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This paper presents two-dimensional numerical simulations of hydrodynamic response of a solid lead cy-
lindrical target that is irradiated by an intense uranium beam having a particle energy of Ui Ged//that
consists of 18 particles. Different time profiles have been considered for the beam power that include a case
where the beam consists of five identical parabolic bunches with equal separation between neighboring
bunches as well as a beam that consists of a single bunch. For the single bunch case we consider two different
values for pulse length, namely, 1000 and 50 ns, respectively. Moreover we allow for two different values for
the beam radius that is 0.5 and 1.0 mm, respectively. These calculations show that in order to achieve a high
degree of beam-target coupling, it is absolutely essential to use a single bunched beam that has a reasonably
short pulse length, which is 50 ns in this case. Such a large beam-target coupling efficiency is highly desirable
for creating high-density strongly coupled plasmas as well as for studies that involve fragmentation of the
projectile ions as the beam passes through solid matter. If the pulse length is assumed to be too long,
substantial hydrodynamic expansion of the target material occurs during the early stages of irradiation that
leads to significant reduction in the energy deposition by the ions that are delivered in the later part of the
pulse. In case of the five-bunch configuration, heating caused by the first bunch is so strong that the target is
completely distorted. As a result, the ions that are delivered in the later four bunches pass through the target
without any interaction.
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[. INTRODUCTION namic response of “subrangds] as well as “super-range”
[6] solid lead cylinders that are irradiated with the future
The Gesellschaft fuSchwerionenforschun@Sl), Darm-  SIS-18 beam. In the former type of targets, the target length
stadt is a unique laboratory that has a synchrot®i$-1§  is smaller than the ion range so that the Bragg peak does not
facility that delivers intense beams of energetic heavy ionglie inside the target. This leads to an almost uniform energy
The SIS-18 facility has a magnetic rigidity of 18 Tm. Cur- deposition along the particle trajectory, which results in uni-
rently, this facility is being upgraded by introduction of a form_heating of the depqsition region. This in turn generate_s
powerful rf buncher and a new high-current injector that is& Uniform pressure profile and the problem can be approxi-

based on a radio frequency quadrupole and an interdigitd]'t€d to that of a one-dimensional shock propagation along
H-mode structurg1—3]. The high-current injector has al- the radial direction and one can simulate such an experiment

%y using a one-dimensional model like MEDUSA-KAT].

ready become operational and has so far provided about In the second type of targets, on the other hand, the target

O . .
* 10 particles of 300 MeWh argon and about (particles length is considered to be larger than the ion range. The

of 200 MeViu dranium n separate op_eratmns. The lelseBragg peak then lies inside the target that leads to a nonuni-
length at present is a_bout 300 ns that Wlll be reduced to_50 N8 m energy deposition along the beam trajectory. This non-
when the buncher will become operational. The beam intengpitorm energy deposition generates a nonuniform pressure
sity of the SIS-18 is expected to increase steadily due tQyofile in the deposition region. In this case one requires at
further optimization of the accelerator parameters and thgast 3 two-dimensional simulation model and we have used
total number of 200 MeMJ uranium particles is expected t0 themig-2 [4] code to design this type of experiments_
increase to X 10'". This upgrade will be completed by the  Wwe have also studied interaction of an ion beam having
end of the year 2001, which will open up the possibility of an annularring shapeifocal spot with a solid as well as a
creating high-energy-density matter at the GSI Darmstadtollow lead cylinder{8]. Moreover, we designed an experi-
Such samples of matter will be used to investigate thement that will be carried out to study if metallization of
equation-of-state properties of matter under such extrembydrogen may be achieved by imploding a multilayered cy-
conditions. lindrical target that contains a layer of frozen hydrog@h
Employing a two-dimensional hydrodynamic simulation  GSl is also discussing to extend its accelerator facilities
model, BIG-2[4] and using the upgraded SIS-18 beam pa-by introduction of a synchrotron rin¢SIS-200 that has a
rameters, we previously provided optimized designs for anuch higher magnetic rigidity of 200 Tm. According to the
number of beam-matter interaction experiments that will banitial design considerations, this facility will provide a ura-
carried out at this facility by the end of the year 2001. Thesenium beam having at least #dons with a particle energy of
studies involve simulation of hydrodynamic and thermody-1 GeV/u. There are two possibilities under consideration for
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the time profile of the beam power. One is to generate a
beam consisting of a series of five identical bunches while
the second is to use a single-bunch beam. Another question
is whether one can live with a long pulse having a duration

