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Abstract

Extensive numerical simulations have been carried out to design a viable solid graphite wheel shaped production target for
the super conducting fragment separator experiments (Super-FRS) at the future Facility for Antiprotons and Ion Research
(FAIR) using an intense uranium beam. In this study, generation, propagation and decay of deviatoric stress waves induced
by the beam in the target, have been investigated. Maximum beam intensities that the target can tolerate using different
focal spot sizes that are determined by requirements of good isotope resolution and transmission of the secondary
beam through the fragment separator, have been calculated. It has been reported elsewhere that the tensile strength of
graphite significantly increases with temperature. To take advantage of this effect, calculations have also been done in
which the target is preheated to a higher temperature, that in practice can be achieved, for example, by irradiating the
target with a defocused ion beam before the experiments are performed. We report results of a few examples using an
initial temperature of 2000 K. This study has shown that employing such a configuration, one may use a solid graphite
production target even for the maximum intensity of the uranium beam (5 � 1011 ion per bunch) at the Super-FRS.

Keywords: Elastic plastic behavior; Fragment separator; FAIR; High energy density physics; Intense heavy ion beams;
Radioactive beams

1. INTRODUCTION

Over the past few years, extensive theoretical work has been
carried out to design a production target for the super
conducting fragment separator experiments (Super-FRS
(Geissel et al., 2003)) at the future Facility for Antiprotons
and Ion Research (FAIR (Henning, 2004)) at Darmstadt.
Solid graphite (Tahir et al., 2003b, 2005c, 2007d, 2008) as
well as liquid jet metal targets (Tahir et al., 2007e) have
been considered.

According to the design parameters, this new facility will
deliver high quality particle beams including uranium with
very high intensities. It is expected that in the case of
uranium, about 5 � 1011 particles per spill will be delivered,
whereas for light and medium heavy elements, the intensities
would be even higher. A wide range of particle energies
(400 MeV/u–2.7 GeV/u) will be available while the beam

is focused to a spot of 1 mm radius. Both, fast and slow extrac-
tion options will be available for the beam. In the former case,
the bunch length will be on the order of 50–100 ns, while in
the latter case, one will have a quasi-uniform beam power.
Unlike high energy density (HED) experiments (Tahir et al.,
1999, 2000a, 2000b, 2001a, 2001b, 2003a, 2005a, 2005b,
2005d, 2005e, 2006, 2007a, 2007b, 2007c; Piriz et al.,
2002, 2003, 2005, 2006, 2007a, 2007b, Temporal et al.,
2003, 2005; Lopez Cela et al., 2006; Hoffmann et al., 2005)
in which the target is destroyed in the experiment, the
Super-FRS production target should survive over an extended
period of time during the experimental campaign carried out at
a repletion rate of 1 Hz.

Previous theoretical investigations have shown (Tahir
et al., 2003b, 2005c, 2008) that due to the huge instantaneous
power deposition by fast extracted beams (up to 100 GW in
case of full intensity of a high-Z beam) at FAIR, a solid
Super-FRS production target will always be destroyed in a
single experiment, unless one uses a large focal spot to
reduce the specific power deposition to an acceptable level.
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Since the focal spot size is restricted by issues of trans-
mission of the secondary beam through the fragment separa-
tor and isotope resolution, it is not possible to increase the
focal spot arbitrarily. A delicate balance is required among
various parameters in order to satisfy these conflicting
requirements simultaneously.

Two important parameters determine whether a solid pro-
duction target will survive or be destroyed in a single exper-
iment. First, the temperature should remain well below the
melting or sublimation temperature of the target material.
Second, the deviatoric stresses induced by the beam in the
target should be low enough compared to the tensile strength
of the material so that the Von Mises criterion is satisfied that
means that the Von Mises parameter, M, is always less than
1. In such a case, the material remains in an elastic regime
and no permanent damage is inflicted to the target.

