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Abstract

Survival of the production target in successive experiments (with a repetition rate of 1 Hz) over an extended period of time
is one of the key problems encountered in designing the Super-FRS (Superconducting Fragment Separator) at the future
Facility forAntiprotons and Ion Research (FAIR). Because of the difficulties involved in construction of a liquid jet metal
target, it is highly desirable to employ a solid production target at the Super-FRS. However, with the high beam intensities
that will be available at the FAIR, the production target may be destroyed in a single experiment due to high specific energy
deposition by the beam in the target material. The level of specific energy deposition can be reduced to an acceptable value
by increasing the beam focal spot area. However, the spot size is limited by requirements of achieving good isotope
resolution and sufficient transmission of the secondary beam through the system. The resolving power of the fragment
separator is inversely proportional to the X-dimension of the focal spot whereas the transmission depends on
Y-dimension only. It has been previously shown [Tahir et al., 2005c] that an elliptic focal spot with appropriate
dimensions, will fulfill the above two conditions simultaneously and will also have a large enough area to reduce the
specific energy deposition to an acceptable level for certain beam intensities of interest. In this paper we present
numerical simulations of thermodynamic and hydrodynamic behavior of a solid graphite target that is irradiated by
1 GeV/u uranium beam in the intensity range of 1010 –1011 ions per bunch with a bunch length ¼ 50 ns. These
simulations have been carried out using a three-dimensional computer code, PIC3D, that includes elastic-plastic effects.
This theoretical work has shown that up to a beam intensity of 1011 ions/bunch, one can employ a solid target while
for higher intensities the target will be destroyed due to thermal stresses induced by the beam. It has also been found
that a circular focal spot leads to minimum thermal stresses as it generates minimum pressure gradients compared to an
elliptic focal spot, for the same specific energy deposition. Moreover, the stress level increases with an increase in the
ellipticity of the focal spot. It is therefore recommended that one should use a circular focal spot for lower intensities
provided that the criteria for isotope resolution and transmission are fulfilled.

Keywords: High Energy Density Physics; Elastic Plastic Behavior; Radioactive Beams; Fragment Separator; Intense
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1. INTRODUCTION

Construction of a superconducting fragment separator
(Super-FRS) (Geissel et al., 2003) at the future facility for
antiprotons and ion research (FAIR) (Henning, 2004) is
one of the most important parts of this international project
that will be used for production and separation of exotic

radioactive isotopes. The production target is a central part
of the fragment separator system, which should survive
during these experiments carried out at a repetition rate of
1 Hz, over an extended period of time. However, due to the
high beam intensity that will be available at the FAIR,
designing a viable target that fulfills the above requirements
is a difficult problem and is addressed this article.

It is expected that this new facility will deliver high quality
heavy ion beams including uranium with very high intensi-
ties of about 5 � 1011 particles/spill. A wide range of
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particle energies (400 MeV/u 2 2.7 GeV/u) will be avail-
able while the beam could be focused to a spot of 1 mm
radius. Both fast and slow extraction 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. Availability of such
high intensity beams will also enable scientists to perform
experiments in other fields of research including high-
energy-density (HED) physics (Tahir et al., 1999, 2000a,
2000b, 2001a, 2001b, 2003a, 2005a, 2005b, 2006, 2007a,
2007b; Piriz et al., 2002, 2003, 2005, 2006, 2007a, 2007b;
Temporal et al., 2003, 2005; Lopez Cela et al., 2006;
Hoffmann et al., 2005). Another huge accelerator facility
that is being built in Europe is the large hadron collider
(LHC) at CERN. Recently, theoretical studies were carried
out to investigate some of the safety issues related to this
impressive machine (Tahir et al., 2005d). An additional
very interesting outcome of this work was that the LHC
can be used to study HED physics (Tahir et al., 2005e).
Moreover, it has been shown that the 450 GeV/c proton
beam delivered by the super proton synchrotron (SPS) at
CERN, which will be used as injector to the LHC, also has
enough energy to induce HED states in matter (Tahir et al.,
2007c).

Previous theoretical investigations have shown that (Tahir
et al., 2003b, 2005c) due to huge instantaneous power depo-
sition by fast extracted beams (up to 100 GW in case of full
intensity of a high-Z beam) at FAIR, a solid Super-FRS pro-
duction target will always be destroyed in a single experiment.
It is therefore necessary to develop an alternate target concept,
for example, a liquid jet metal target (Nolen et al., 2003) for
the full intensity of the uranium beam. Detailed three-
dimensional (3D) numerical simulations of interaction of a
liquid jet lithium target with the uranium beam have recently
been carried out and reported elsewhere (Tahir et al., 2007d).
These simulations have been done using a 3D computer code,
PIC3D (Fortov et al., 2006). These results have provided very

useful information that will allow one to develop a viable
liquid metal target for the Super-FRS.