of the order of hundreds of nanoseconds or strong bunch
compression is essential that would redude about 50 ns.
These questions are of great importance if one is interested to'g
create high-density plasmas using heavy ion beams as well &
as if one wishes to study the fragmentation of heavy ions
while passing through solid matter. For either of these ex-
periments, a very high degree of beam-target coupling is

Bragg peak

ecific Energy loss

lon Penetration Length

required that demands that there is no significant hydrody- / U beam
namic expansion during the irradiation. Otherwise the target [ r

density becomes too low to interact with the incoming pro- { (S ———
jectile ions that leads to a reduction in the absorbed energy as _<_=» S |
well as a reduction in the fragmentation cross section. A & 43 \ —/J_
reduction in the absorbed energy makes the plasma physics /

experiments inefficient while a reduction in fragmentation

rate would effect the latter type of experiment. A natural {_ L 4

consequence of the decrease in level of beam-target coupling

is that the energy of the particles in the secondary beam g 1. A “subrange” solid cylindrical lead target irradiated
(beam that escapes the target after interagiitereases with \ith 102 particles of uranium 1 Gew

time. The fragment separator can tolerate an energy variation

of a few percent. If this variation is too large, the secondaryst is 5-mm long. The range of 1 GaYhranium ions in
beam will no longer be directed toward the fragment separazq|q solid lead is about 15.5 mm according to tifem code
tor, but will be completely lost. [10,11]. The ions therefore lose a fraction of their energy in
~ Moreover, the resolving power of the fragment separatoghe target that is about 25% initially and emerge with a re-
is given in first order by duced energy from the left face of the cylinder.
In Sec. Il we present some useful basic range-energy re-
1) lations as well as the beam and target parameters. The simu-
lation results are discussed in Sec. lll while the conclusions
drawn from this work are noted in Sec. IV.
where(X,X) and(X,P) are the elements of the transfer matrix
and describe the final dispersion and the magnification of the||. RANGE-ENERGY RELATIONS AND BEAM-TARGET
system, and, is the initial beam spot radius at the target. PARAMETERS
Therefore, in order to achieve a good resolving power, the ] ) ] ]
focal spot radius on the target should be as small as possible. I this section we describe some basic range-energy rela-
In addition, a small beam radius is necessary to restrict thHons as well as target and beam parameters that have been
transverse emittance growth due to scattering suffered by tH¢sed in these calculations.
beam in the target.
Our simulations show that in case of the five-bunch beam, A. Range-energy relations

the hydrodynamic expansion due to the heating caused by |4 case of ion-beam matter interaction studies, one of the

the first bunch is so strong that the particles in the remainingnost important parameters that determines the maximum
four bunches pass through the target without any significanichievable temperature in the target is the specific power
interaction. In this case, each bunch has a duration of 140 N$epositionP,. This parameter is defined as follows:

and a bunch separation of 140 ns as well, so that the total

pulse length is 1260 ns. This configuration therefore is not Eg

very useful. Ps=—, 2
We also considered a beam that consists of a single para-

bolic bunch having a duration of 1000 ns. It has been foundvhere 7 is the pulse duration anfy is the specific energy

that such a long beam is not very favorable for our purposeleposition given by

either because it also leads to substantial hydrodynamic ex-

_ (X,P)
C2rp(X,X)’

pansion during the first 100 ns. We found that the most suit- E _ (Up)(dE/dX)N 3
able beam configuration is that of a single bunch with a s mg ' )
duration of 50 ns and a beam radius of 1.0 mm because the

hydrodynamic expansion is negligible during this time. In the above equation, (d)dE/dx is the specific-energy

