposition is no longer uniform along the
particle trajectory. One therefore cannot use a one-
dimensional computer program to treat this problem. Instead,
it is necessary to employ a two-dimensional code to simulate
such an experiment.
In a previous paper we reportg2i8] two-dimensional nu-
Hollow Beam merical simulations of the hydrodynamic behavior of a “su-
per range” solid lead target that was irradiated by the beam
that will be generated at the upgraded SIS facility. These
simulations were carried out using a two-dimensional com-
puter codeBiG2 [29]. In these calculations we assumed a
normal beam with a circular beam spot and the beam depo-
sition profile was Gaussian in the radial direction. The full
(b) = width at half maximum(FWHM) of the distribution was
considered to be 1 mm which could be regarded as the ef-
FIG. 1. (a) A “Super range” solid cy“ndnca' lead target irradi- fective beam radius. The material that lies within the Cy|ll’l-
ated by an intense heavy ion beam having an annular focal@pot. der whose length is equal to the penetration depth of the
A “super range” hollow cylindrical lead target irradiated by an Projectile ions and whose radius is equal to the beam radius,
intense heavy ion beam having an annular focal spot. is strongly heated due to the energy deposited by the beam in
this region. The pressure in this hot zone increases substan-
parameters as the upgraded SIS beam. In these calculatiotislly (to a few Mbaj that drives an outgoing shock wave
we assumed that the beam had a circular spot with a radiusong the radial direction as well as in the beam direction. In
rp, that was significantly less than the target radigys and  these simulations we achieved a maximum temperature of
the cylinder length was smaller than the penetration depth ofibout 13 eV and a corresponding pressure of about 3.5 Mbar
the projectile ions. The Bragg peak therefore lies outside thé the Bragg peak region. In the shock compressed region on
target and the specific energy deposition along the particléhe other hand, the maximum density was about 22 §/cm
trajectory inside the target is fairly uniform. The inner part of which is a factor 2 higher than the solid lead density, while
the target material with a radiug, is strongly heated by the the temperature was of the order of 1 eV and the pressure
beam and the pressure in this heated zone increases substaas of the order of 3 Mbar. This region represents high
tially. This increase in pressure launches an outward goingensity, high pressure, but relatively low temperature matter
shock wave along the target radius. This can be approxiwhich is very interesting for investigation of the EOS of
mated as a one-dimensional shock wave propagation in th@atter in the regime of nonideal plasmas.
radial direction and a one-dimensional computer code such The degree of compression could be significantly in-
asMEDUSA-KAT [26] could be used to treat this problem. The creased if one irradiates a solid cylindrical target with a beam
validity of this approximation in case of such a beam-targethat has an annular focual sgsee Fig. 18)]. In this case a
arrangement has been confirmed by using a two-dimensionaihg of hot material is created by the beam in the cylinder
computer codeiuLTi2D [27]. and the dimensions of this hot zone are determined by the

Bragg Peak

Specific Energy Loss

lon Penetration Depth

Hollow Cylinder
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FIG. 3. Specific energy deposition vs target radius=ab0 ns,
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beam focal spot, innerradig®.50 mm, outer radius1.50 mm,
Gaussian power deposition in radial direction, 200 Medfanium
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(b) Radius [mm] discussed in detail in Ref28]. This makes the planned ion-
beam-matter interaction experiments at the GSI very impor-

FIG. 2. (a) Calculated particle distribution before the first order

focal plane of the plasma lendy) corresponding beam crossection. tant.

In Sec. Il we discuss how one can produce a heavy ion
dimensions of the beam focal spot and the ion range. A cylbeam that has an annular focal spot while in Sec. Il we
inder of solid cold material is enclosed in the hot zone andlescribe important range energy relations and beam-target
also the hot zone is followed by a shell of solid cold material.parameters. The simulation results are presented in Sec. IV
The very high pressure in the ring of hot material launchesind conclusions drawn from this work are noted in Sec. V.
shock waves in the radial direction, inwards as well as out-
wards and also a shock propagates along the cylinder length
ahead of the Bragg peak. The inmoving shock wave gets
stronger and stronger as it converges towards the cylinder

axis that results in a much hlgher denSity when the shock Beams with a ring type focal Spot can be genera‘[ed using
wave arrives at the axig30]. The outgoing shock wave in g magnetic flux density that is nonlinear in radial direction. A
the radial direction as well as that along the target lengttpjasma leng§34] is therefore a very suitable device to create
weakens as it moves outwards because of this geometricglch beams as the flux density in this device is axisymmetric
effect. In our simulations we find that a maximum density ofpy nature. Although in normal operation a plasma lens has
more than four times the solid lead denSity is achieved at thﬁnear focusing propertieS, there is a phase in which the dis-
cylinder axis at the time of maximum compression. charge current in the lens is nonunifof@b].