Solid graphite is a very attractive material as it has a very
high sublimation temperature of 3925 K and has already
been tested and used at other facilities for construction of pro-
duction targets (Heidenreich, 2002) for continuous beams.
However, such target concept has never been employed in
practice for very high intensity fast extracted beams like
the ones at the Super-FRS. Due to the technical challenges
involved in construction and operation of a liquid metal jet
target, it is highly desirable to develop a solid target for the
full intensity of the uranium beam at FAIR. Since Super-
FRS experiments will be carried out at a repetition rate of
1 Hz, it is necessary to remove heat from the target efficiently
to avoid accumulation of the deposited energy that will even-
tually lead to target destruction after multiple irradiations. It
has been proposed to use a wheel shaped graphite target that
is rotated at a suitable frequency so that the same part of the
target is not exposed to the beam consecutively, and by the
time this part is again irradiated by the projectile particles,
it is substantially cooled due to thermal conduction and radi-
ation losses. Detailed numerical simulations of such a
scheme have been reported previously (Tahir et al., 2005c),

which have shown that this concept can be employed suc-
cessfully in case of a solid graphite Super-FRS target.

In a recent study (Tahir et al., 2008), we investigated the
problem of beam induced deviatoric stresses in a solid graph-
ite cylindrical target that is irradiated along the axis. A very
important outcome of this study is that circular geometry is
much more superior to elliptic shape of the spot as the
former generates minimum pressure gradients compared to
the latter. As a consequence, the stress level generated in a
target irradiated with a perfectly circular focal spot is signifi-
cantly less than that produced by an elliptic focal spot for the
same specific energy. In the present paper, we present two-
dimensional (2D) numerical simulations of thermodynamic
and hydrodynamic behavior of a solid graphite wheel that
is irradiated with a uranium beam. The main purpose of
this work is to investigate if it would be possible to design
a configuration in which a solid target can be used for the
full intensity of the uranium beam. This study has shown
that it is possible to use a solid graphite production target
with the full intensity of the uranium beam at FAIR, provided
certain conditions regarding the beam and the target par-
ameters are fulfilled.

In Section 2, we discuss the problem of beam transmission
and isotope resolution while different cases of beam-target
configuration used in this study are described in Section 3.
Numerical simulations are presented in Section 4, whereas
conclusions drawn from this work are noted in Section 5.

2. INFLUENCE OF SPOT SIZE ON ISOTOPE
TRANSMISSION AND RESOLUTION

The pulsed fragment beam shall be injected into the collector
ring (CR) storage ring after being separated in the
Super-FRS. This means the ions must not only be transmitted
through the Super-FRS but must also fulfill the criterion for
stable motion over millions of turns in the CR. This limits the
shape of the accepted transverse phase space to an exact

Fig. 1. (a) Dependence of the transmission into the CR on the spot size in the x and y-direction varied independently. While one parameter
was changed the other one was kept constant at sx ¼ 4 mm or sy ¼ 6 mm, respectively; (b) Nuclides with neutron number (n) and proton
number (Z ) remaining after separation in the Super-FRS set for 132Sn, black for a small beam spot of 1 � 2 mm and gray for a larger spot
of 4 � 6 mm (sigma). The intensity is proportional to the box size. The total number of ions increased by a factor of 2.2.
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ellipse with an area of 200 p mm mrad in horizontal (x) and
vertical direction ( y). It also causes an additional limit on the
longitudinal momentum acceptance of Dp/p ¼+1.75%.
The numbers can vary depending on the CR setting but
these are the present values in the mode foreseen for stochas-
tic cooling of radioactive ion beams (Dolinskii et al., 2004).

From the enlarged phase space area it becomes clear that the
transmission must become worse when enlarging the beam
spot. However, the initial spot size is not the only contribution
to the final emittance of the beam at the exit of the Super-FRS or
entrance to the CR. Angular and energy-loss straggling in the
degraders used to obtain the separation of different elements
due to different energy loss contributes as well and are indepen-
dent of the initial spot size. In addition, image aberrations also
broaden the beam at the exit. The relative importance of these
contributions becomes less for a wider beam spot. Therefore,
small variations of the spot size does not enter directly pro-
portional in the emittance at the exit of the Super-FRS. Only
for larger spots, the emittance becomes proportional to the
initial spot size and so do the losses in transmission.

To determine the transmission, the fragment 132Sn pro-
duced from fission of 238U was simulated in a Monte-Carlo
simulation using the MOCADI code (Iwasa et al., 1997).
The primary beam had an energy of 1500 MeV/u and the

Fig. 2. (Color online) Beam-target geometry.