The above simulations have been carried out using théss due to a single iom is the target-material density,is
BIG-2 [4] code and the beam-target arrangement is shown ithe coordinate along the particle trajectoiy,is the total
Fig. 1. The beam is incident on the right face of the targemumber of particles in the beam, anglis the beam radius.
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It is seen thaPg depends on a number of factors, some of 1000
which have opposite influences on the specific energy depo
sition. For example, if the ion enerdyarticle energy) is
increased, (})dE/dx decreases while the transverse beam
emittance improves. This in turn improves the focusing ca->
pability of the beam that allows one to reduce the focal spot= eoo |
radius. Sincée is inversely proportional to the squarergf, 2
the specific-energy deposition could be increased signifi-&
cantly. However, ifr, becomes too small, the hydrodynamic £ “°4
expansion time scale becomes so fast that a shorter pulse
required. Otherwise the target material will expand due to
the hydrodynamic motion during irradiation and a significant
fraction of the beam energy will be lost. One therefore needs
to determine an optimized set of parameters to maximize the 0.0

g .y 0.0 50;).0 . 10(;0.0 1500.0
specific energy deposition. Time (ns)

80.0 |

20.0

FIG. 2. Time profile of a beam consisting of five identical para-
bolic bunches, bunch duratier40 ns, bunch separatieri40 ns,

We consider a uranium beam with a particle energy of Inumber of particles in each bunet2 x 10, and beam deposition
GeV/u while the total number of ions in the beam is'40  profile along the radial direction is assumed to be a Gaussian.
Power deposition profile along the radial direction is consid-
ered to be a Gaussian given by

B. Beam parameters

nificant increase in the energy of the ions that escape from

r2 the opposite face of the cylinder.
P(r)=Poexp{—F}, 4
I1l. SIMULATION RESULTS
whereo is the standard deviation of the distribution. The full | this section we present our detailed numerical simula-
width at half maximum(FWHM) of this Gaussian distribu- tion results of the hydrodynamic response of a solid lead
tion could be considered as the effective beam radius.  target that is irradiated by an intense uranium beam whose

In these calculations we studied two cases with differenbarameters are given in Sec. IIB. These simulations have
beam radii, namely, with FWHM of 0.5 and 1.0 mm, respec-heen carried out using a two-dimensional hydrodynamic

tively. computer cod®IG-2 [4]. The beam-target geometry is shown
The time profile of the beam power is assumed to bgn Fig. 1.

parabolic given by

6E _, A. Five identical parabolic bunches in a series
P(t)=——[t°—rt], 5 _ T
T Figure 2 shows the beam power profile in time in case of

i i , ) five equally spaced identical parabolic bunches. Each bunch
wherer is the pulse duration anilis the total energy in the  ,nists of 2 10 particles of uranium with a particle en-
beam that is about 38 kJ. ergy of 1 GeVii and the bunch length is 140 ns. Separation

We consider two different cases for the time profile of they oi\veen every two neighboring bunches is also 140 ns that
beam power. In the first case we assume a chain of five,-4c 15 3 total pulse length of 1260 ns.

identical bunches that are equally spaced in time. Each o the beam radius we consider two different cases,

bunch consists of 2 10*! particles and the bunch length as namely, a FWHM of the Gaussian equal to 0.5 and 1.0 mm
well as the bunch separation is 140 ns. In the second case W@spect,ively. The results are presented below. '

assume a single bunch with a pulse duraticend we con-
sider two values for, namely, 1000 and 50 ns, respectively. 1. Beam radius 0.5 mm