If, on the other hand, one uses a hollow cylinder that is |n order to estimate the ion optical properties of such a
irradiated by a beam with an annular focal spsée Fig. nonlinear flux density distribution, we have employed a par-
1(b)], one will not only achieve a high density and high ticle tracking computer code. This code transforms single
pressure along the target axis, but one will also achieve particles of an initial KV distributior{(uniformly filled phase
high temperature in the compressed region. This is becausgace areathrough the plasma lens and the following drift
when the target is heated, the inner boundary moves inwardsyace. The magnetic field is purely azimuthal with sharp
and when it collapses at the cylinder axis, the kinetic energgdges along the axis. The radial dependence of the magnetic

that is stored in this moving part of the target is convertedijux density distribution can be written as a Taylor expansion
into thermal energy. These simulation results show that using

appropriate beam-target geometry, the upgraded SIS beam
will be capable of creating samples of high-energy-density
matter that can be used to study equation-of-state properties
of important materials under such extreme conditions. wherek, denotes the linear part of the fielk, denotes the

We acknowledge that important experimental work hassecond order term, anki represents the third order term.
already been done on measurement of the EOS properties dfie units of these coefficients are given lkas=T/m, k;
high-energy-density matter using high power lag8ds-33, =T/m?, ks=T/m®, and so on. In the specific case that we
but ion-beam generated plasmas have a number of vemonsider in this paper, only first and second order terms are
unique features as compared to laser-produced plasmas, iagportant and all the higher order terms are zero.

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

B(r)=Kyr +Kkor2+kgr3+---, (1)
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FIG. 4. (a) Density, (b) temperature, an¢c) pressure vs cylinder length at=1.0 mm at different timefcase of Fig. (a)].

The distance of the profile plane where the particle distri-assumed to be zero, otherwise the beam size in the horizontal
bution is being calculated is located at small distance fronplane that is dependent on the product of the dispersion func-
the first order focal plane in the direction of the lens. In thetion and the momentum spread, would grow. A typical pa-

example shown in Table |, it is assumed that the beam radiusmeter regime is presented in Table I.
Using the parameters given in the table, we generated a

Ry = VBxiy€ beam with a ring type focal spot and the radii of this ring
have submillimeter dimensions. FiguréaRshows the par-

is matched to the plasma lens radius. The beam envelope hggle distribution in the profile plane while Fig(19 presents
a waist witha=0 at the entrance of the plasma leasand  the corresponding cross section.
B are known as Twiss parameters describing the shape and
inclination of the emittance area in the transverse phasq; rRANGE-ENERGY RELATIONS AND BEAM-TARGET
space. The transverse rms emittance of the beggis de- PARAMETERS
termined from the particle trajectories in the profile plane.

By comparing the final emittancg.,gs with the initial emit-
tancee;ys; the emittance growth factor by the nonlinear field |y the case of ion-beam matter interaction studies, one of

components can be determined. The relation between thfie most important parameters that determines the maximum
emittance of the initially defined KV distribution and the rms gchievable temperature in the target is the specific power
emittance isexy =4.€ms. Furthermore, a parabolic longitu- gepositionP. This parameter is defined as follows:
dinal momentum spread of 1% is assumed. This momen-
tum spread will be caused in the experiments as a result of