Fig. 3. N ¼ 1011 uranium ions per bunch, particle energy ¼ 1 GeV/u, t ¼ 50 ns, circular focal spot with Gaussian transverse intensity
distribution, s ¼ 4 mm, initial target temperature ¼ 300 K, yield strength ¼ 70 MPa: (a) temperature along spot radius at t ¼ 50 ns;
(b) pressure along spot radius at t ¼ 50 ns; (c) Von Mises Parameter at three different times (maximum value at t ¼ 2000 ns).
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fragments were slowed down in the target and the degraders
to 740 MeV/u. This provides also enough degrader thick-
ness for reasonable separation. A cut in the size of the CR
acceptance was put on the distribution of the ions at the
exit of he Super-FRS and the number of ions counted. The
result is shown in Figure 1a as a function of the spot size
on the target. The transmission into the CR for a small spot

of sx¼ 1 mm � sy ¼ 2 mm would be 34%. With the spot
increased to sx ¼ 4 mm and sy ¼ 6 mm, still half of this
value can be achieved, even though the area was increased
by a factor of 12. Compared to a similar older calculation
(Tahir et al., 2005c) the optics of the Super-FRS was adjusted
for the enlarged spot in the y-direction. This helps to avoid
losses in the Super-FRS.

Fig. 4. (Color online) Spreading of pressure waves from the beam heated region; (a) t ¼ 5 ms, Pmax ¼ 55 MPa; (b) t ¼ 15 ms, Pmax ¼

53.4 MPa; (c) t ¼ 60 ms, Pmax ¼ 44 MPa; (d) t ¼ 80 ms, Pmax ¼ 41 MPa; (e) t ¼ 100 ms, Pmax ¼ 40 MPa; (f) t ¼ 120 ms, Pmax ¼

39 MPa, for the case presented in Figure 1.
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A larger spot at the beginning is imaged on a larger spot at
the horizontal exit slit of the separator where the separation is
done. But it is influenced only very little by the increase in
the y-direction. The cut by this final corresponds to one
band of nuclei on the 2D chart of nuclides. At the energy
mentioned, it corresponds roughly to a line between isotopes
of one element and an isobaric chain, as shown in Figure 1b.
With larger spot size the width of this band is increased to not
only one nuclide but up to four. In any case, even with the
smallest spot size, it will not be possible to select only one
single nuclide alone by the Super-FRS due to the nuclides
in opposite direction.

To separate the remaining contaminants, the CR can be
used as a radio frequency (RF)-mass filter. The process of sto-
chastic cooling itself already causes a selection by the
mass-to-charge ratio with a resolution of about 1023

(Nolden et al., 2000). An even better resolution could be
achieved after the beam is cooled. However, ions of very
similar mass to charge ratio can cause problems, these
should be filtered out by the Super-FRS. This means the com-
bination of Super-FRS and CR can provide good separation
even for large beam spots, but the area of nuclides must not
become so large that ions with very similar mass-to-charge

ratio are transmitted. This condition defines a limit for the
x-spot size at the target, but it does not define the size
exactly. What exactly the next critical contaminant may be,
also depends on the ratio of the two integers charge (q) and
mass number (A). However, with a resolution of better than
1023, only ratios of A/q ¼ 2 or A/q ¼ 2.5 seem critical.

3. BEAM-TARGET PARAMETERS AND FURTHER
DISCUSSION OF THE PROBLEM

In a fast extraction scheme, the projectile energy is practically
deposited instantaneously (on a time scale of 50–100 ns) in
the target that generates thermal pressure. The pressure gradi-
ent leads to hydrodynamic motion that generates deviatoric
stresses in the material. If the level of these induced stresses
is not low enough compared to the material yield strength,
permanent damage is inflicted on to the target that in case
of a brittle material like graphite, could result in target
break up. Data on material properties of graphite provided
by SGL (Private communication) shows that the tensile
strength in range of our interest, significantly increases with
temperature. It will therefore be advantageous to preheat the
target by a defocused beam to a high temperature before the

Fig. 5. N ¼ 6 � 1010 uranium ions per bunch, particle energy ¼ 1 GeV/u, t ¼ 50 ns, circular focal spot with Gaussian transverse inten-
sity distribution, s ¼ 3 mm, initial target temperature ¼ 300 K, yield strength ¼ 70 MPa: (a) temperature along spot radius at t ¼ 50 ns;
(b) pressure along spot radius at t ¼ 50 ns; (c) Von Mises Parameter at three different times (maximum value at t ¼ 1500 ns).
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actual experiments are performed. We therefore, have con-
sidered some cases in which an initial temperature of
2000 K has been assumed. In this section, we present the
target and beam parameters that have been used in this study.