As the beam is switched on, particles from the first bunch
enter the target from the right face and deposit a fraction of

The target is a solid lead cylinder that has a length their energy in the target along their trajectory. These par-
=5.0mm and a radius=3.0mm. The range of 1 Gel/ ticles emerge from the left face of the cylinder with a re-
uranium ions in cold solid lead is 15.5 mm. It is therefore aduced energy. Since the particle range is about 15.5 mm in
“subrange” target, the ions will deposit a fraction of their cold solid lead while the target is only 5 mm long, the Bragg
energy in the target material and emerge from the oppositpeak does not lie inside the target. This leads to an almost
face of the cylinder with a reduced energy. Our calculationginiform energy deposition along the particle trajectory as
show that in this beam-target configuration, the ions willshown by Fig. 82) where we plot the specific-energy depo-
initially lose about 25% of their energy in the target. As thesition on a length-radius plane &t150ns that shows a
material expands due to the hydrodynamic motion, the enmaximum value ofE;=95kJ/g along the cylinder axis
ergy deposition is reduced substantially that leads to a sigwhere the maxima of the Gaussian distribution occurs.

C. Target parameters
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a length-radius plane at=150ns, using bunch profile shown in =
Fig. 2 and a beam radius (FWHM of Gaussian distribution) _ 120
=0.5mm. e 7
(]
. : . - ™
It is seen that a cylinder of hot material that has a radius
of 0.5 mm is created inside the target. The high pressure ir '@
this hot region drives a strong shock wave outwards along & eo}f
the radial direction as well as the material expands along the ™~
axial direction, as shown in Fig.(8), where we plot the -
target density on a length-radius planetat150 ns. Figure =~
3(b) shows that as a result of this, the target density has bee| . . .
substantially reduced in the absorption region during the %00 2.00 300 4.00 5.00
time of the first bunch. © Target Axis (mm)

To have a quantitative view of the calculations, we plot in FIG. 4. (3) Temperature(b) pressure andc) density along cyl-

Figs. 4a)—_4(c), respe(_:tively, the temperatl,!re, pressure, ar‘qnder axis ¢€=0.0mm) at different times using the beam profile
the density, respectively, along the cylinder axat r

=0.0mm) at different times. It is seen thattat 50 ns, the

temperature along the target axis is about 8 eV and the cothe density has been reduced to below 3 gicm

responding pressure is about 1.4 Mbar. The density at this Although the bunch is switched off at=140ns, the
time has become 10 g/émAt t=100ns, it is seen that the heated material continues to expand, anti=a280 ns when
temperature has increased approximately to 9 eV, but théhe second bunch starts, the target density is so low that the
pressure has been reduced to 1.15 Mbar because the dengityrticles escape without any interaction with the material.
has become too small and is below 6 glcit t=150ns, This is seen in Fig. 5 where we plot the fraction of the ion

shown in Fig. 2 and a beam radius of 0.5 mm.
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FIG. 5. Fraction of ion energy as a function of time that escapse. FIG. 7 Target density _along axigt r =0.0 mm) _at dlffe_rent_
the target along the axis & 0.0 mm) for the case plotted in Fig. 4. times using the beam proflle and parameters considered in Fig. 2,
but assuming a beam radius of 1.0 mm.
energy that escapes the target as a function of time. Initially,
75% ion energy escapes the target but as a result of reductiai 1.0 mm. In this case the beam radius is two times larger
in the density due to material expansion, the fraction of thehan the previous case and since according to (Bg.the
ion energy escaping the target increases and becomes abagecific-energy deposition is inversely proportional to the
90% att=140ns. Att=280ns when the second bunch square of the beam radius, the specific-energy deposition in
starts, about 99% ion energy escapes through the target. Itise present case is about four times less than in the previous
also clearly seen that &&= 80 ns, during the target irradiation case. As a consequence, the target temperature and in turn
by the first bunch, the particle energy in the secondary bearthe pressure is significantly lower than that using a beam
has increased from an initial value of 75% to about 80%uvradius of 0.5 mm. This leads to a slower hydrodynamic ex-
This energy variation may result in a substantial beam losgpansion of the heated material. However, the hydrodynamic
This configuration is therefore totally unsuitable for our pur-expansion is still rapid enough such that the target expands
pose. substantially during the first bunch.