L . pP.=— (2
strong longitudinal compression. The space charge effects as sT
well as higher order aberrations of the beam guiding ele-
ments between the accelerator and the plasma lens were nehere 7 is the pulse duration anH, is the specific energy

considered. The dispersion function in the plasma lens igleposition given by

A. Range-energy relations



PRE 62

1228 N. A. TAHIR et al.
24.0 . v 8.0
l.\
l’ \\
] 1Y
200 F ! \
] \X — 50 ns
! \ —— 100ns 6.0
H \‘ «aae 150 ns
160 F1 A = <
o 1 >
= 120 k © 40
% \ [
\, o
c ) £
3 ]
L S P -
8.0 \\.‘ -—’/,
“““ 20
40}
0.0 0.0

1.0
Cylinder Radius (mm)

0.0 0.5

2.0

1.5 20

(b)

[—T50ns

oessse 100 NS
=== 150ns

0.5

1.0
Cylinder Radius (mm)

-
(4]
T

Pressure (Mbar)
5

05 |

’
r

0.0

-
-

~-.
~~~~~~~~~~

Y —— 50 NS
smesse 100 NS
=== 150ns

-
=

0.0

(©

0.5 1.0
Cylinder Radius (mm)

15

15

2.0

FIG. 5. (a) Density, (b) temperature, an¢t) pressure vs cylinder radius lat= 1.0 mm(Bragg peak lies at =0.3 mm) at different times

[case of Fig. 18)].

(1/p)(dE/dX)N

wrﬁ

S

deposition profile in the radial direction is considered to be

©)

In the above equation, (4)(dE/dx) is the specific energy
loss due to a single iom is the target material density,is
the coordinate along the particle trajectofy,is the total

number of particles in the beam, anglis the beam radius.
Previous numerical simulatiori24,25,28 show that the

Gaussian given by

P(r)=

Po exp{ -

(r—p)?
20°

4

wherey is mean deviation and is standard deviation of the
distribution. The above Gaussian distribution represents the

temperature achieved in a solid lead target that is irradiatefiower deposition profile along the radial direction in a hol-
with the future SIS beam is of the order of 10 eV. Therefore Jow beam.

for the purpose of calculating (4y(dE/dx), one may regard
the target material to be cold and theim 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

uranium ions in solid lead is about 1.7

It has been shown in Sec. Il that using a plasma lens one
can generate such a hollow ion beam whose ring shaped

focal spot has sub-millimeter radii. In our calculations we
assume somewhat more pessimistic parameters that lead to

larger spot radii than determined by these calculations. We
assume au=1.0mm and ar=0.2128 mm This value ofr

) _ _correspond to a FWHMO0.5mm. The time profile of the
The beam-target geometry for this type of experiment isyqam power is assumed to be parabolic given by
shown in Fig. 1a). In our calculations we used a solid lead

cylinder having a radius as well as a length of 2.0 mm. Ac-
cording to theTRIM code[36], the range of the 200 MeW/

mm and therefore the

ions are completely stopped in the target.
We assume that the total number of ions in the beldm, whereE is the total energy in the beam and in this case is
=2x 10" and the pulse duratiom=50 ns. The beam power about 1.5<10%J.

P(t)= - —[t*~t],

6E

®)
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C. Beam-target parameters for the case of hollow cylinder Time = 165 ns

irradiated by a beam with an annular focal spot 480

The beam-target geometry for this type of experiments is
shown in Fig. 1b). We consider a hollow cylinder that has
an inner radius0.5mm, an outer radigs2.5mm, and a
length=3.0 mm.

The inner radius of the beam spot ring is also assumed tc&
be 0.5 mm while its outer radius is taken to be 1.5 mm and$
the beam deposition profile is considered to be parabolic ing
the radial direction. The rest of the beam parameters are®
assumed to be same as in the previous case. 3

400 b Density

==== Temperature
=== Pressure

ess. (Mbar)

§
]
IV. NUMERICAL SIMULATIONS RESULTS §
In this section we present our numerical simulation results F .
that have been obtained using a one temperature, two 00 ks stz emaz sl L . .
dimensional hydrodynamic simulation modsat2 [29]. This (5 % agetlenghm o ®

code uses an arbitrary Lagrangian-Euleri&LE) method
that combines both the Lagrangian and the Eulerian ap- 500

~

mechanism does not play any important role under the physi-§
cal conditions considered in this problem. The code also in- z
cludes energy deposition of the incident ions taking into ac-
count the beam geometry.

proaches. It is based on a Gudonov type scheme and has =w ,-"'."\
second order accuracy in space for solving hydrodynamic :T:ggﬂi A
equations. It uses a rectangular grid and uses a sophisticate wop ==t / Ill'.
EOS data described elsewhd®Y]. The code includes the 1
electron thermal conduction, although this energy transporiss 40 | X "%