3.1. Target Initial Conditions

We consider a wheel shaped solid graphite target that has an
inner radius, R1 ¼ 13.5 cm and an outer radius, R2 ¼

22.5 cm. The target thickness is about 3 g/cm2 (1.35 cm)
that means the target mass is about 3 kg. The initial beam-
target geometry is shown in Figure 2. The target is made of
compressed powdered graphite with a density of 2.28 g/cm3

and the SESAME equation-of-state data (Kerley, 2001) is
used in the calculations.

In Super-FRS experiments, the target will be rotated and
the beam will irradiate the target along a circle with
radius ¼ 18 cm. However, in the present work, we are
mainly interested to study the development, propagation,
and damping of the deviatoric stress waves generated in a
single experiment in this particular target geometry. Data
on material properties of graphite provided by SGL (2006)
shows that the tensile strength in range of our interest, signifi-
cantly increases with temperature. It will therefore be

advantageous to preheat the target by a defocused beam to
a high temperature before the actual experiments are per-
formed. We therefore, have considered some cases in
which an initial temperature of 2000 K has been assumed.

3.2. Beam Parameters

The beam comprises of uranium ions with a particle energy
of 1 GeV/u that are delivered in a single bunch with a dur-
ation of 50 ns and the transverse intensity distribution in
the focal spot is assumed to be Gaussian. We have optimized
particle intensities that could be used for different focal spot
sizes of practical importance from the point of view of
isotope resolution and secondary beam transmission, as dis-
cussed in Sec. 2.

3.2.1. Beam Parameters for an Initially Cold Target

In the following, we present beam parameters for the cases in
which the target is initially assumed to be at room tempera-
ture but the region that is irradiated by the beam (focal
spot area) in a single experiment is heated to a temperature
of about 600 K. Under these conditions, the tensile strength
of graphite is on the order of 70 MPa (SGL, Private
communication).

Fig. 6. N ¼ 2 � 1010 uranium ions per bunch, particle energy ¼ 1 GeV/u, t ¼ 50 ns, circular focal spot with Gaussian transverse inten-
sity distribution, s ¼ 2 mm, initial target temperature ¼ 300 K, yield strength ¼ 70 MPa : (a) temperature along spot radius at t ¼ 50 ns;
(b) pressure along spot radius at t ¼ 50 ns; (c) Von Mises Parameter at three different times (maximum value at t ¼ 1000 ns).
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Case I: circular focal spot with s 5 4 mm. In view of the
discussion presented in Section 2, this is the upper limit on
the focal spot size in x-direction for acceptable isotope
resolution.
Case II: circular focal spot with s 5 3 mm.
Case III: circular focal spot with s 5 2 mm.

3.2.2. Beam Parameters for an Initially Heated Target

According to the data of material properties of graphite pro-
vided in SGL (Private communication), the yield strength of
graphite in the temperature range of 1800–2000 K is about
100 MPa. Therefore, if the target is heated to within this
range of temperature before performing fast extraction exper-
iments, the target will tolerate a higher beam intensity. To
heat the target to a temperature of 2000 K, one needs a
specific energy deposition of about 2.95 kJ/g that means
9.1 MJ energy is needed to uniformly heat the entire target
to 2000 K. Total energy in the beam with full uranium inten-
sity of 5 � 1011 ions per bunch, is 19 kJ. About 25% beam
energy is absorbed in the target that implies that in every
experimental shot, about 4.75 kJ energy is deposited in the
production target. This requires that the target should be pre-
radiated at least 2200 times by a defocused beam to achieve

uniform heating to this temperature. With a repetition rate of
1 Hz, this means the target should be heated for about 40 s. It
is however, to be noted that during the heating process, a frac-
tion of the deposited power will be lost due to radiation emis-
sion and in practice, one would require a higher number of
preheat shots. A self consistent detailed study of this
problem is intended for future works.