It has also been shown (Tahir et al., 2005c) that for mod-
erate beam intensities, the specific power deposition can be
reduced to an acceptable level by increasing the area of the
focal spot. In practice, however, it is not possible to increase
the focal spot size arbitrarily because of the resolution and
transmission issues of the secondary isotopes. It is to be
noted that the resolving power of the fragment separator is
inversely proportional to the dimensions of the focal spot
in horizontal direction (x-direction). Transmission of the
radioactive nuclides through the fragment separator, on the
other hand, depends only on the spot size in y-direction. It
is therefore possible to use an elliptic focal spot with appro-
priate dimensions that will fulfill the necessary conditions for
good resolution and reasonable transmission while at the
same time, it will have large enough area to minimize specific
energy deposition. Another very important problem in the
Super-FRS is the removal of heat from the target continu-
ously and efficiently. Otherwise accumulation of heat due
to successive experimental shots will eventually destroy the
targe. This problem has been studied in detail (Tahir et al.,
2005c) for a solid graphite target using numerical simu-
lations. It has been shown that if one employs a wheel
shaped solid target that is rotated at a suitable speed so that
the interval between successive times a specific part of the
target is irradiated, is substantially increased, that region
will cool due to thermal conduction and the temperature
increase can be controlled.

In the previous work, however, we did not study the
problem of thermal stresses induced by the beam in the
target material, which is an important issue for the target
stability and survival. This problem is discussed in the
present paper where we report simulations that have been
done using a 3D computer code that includes a model to
treat the elastic-plastic behavior of the material. This work
has shown that the solid target will survive the thermal

Fig. 1. (Color online) N ¼ 1010 ions/bunch, t ¼ 50 ns, elliptic focal spot with Gaussian transverse intensity distribution, sx ¼ 1.0 mm,
sy ¼ 2.0 mm (a) temperature versus x and y coordinates at t ¼ 50 ns; (b) pressure versus x and y coordinates at t ¼ 50 ns.
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Fig. 2. (Color online) Cross sectional view of target pressure at different times; (a) t ¼ 50 ns; (b) t ¼ 1 ms; (c) t ¼ 2 ms; (d) t ¼ 10 ms;
(e) t ¼ 18ms; (f) t ¼ 22 ms for the case presented in Fig. 1.
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stress for up to an intensity of 1011 uranium ions/spill. For
higher intensities, the target will be destroyed due to the
thermal stress.

In Section 2, we discuss the specific problems involved in
designing a solid target for the Super-FRS while the beam

and target parameters considered in this study are noted in
Section 3. The 3D computer code, PIC3D, used to do
target simulations, is described in Section 4. Numerical
simulation results are reported in Section 5, and the con-
clusions drawn from this work are presented in Section 6.

Fig. 3. (Color online) (a) xx-component of stress tensor; (b) yy-component of stress tensor; (c) xy-component of stress tensor, and
(d) von Mises parameter versus x-axis at different times for the case presented in Figure 1.

Fig. 4. (Color online) N ¼ 1010 ions/bunch, t ¼ 50 ns, circular focal spot with Gaussian transverse intensity distribution, s ¼ 1.3 mm;
(a) temperature versus x and y coordinates at t ¼ 50 ns; (b) pressure versus x and y coordinates at t ¼ 50 ns.
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2. PROBLEM DEFINITION

Survival of a solid production target in Super-FRS exper-
iments is dependent on two important parameters. First,
the temperature, which should remain safely below the
melting or sublimation temperature of the material.
Second, the thermal stresses induced by the beam should
always be less than the tensile strength of the material so
that the stress waves do not inflict permanent damage to
the material before being damped out. This means that the
target material should always remain in elastic regime
during the experiments.

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
those at the Super-FRS. Due to the technical challenges
involved in construction and operation of a liquid metal jet
target, it is desirable to use a solid graphite target during
the early and intermediate stages of the FAIR project when
the full beam intensity will not be available. 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 may eventually 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 con-
secutively and by the time this part is again irradiated by
the projectile particles, it is substantially cooled due to
thermal conduction. Detailed numerical simulations of such

Fig. 5. (Color online) (a) xx-component of stress tensor; (b) yy-component of stress tensor; (c) xy-component of stress tensor and
(d) von Mises parameter at t ¼ 1ms for the case presented in Figure 4.
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Fig. 6. (Color online) N ¼ 1010 ions/bunch, t ¼ 50 ns, elliptic focal spot with Gaussian transverse intensity distribution, sx ¼ 0.41 mm,
sy ¼ 4.1 mm (a) temperature versus x and y coordinates at t ¼ 50 ns; (b) pressure versus x and y coordinates at t ¼ 50 ns.