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A. Solid cylinder irradiated by a uranium beam with an

annular focal spot

As seen from Fig. (B), the beam is incident on the right *%.0 05 ] 10
face of the cylindrical target. The range of 200 MeMira- ) Cytinder Length (mm)
nium ions in solid cold lead is about 1.7 mi®6]. The ions

; . FIG. 6. (a) Density, temperature, and pressure vs cylinder length
therefore penetrate 1.7 mm into the target through the righ t @ v perau pressure vs cyll g

. . r=0.0 mm(on axi9 at t=165 ns(maximum compression (b
face that is located dt=2.0 mm and the Bragg peak lies at Density vs Ier(wgth atio_o mm at di(fferent times. P Intb)

the end of the range &t=0.3 mm.

The ion energy is deposited in a cylindrical ring with a files along the cylinder length at=1.0 mm at four different
length 1.7 mm, an inner radius 0.50 mm, and an outer radiugmes, namely 50, 100, 150, and 170 ns, respectively. The
of 1.50 mm. The Bragg peak lies at lendtk-0.3 mm while  jons are incident on the right face of the cylinder and they
the maxima of the Gaussian power deposition profile occurpenetrate 1.7 mm along the cylinder length. The pressure is
at a radiug =1.0mm. The highest value of the specific en-the highest in the Bragg peak region that launches a shock
ergy deposition therefore occurs at the pdint0.3mm,r  wave towards the left face of the target in the beam direction.
=1.0mm. This is clearly seen from Fig. 3 where we plot thelt is seen that the maximum density in the shock region at
specific energy deposition along the target radius at tw@=50ns is about 18 g/ctrwhile in the Bragg peak region
points along the cylinder length, namely,lat 0.3 mm(that  the density has become significantly lower. The shock ar-
is 1.7 mm to the left of the right face of the target and whererives at the outer boundafieft face of the cylinderat about
the Bragg peak ligsandL = 1.0 mm(that lies 1.0 mm to the 100 ns and the latter two profiles show the expansion along
left of the right face of the cylinder and is before the Braggthe beam direction.
peak, respectively. Also this figure is plotted at time, The corresponding temperature and pressure profiles are
=50ns when the beam has just delivered its total energy. shown in Figs. &) and 4c), respectively. Figure @) shows

The high pressure in the hot zone launches shock waveat the maximum temperature in the Bragg peak region at
along radial direction(iinwards as well as outwardsand  t=50ns is of the order of 8 eV whereas the pressure profile
along the length. The inmoving shock wave becomes stronin Fig. 4(c) shows a double peak behavior. The main pres-
ger and stronger as it converges towards the cylinder axisure peak that lies to the right of the Bragg peak shows a
while the outgoing shock waves in the radial as well as axiapressure of 1.3 Mbar. This region has a solid density and a
directions become weaker due to the cylindrical geometry ofelatively high temperatur@bout 7 eV. The second smaller
the problem. The shock converges at the axis=at65 ns. pressure peak lies to the left of the Bragg peak and it has a

To study the behavior of these shock waves in a morevalue of 1.1 Mbar. The density in this region is about 18
quantitative manner, we present in Figa¥the density pro-  g/cn? while the temperature is much less than 1 eV. In the

1.5 20
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200 v y y left of the Bragg peak, one has a supersolid density, high
pressure but low temperature region that represents the inter-
esting regime of nonideal plasmas. All these three regimes
are very important and one should be able to investigate the
EOS properties of matter in these different states.

It is also of interest to study the behavior of the target
along the radial direction. In Figs.(&, 5(b), and Fc), re-
spectively, we plot the density, temperature, and pressure
along the cylinder radius dt=1 mm at three different val-
ues of time. It is seen from Fig.(® that att=50ns, when
the beam has just delivered its total energy, the density has
decreased at=1 mm which is the position where maximum

of the Gaussian deposition distribution lies and the highest
oo b b m 1 20 energy deposition occurs. Across this position, on both sides,
(a) Cylinder Radius (mm) the density has increased that shows the development of
shock waves in the radial direction inwards as well as out-
wards. The corresponding curves in Fig)sand 5c) again
show a Gaussian behavior of the temperature and pressure