In the present study, assuming that the target is preheated to
2000 K, we have carried out simulations using different focal
spot parameters given below. The main purpose of this study
is to determine a configuration that can be used for the
highest intensity of the uranium beam, namely, 5 � 1011

ions per bunch.
Case IV: circular focal spot with s 5 4 mm.
Case V: elliptic focal spot withsX 5 4 mm andsY 5 6 mm.
Case VI: elliptic focal spot with sX 5 4 mm and sY 5
8 mm.
Case VII: elliptic focal spot with sX 5 4 mm and sY 5
11 mm.

It is to be noted that recommended operating target
temperature (Heidenreich, 2002) taking into account a toler-
able sublimation rate of about 10 mg g21 year21, is about
1800 K. One can therefore consider an initial target

Fig. 7. N ¼ 2 � 1011 uranium ions per bunch, particle energy ¼ 1 GeV/u, t ¼ 50 ns, circular focal spot with Gaussian transverse inten-
sity distribution, s ¼ 4 mm, initial target temperature ¼ 2000 K, yield strength ¼ 100 MPa: (a) temperature along spot radius at t ¼ 50 ns;
(b) pressure along spot radius at t ¼ 50 ns; (c) Von Mises Parameter at three different times (maximum value at t ¼ 1900 ns).
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temperature of 1800 K without suffering much reduction in
the yield strength.

4. NUMERICAL SIMULATION RESULTS

In this section, we present simulation results of different
cases noted in Section 3 that have been obtained using a
2D hydrodynamic computer code, BIG2 (Fortov et al.,
1996). This is based on a Godunov type scheme and it
includes energy deposition by projectile ions while equation
of state data is either used from a semi-empirical model
(Bushman et al., 1993; Lomonosov, 2007; Lomonosov &
Tahir, 2008) or from the SESAME data bank (Kerley,
2001). Since the range of 1 GeV/u uranium particles is
longer than the thickness of the target, energy deposition is
fairly uniform along the particle trajectory. This means that
the problem initially is 2D and therefore use of the BIG2
code is valid for all the cases reported in this paper. We
note that on longer time scale, the surface temperature will
reduce due to radiation losses and a temperature gradient
will be generated in longitudinal direction. This will lead
to a pressure gradient, however this will be less steeper

than the gradient in the radial direction. Therefore, if the
target survives the deviatoric stresses generated by the
pressure gradient in radial direction, it will also survive
those generated in longitudinal direction.

4.1. Simulation Results Using an Initially Cold Target

In the following, we present simulation results of different
cases described in Section 3.2.1 that assume an initial
target temperature of 300 K (room temperature).

Case I: circular focal spot with s 5 4 mm. The beam-
target geometry at t ¼ 50 ns (when the beam has just
delivered its energy) is shown in Figure 2. Beam is vertically
incident onto the target and the temperature as well as the
pressure increases in the beam heated region. The focal
spot has a circular shape with s ¼ 4 mm and simulations
have shown that the target can tolerate a maximum beam
intensity of up to 1011 ions per spill.

In Figures 3a and 3b, we plot the temperature and pressure
along radius of the hot spot, respectively. Gaussian nature of
the beam intensity in transverse direction is reflected in these
figures. It is seen that a maximum temperature of about

Fig. 8. N ¼ 3 � 1011 uranium ions per bunch, particle energy ¼ 1 GeV/u, t ¼ 50 ns, elliptic focal spot with Gaussian transverse inten-
sity distribution, sX ¼ 4 mm, sY ¼ 6 mm, initial target temperature ¼ 2000 K, yield strength ¼ 100 MPa: (a) temperature along spot
radius at t ¼ 50 ns; (b) pressure along spot radius at t ¼ 50 ns; (c) Von Mises Parameter in the x-direction; (d) Von Mises Parameter
in the y-direction at three different times (maximum value at t ¼ 2350 ns).
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550 K and a maximum pressure on the order of 200 MPa is
produced at the center of the Gaussian. The pressure gradient
generates hydrodynamic motion that leads to shear and
deviatoric stress in the material. The material retains its orig-
inal properties if it remains in elastic regime despite these
stresses that requires that the Von Mises parameter, M is
less than 1. In Figure 3c, is plotted the Von Mises parameter
along the radius of the hot zone at three different times. It is
seen that a maximum value of M of about 0.8 is achieved at
t ¼ 2 ms that decreases to about 0.5 at 5 ms due to spreading
out of the pressure and stress waves from the central hot
region. This is seen in Figures 4a–4f where we plot pressure
isolines in the target at different times.