The target configuration d@t=300ns is shown in Fig. 6 The fraction of the ion energy that escapes the target as a
where we plot the target density on a length-radius plane dunction of time is shown in Fig. 5. It is seen that tat
t=300ns. =140ns, when the first bunch has just delivered its total

energy, about 82% ion energy escapes the target. However,
2. Beam radius 1.0 mm att=280ns when the second bunch starts, due to the con-

In Fig. 7 we plot the target density along the akir  tinued material expansion, the amount of the escape energy
=0.0mm) at different times using the five-bunch beam coniS about 90% that increases to about 94%-a420 ns when
figuration shown in Fig. 1 and using a beam radig&/HM) the second bunch is switched off. This means that about half

of the particles in the second bunch and those in the remain-

Density (g/cm?3) ing thre_e t_Jun(_:hes will not interact with the target. Moreover,
t=300ns the variation in the particle energy of the secondary beam
3.0 16.0 becomes large enough at abo#t100 ns to result in substan-
tial beam losses. This configuration is therefore also very
2.5 unattractive for the type of experiments we are interested in.

B. A single parabolic bunch

In this section we report results that have been achieved
using a single parabolic bunch and we consider two different
cases, namely, having a pulse length of 1000 and 50 ns,
respectively.

Radius (mm)
B

=Y
.

1. A single bunch with duration 1000 ns

In Figs. §a) and 8b) we plot the target density along the

° Length (mm) 3 0:001 a?<is (atr=0.0mm) at diﬁgrent times assuming a beam ra-
dius (FWHM of the Gaussiam 0.5 and 1.0 mm, respec-
FIG. 6. Same as in Fig.(B), but att=300 ns. tively.
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18.0 T T T T FIG. 9. Fraction of the ion energy that escapes through the tar-
—1-100ns get along the axis as a function of time for the two cases presented
Tozeere in Figs. §a) and gb), respectively.
=—=e {=400ns
—~ 120 f ] 2. A single bunch with duration 50 ns
E We now report our results-using a single bunch that has a
A=) . duration of only 50 ns. In Figs. 18 and 1@b) we plot the
%‘ ™, target density along the cylinder axis= 0.0 mm) at differ-
S - ‘\ ent times using a beam spot radit8&VHM of the Gaussian
o S of 0.5 and 1.0 mm, respectively. It is seen from Fig(al0
—— ~ that reduction in the density becomes significant onlyt at
T =40ns. Figure 11 shows that in this case the ion escape
energy is about 88% at=40 ns. The pulse is switched off at

9 b e ™ ™ " o t=50ns. Due to thg par.abohc .shape of the ion pulse the
(b) Target Axis (mm) number of ions that is delivered in the last 10 ns of the pulse
in quite small. This configuration therefore is reasonably
FIG. 8. Density along target axi@t r=0.0mm) at different good for the beam-matter interaction studies related to
times, assuming a parabolic power profile and a pulse |e”9“ﬁ)lasma physics. However, Fig. 11 shows that=a®5 ns, the
_=10020 ns, total number o_f 1 GeWlranium particles in the bunch jncrease in the energy of the escaping ions becomes of the
is 107%, using a beam radiug) 0.5 mm andb) 1.0 mm. order of 5%, which means that the beam delivered in the
later half of the pulse will not be received by the fragment
It is seen from Fig. 8) that the density has been substan-separator and will be lost. This configuration therefore is also
tially reduced att=200ns, which means that particles that hot very good for fragment separation experiments.
come afterwards and represent bulk of the beam will pass Figure 1@b) shows that using a beam radiBVHM of
through the target without any significant interaction. This isthe Gaussianof 1.0 mm, there is hardly any expansion in 50
seen from Fig. 9 where we plot the fraction of the ion energyS- Correspondingly, Fig. 11 shows that there is no signifi-
that escapes the target as a function of time for the above Nt increase in the ion escape energy in this case. This beam
cases. It is seen that for the case corresponding to Fay, g configuration is therefore ideal for achieving a maximum
the increase in the energy of the ions in the secondary beap]eam-target couplmg in the pr.oposed plasma physics as well
becomes over 5% at=100ns. This will lead to substantial 2> fragment separation experiments.
losses of particles in the secondary beam. This configuration
is therefore totally unsuitable for beam-target interaction ex- IV. SUMMARY AND CONCLUSIONS