—== 100ms along the radial direction with the maxima lying at
oemo=s -~ —e= 150ns ] =1 mm. This pressure profile is responsible for driving the
shock waves in the radial direction. Further development of
the shock waves is shown by the curves plotted at 100 and
150 ns and it is clearly seen that the inmoving shock is being
amplified.
W The shock converges at this point on the axis (
=1 mm) att=165 ns and the maximum compression occurs.
In Fig. 6(a) we plot the density, temperature, and pressure
along the length ar=0.0 (along the cylinder axjsat t
=165ns. It is seen that one gets a very high compression
, and a maximum density of about 47 gftim acvieved which
15 20 is more than 4 times solid lead density. The maximum pres-
sure is about 19 Mbar while the temperature is about 3 eV.
15 r r r It is to be noted that the energy deposition is not uniform
along the particle trajectory and correspondingly, the pres-
sure profile generated by this deposition is also nonuniform.
The pressure is highest in the Bragg peak region and it de-
creases as one moves towards the right face of the cylinder,
E in opposite direction to the particle trajectory. Also the maxi-
mum of the pressure profile along the cylinder length occurs
atr=1.0mm, where the maxima of the Gaussian distribu-
tion lies. Due to the nonuniformity of pressure, the inmoving
shock wave in radial direction arrives at the axis at different
3, times along different points on the axis. This is demonstrated
in Fig. 6b) where we plot the target density vs length at
different times. It is seen that the maximum density is
achieved att=165ns atL=1.0mm and this highly com-
pressed region expands along the axis with time, while the
density decreases. The density in the compressed region re-
mains above 30 g/cfrbetween 160 and 190 ns, which pro-

FIG. 7. (a) Density,(b) temperature, anft) pressure vs cylinder vides a time of about 30 ns for experimental investigations.
radius atL=1.8 mm (Bragg peak lies at =1.3 mm) at different
times[case of Fig. (b)]. B. Hollow cylinder irradiated by a uranium beam with an
annular focal spot
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Bragg peak region, on the other hand, the density is signifi-
cantly lower than the solid density and the temperature is Figure Zb) shows the beam-target arrangement for an ex-
about 8 eV while the pressure is just about 1 Mbar. Thigperiment that involves compression of a hollow cylinder

therefore provides one with three different regimes of high-which is irradiated by an ion beam having an annular focal

energy density matter for EOS investigations. To the right ofspot. The target is made of lead and the beam is incident on
the Bragg peak, one has a high pressure, solid density, aritle right face of the target. It is assumed that the inner radius
high temperature region. In the Bragg peak one has a lowf the cylinder as well as that of the annular beam focal spot
density, high temperature and high pressure region. To this 0.5 mm. The outer radius of the target is 2.5 mm while that
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solid cold shell that has an outer radius of 2.5 mm. Also to
the left of the Bragg peak, betweén=0 and 1.3 mm, there

is solid cold lead. The very high pressure in the hot region
launches shock waves along the cylinder length as well as
along the radius in outward direction. However since the
cylinder is hollow, no shock wave propagates inwards along
the radial direction. Instead, a rarefaction wave moves in and
the inner surface of the hot hollow cylindrical region ex-
pands towards the axis.

In Fig. 7(a) we plot the target density along the cylinder
radius atL = 1.8 mm at four different points in time. It is seen
that a shock wave propagates outward in the radial direction
and the position of the inner cylinder boundary moves as the
inner surface of the cylinder expands. It is interesting to note
that there is a very sharp gradient of the density across the
inner boundary and there is a density peak at the position of
the inner boundary. This is because the radius of the beam is
fixed. As the material is heated due to energy deposition, it
expands and moves out of the beam spot region. The mate-
rial that moves out of the beam spot region during the early
stages remains relatively cold and dense as it moves towards
the cylinder axis. The curve &t 150 ns shows that the inner
cylinder surface has moved very close to the position
=0.0 mm and the density at the center has started to increase