Figure 4a shows that at t ¼ 5 ms, the maximum pressure
has been reduced to about 55 MPa from an initial value of
about 200 MPa and the focal spot area has become signifi-
cantly larger compared to that in Figure 2 at t ¼ 50 ns.
Figure 4b is plotted at t ¼ 15 ms that shows the reflection of
the pressure wave from the target boundary along y-direction
and spreading out of pressure in x-direction. The maximum
pressure at the center of the hot spot is now on the order of
53 MPa. Subsequent figures show time evolution of pressure

along the target and multiple reflection of the pressure waves
from the boundary. Figure 5f shows that at t ¼ 120 ms, the
pressure waves have propagated through the entire target
and the maximum pressure has been substantially reduced
in the beam heated region. A similar behavior has been
observed for the deviatoric stress waves. One can therefore
conclude that within 1 s, before the target is irradiated the
second time, the deviatoric stress induced by the previous
experimental shot will be damped out and the target material
would retain its original state.

Case II: circular focal spot with s 5 3 mm.
Simulations have shown that one can use a maximum
beam intensity of up to 6 � 1010 ions per spill in this
case. The temperature and the pressure profiles at t ¼ 50 ns
are plotted in Figures 5a and 5b, respectively. It is seen
that the maximum temperature is 550 K whereas the
maximum pressure is about 200 MPa. The Von Mises par-
ameter, M, along the radius of the hot zone at three different
times is shown in Figure 5c. It is seen that at t ¼ 1.5 ms, a
maximum value of M on the order of 0.9 is achieved that
reduces to 0.6 at t ¼ 5 ms that indicates that the target will
survive in this experiment.

Fig. 9. N ¼ 4 � 1011 uranium ions per bunch, particle energy ¼ 1 GeV/u, t ¼ 50 ns, elliptic focal spot with Gaussian transverse inten-
sity distribution, sX ¼ 4 mm, sY ¼ 8 mm, initial target temperature ¼ 2000 K, yield strength ¼ 100 MPa: (a) temperature along spot
radius at t ¼ 50 ns; (b) pressure along spot radius at t ¼ 50 ns; (c) Von Mises Parameter in the x-direction; (d) Von Mises Parameter
in the y-direction at three different times (maximum value at t ¼ 2350 ns).
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Case III: circular focal spot with s 5 2 mm. According
to our simulations, with this spot size, the target can tolerate
up to 2 � 1010 ions per spill. Temperature and pressure pro-
files at t ¼ 50 ns are shown in Figures 6a and 6b, respectively
while the Von Mises parameter at three different times is
plotted in Figure 6c. This parameter achieves a maximum
value of 0.8 at t ¼ 1 ms that shows that the target will
survive in this experiment.

4.2. Simulation Results Using a Preheated Target

In the following cases, the production target is heated to an
initial temperature of 2000 K and the yield strength is con-
sidered to be 100 MPa.

Case IV: circular focal spot with s 5 4 mm. Simulations
have shown that the target can tolerate a beam intensity of up
to 2 � 1011 ions per spill with this focal spot size. This is seen
from Figure 7c which shows the Von Mises parameter in the
beam heated region at three different times with a maximum
value of about 0.6 at t ¼ 1.9 ms. The temperature and pressure
profiles at t ¼ 50 ns are plotted in Figures 7a and 7b,
respectively.

Since according to analysis presented in Section 2, the
maximum value of s along the x-direction should not exceed
4 mm, one needs to consider an elliptic focal spot with larger
values of sY to increase the focal spot area as given below.

Case V: elliptic focal spot with sX 5 4 mm and sY 5
6 mm. The focal spot area is 50% larger than in case IV.
Since the ellipticity is not very large, the deviatoric stress
generated in the target is close to that produced by a circular
spot. Therefore one can use a higher beam intensity in the
same proportion as increase in the beam spot area in the
two cases. Simulations have confirmed that the target will
tolerate 3 � 1011 ions per spill for these conditions.