periments of this type. _ _ With the help of two-dimensional hydrodynamic simula-
Figure 8b) shows that if one uses a bigger beam radiusyjong it has been shown in this paper that bunch compression
the expansion is slower compared to the previous case. HoWs essential for achieving a high beam-target coupling in ion-
ever, Fig. 9 shows that still the expansion is rapid enougtheam-matter interaction experiments. These experiments in-
and att =200 ns the fraction of escape energy becomes abowude creation of heavy-ion-beam generated plasmas as well
80%, which may not be tolerable for the fragment separatoras studies of fragmentation of the projectile ions while pass-
These results show that even a single bunch with such a lonigg through solid matter. We considered a pulse that consists
duration is highly unsuitable for achieving a high beam-of five identical parabolic bunches of uranium 1 GeWns
target coupling. with equal separation between two neighboring bunches.
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1.00

e Beam Radius (FWHM) = 0.5 mm
== Beam Radius (FWHM) = 1.0 mm

Fraction of lon Energy Escaping

0.0 10.0 20.0 300 40.0 50.0
Time (ns)

FIG. 11. Fraction of ion energy escaping the target as a function
of time for the two cases presented in Figs(@@nd 1@b), respec-
tively.

sequently, the hydrodynamic expansion of the target is

slower in the latter case compared to the former. However,

despite this the energy deposited in both cases just by the
first bunch is large enough to cause considerable expansion.
By the time the second bunch starts, the density is so low

that there is hardly any interaction between the particles and
the target material. This shows that it is not a good idea to

use this type of beam configuration.

As an alternative, we have considered two cases using a
single bunch with pulse duration of 1000 and 50 ns, respec-
tively. Again we have allowed for a beam radit®VHM of
the Gaussianof 0.5 and 1.0 mm, respectively for each of the
above two cases. It is seen that the long pulse does not suit
our purpose and considerable expansion of the target mate-

times, assuming a parabolic power profile and a pulserial occurs during the early phase of the target irradiation.

length=50 ns, total number of 1 GeW/uranium particles in the

bunch is 1&%, using a beam radiuga) equal to 0.5 mm andb)
equal to 1.0 mm.

This results in a substantially reduced ion-target interaction
for the bulk of the ions.
The shorter pulse of 50 ns with a beam radius of 1.0 mm

has been found to be very suitable for the proposed plasma

Each bunch contains»210' ions and has a duration of 140 , ) .
ggysms as well as fragment separation experiments.

ns. The bunch separation is also 140 ns so that the total pul
length is 1260 ns. A solid lead cylinder was irradiated by this
beam and two different cases were considered for the beam
radius (FWHM of the Gaussian 0.5 and 1.0 mm, respec- The authors wish to thank Dr. N. Angert for suggesting
tively. In the former case, the specific-energy deposition ighis problem and the German Ministry of Research and De-
about 95 kJ/g and in the later case is 24 kJ/g along the targetlopment(BMBF) for providing financial support to carry
axis where the maxima of the Gaussian distribution lie. Coneout this work.
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