as the material collapses. The temperature and pressure
curves corresponding to Fig(aJ are plotted in Figs. (b)
and 7c), respectively.

It is to be noted that the energy deposition and hence the
pressure profile along the target length is not uniform. As a
result of this the velocity with which the inner cylinder sur-
face moves inwards is also not uniform. It increases as one
moves along the particle trajectory in the beam direction.
Therefore the entire inner target surface does not converge at

of the beam focal spot is 1.5 mm. The beam deposition prothe axis simultaneously, but different parts arrive at the axis
file is parabolic in the radial direction. The length of the at different times depending on their corresponding veloci-
target is 3.0 mm.
The ions penetrate about 1.7 mm along the cylinder length=0.0 (axis) at six different times. It is seen that &t
and a hollow cylinder of very hot and high pressure material=157 ns, the density starts to increase arouadl.75 mm.
is created inside the target. The length of this hot hollowSince the cylinder is 3.0 mm long and the beam is incident
cylindrical region is 1.7 mm, inner radius is 0.5 mm, andon its right face, the ions will penetrate along the cylinder
outer radius is 1.5 mm. This hot zone is surrounded by dength up to a distance 1.7 mm that means that the Bragg

ties. In Fig. 8a) we plot the density along the target length at



1232 N. A. TAHIR et al. PRE 62

TABLE Il. Achievable compression in different beam-target geometries.

Beam-target configuration Densitg/cnt) TemperaturgeV) PressurgMbar)
Solid lead cylinder and 48.0 3.0 20.0
annular beam spot

Hollow lead cylinder and 57.0 13.0 33.0

annular beam spot

peak will lie atL=1.3 mm on theX axis of Fig. §a). Since V. SUMMARY AND CONCLUSIONS

the energy deposition has its highest value in the Bragg peak

region, the higher pressure in this region pushes material to This paper presents two-dimensional numerical simula-

the left and to the right that results in a reduced density in théions of the hydrodynamic response of solid as well as hol-

Bragg peak region itself. Therefore we do not see any denlow lead cylindrical targets that are irradiated by an intense

sity peak on the axis exactly below the Bragg peak but itheavy ion beam which has an annular focal spot. The total

occurs to the right of the Bragg peaklat1.75 mm. number of particles in the beam isx2.0'* and the particle
The corresponding temperature and pressure profiles aghergy is on the order of 200 MeWthat means 1.5 kJ total

shown in Figs. &) and 8c), respectively. Due to the high energy in the pulse. The pulse is delivered in 50 ns and the

pressure in the highly compressed region, the material ieam power profile in time is parabolic. These beam param-

pushed to the right as well as to the left of the compressegiers will be available at the upgraded GSI synchrotron fa-
region and this region expands with time. In addition to that’cility by the end of the year 2001.

more material continues to arrive on the axis along the cyl- &, caiculations show that in case of the solid cylinder,
'r?]di: (Ijeenngt_rg f:)(;rgb%b(ivses A}tgnlt:tzerrl]s'evrvaet ?Zhéivfgaeygﬁz one can achieve a compression of over 4 times solid lead
a uressursél Béf aboutu 33 l\%bar Bt 2 Fz) mmu The later two density, a pressure of about 20 Mbar and a temperature of a
cu?ves show the expansion of the tér ot élon its lenath few eV along the cylinder axis at the time of maximum com-
b 9 g gm. rPression. In case of the hollow cylinder, one would achieve a

We also note that unlike the previous case of irradiatio . . . .
of a solid cylinder with an annular beam, in the present cal£ompression of about 5 times solid lead density, a pressure

culations, not only we achieve a high density and high pres®f @Pout 30 Mbar and a temperature of over 10 eV. These
sure, but we also achieve a high temperature. This is becau&Sults are summarized in Table II. Such samples of high-
in the present case the material is set in motion due to th&N€ray-density matter will be created at the upgraded SIS
rarefaction wave and a significant amount of kinetic energy@cility and equation-of-state properties of matter under such
is stored in the target. When this moving material collapse§Xtreéme conditions will be investigated experimentally.

at the target axis, all the kinetic energy is instantaneously

converted into thermal energy that results at a high tempera-
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