Figures 8a and 8b show temperature and pressure profiles
along the x and y directions at t ¼ 50 ns. It is seen that the
temperature increases from the initial value of 2000 K to
2250 K at the center of the hot zone while the corresponding
maximum pressure is 225 MPa. It is to be noted that when the
target is preheated to 2000 K, the material expands until a
low equilibrium pressure is achieved. From the equation of
state model one finds that the density corresponding to
these equilibrium conditions is 2.167 g/cm3 compared to
2.28 g/cm3 at room temperature.

Fig. 10. N ¼ 5 � 1011 uranium ions per bunch, particle energy ¼ 1 GeV/u, t ¼ 50 ns, elliptic focal spot with Gaussian transverse inten-
sity distribution, sX ¼ 4 mm, sY ¼ 11 mm, initial target temperature ¼ 2000 K, yield strength ¼ 100 MPa: (a) temperature along spot
radius at t ¼ 50 ns; (b) pressure along spot radius at t ¼ 50 ns; (c) Von Mises Parameter in the x-direction; (d) Von Mises Parameter
in the y-direction at three different times (maximum value at t ¼ 2500 ns).
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Figure 8c shows the Von Mises parameter in hot zone at
three different times along the x-direction. It is seen that a
maximum value of about 0.7 is achieved at t ¼ 2.35 ms
that decreases to 0.5 at t ¼ 5 ms. It is interesting to note
that due to steeper pressure gradient in the x-direction, the
effect of stronger hydrodynamic motion spreading outwards
is seen in all three curves (formation of two smaller peaks on
both sides of the main peak is to be noted).

Figure 8d presents plots of the Von Mises parameter at the
same three time points as Figure 8c, but along the y-direction.
It is seen that due to the weaker pressure gradient in this
direction, the spread of the deviatoric stress waves is
slower, and the typical two peak structure starts to develop
at t ¼ 5 ms.

Case VI: elliptic focal spot with sX 5 4 mm and sY 5
8 mm. Simulations have shown that one can use up to
N ¼ 4 � 1011 ions per spill with these beam parameters.
Temperature and pressure profiles along the x and y-direction
at t ¼ 50 ns are plotted in Figures 9a and 9b, respectively.
Profiles of the Von Mises parameter along the x and y-direction
at three different times are given in Figures 9c and 9d,
respectively. These profiles show a behavior similar to the
corresponding profiles in case V.

Case VII: elliptic focal spot with sX 5 4 mm and sY 5
11 mm. This case has been designed for the highest uranium
beam intensity of 5 � 1011. Simulations have shown that one
must use a large focal spot area with sX ¼ 4 mm and sY ¼

11 mm. Due to larger ellipticity of the focal spot geometry,
the linear relationship between the focal spot area and the
beam intensity does not work. Temperature and pressure pro-
files in the hot zone along the x and y-direction are plotted in
Figures 10a and 10b, respectively while the profiles of Von
Mises parameter at three different times along the x and
y-direction are plotted in Figures 10c and 10d, respectively.
Elliptic nature of the spatial beam intensity profile is reflected
in these profiles.

5. CONCLUSIONS

Two-dimensional numerical simulations have been carried
out to design a viable solid graphite target for the Super-
FRS fast extraction scheme that can be used over an extended
period of time. Maximum values of beam intensity, N, that
the target will tolerate for different sizes of the focal spot
that are fixed by considerations of good isotope resolution
and acceptable level of secondary beam transmission,
have been determined. It has been found that one can use
N ¼ 2 � 1010, 6 � 1010, and 1011 for focal spot sizes with
s ¼ 2, 3, and 4 mm, respectively. In these calculations, the
target initially is assumed to be at room temperature
whereas the region irradiated by the focal spot is heated to
about 600 K by the beam and correspondingly a yield
strength of 70 MPa is considered in these simulations.

Since the yield strength increases to about 100 MPa in the
temperature range of 1800–2000 K, simulations have also
been carried out assuming a target preheated to a temperature

of 2000 K. These simulations have shown that one may use a
beam intensity of 2 � 1011 for a focal spot with s ¼ 4 mm.
However for higher intensities, one needs to use an elliptic
focal spot which has sX ¼ 4 mm and a larger value of sY.
It has been found that one may can use beam intensities of
3 � 1011, 4 � 1011, and 5 � 1011 uranium ions per spill for
sY ¼ 6, 8, and 11 mm, respectively.
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