Fig. 7. (Color online) (a) xx-component of stress tensor; (b) yy-component of stress tensor; (c) xy-component of stress tensor, and
(d) von Mises parameter at t ¼ 1 ms for the case presented in Figure 6.
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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 fast extraction scheme, the beam energy is instan-
taneously deposited in the target as internal energy that
appears as thermal pressure. Since the energy distribution
is Gaussian, the pressure gradient leads to hydrodynamic
motion and shear that gives rise to stress in the material.
The magnitude of the induced stress depends on the
pressure gradient. It is important that the level of
induced stress remains below the yield strength of the
material so that the material remains in elastic regime
and the target is restored to its original state after every
time it is irradiated by the beam. In the present study,
we report calculations done to investigate the above
problem using a 3D computer code PIC3D (Fortov
et al., 2006) that includes an elastic-plastic model as
explained in Section 4.

It is also to be noted that in August 2007, experiments
were performed at the GSI plasma physics high temperature
experimental area (HHT) to study some of the material prop-
erties of graphite using the uranium beam that is available at
the existing heavy ion synchrotron, SIS18. Numerical simu-
lations of these experiments were also carried out and
reported elsewhere (Tahir et al., 2007e).

3. BEAM AND TARGET PARAMETERS

In this section, we provide beam and target parameters used
in the simulations carried out employing the code PIC3D.
We consider a uranium beam with a particle energy of
1 GeV/u having a bunch length, t ¼ 50 ns. Several cases
with different values of beam intensity, N, and different
focal spot geometries, and dimensions, have been used.
The transverse intensity distribution in the focal spot is
assumed to be Gaussian. The geometry and the dimensions
of the focal spot are chosen within the limits of achieving a

reasonable level of resolution and transmission of the sec-
ondary isotopes. That means in case of an elliptic focal
spot using sX � 2 mm and sY � 12 mm (Tahir et al.,
2005c). In order to study the effect of the focal spot geometry
on the target stability, we have also considered a circular
focal spot with an area equal to the elliptic focal spot for
one beam intensity. The target is a solid graphite cylindrical
disc with a thickness of 3 g/cm2 and a radius of 5 cm. The
beam is incident on one face of the target and since the
range of 1 GeV/u uranium particles is much larger than
the target length, the projectile particles loose a fraction
(30% in this case) of their energy in the target material and
emerge from the opposite face of the cylinder with reduced
energy. As the Bragg peak lies outside the target, energy
deposition is fairly uniform along the particle trajectory
and the problem becomes (2D). We therefore use 2D
version of the 3D code and perform the simulations along
the cylinder cross section in the middle of the target (half
length of the cylinder).

3.1. Case 1

N ¼ 1010 ions/spill.

3.1.1. Case 1a

Using an elliptic focal spot with sX ¼ 1 mm and sY ¼ 2 mm.

3.1.2. Case 1b

Using a circular focal spot with s ¼ 1.3 mm.

3.1.3. Case 1c

Using an elliptic focal spot with sX ¼ 0.41 mm and sY ¼

4.1 mm. The focal spot area in this case is the same as in
case Ib.

Fig. 8. (Color online) N ¼ 5 � 1010 ions/bunch, t ¼ 50 ns, elliptic focal spot with Gaussian transverse intensity distribution, sx ¼

1.2 mm, sy ¼ 12.0 mm (a) temperature versus x and y coordinates at t ¼ 50 ns; (b) pressure versus x and y coordinates at t ¼ 50 ns.
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Fig. 9. (Color online) Cross sectional view of target pressure at different times; (a) t ¼ 50 ns; (b) t ¼ 1 ms; (c) t ¼ 5 ms; (d) t ¼ 10 ms;
(e) t ¼ 18 ms; (f) t ¼ 22 ms for the case presented in Fig. 8.
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3.2. Case 2

N ¼ 5.0 � 1010 ions/spill assuming an elliptic focal spot
with sX ¼ 1.2 mm and sY ¼ 12 mm.

3.3. Case 3

N ¼ 1011 ions/spill assuming an elliptic focal spot with
sX ¼ 2 mm and sY ¼ 12 mm.

4. THREE-DIMENSIONAL COMPUTER CODE

The PIC3D computer code that has been employed to do
these simulations is based on a finite-size particle-in-cell
(PIC) method, which uses a two-stage Lagrange-Eulerian

approach. In the first Eulerian stage, an implicit con-
ditionally–stable (even at zero artificial viscosity) finite–
difference scheme is considered. The convective transport
of matter is simulated in the Lagrangian step by movement
of finite–size particles, which carry all the flow parameters
through the Eulerian cell boundaries. As a result, this
method leads to obtaining monotonic parameters profiles
and tracking of body interfaces in a self consistent manner
by the particles. Artificial viscosity is used to smooth
pressure profiles at shock front. For metal targets, a multi-
phase equation-of-state (Lomonosov, 2007) is used to model
different phases of matter in beam-target interaction studies.

To simulate elastic–plastic properties of solids, the ideal
plasticity model is used. That means Hook’s law comple-
mented with R. von Mises yield condition to describe the

Fig. 10. (Color online) (a) xx-component of stress tensor; (b) yy-component of stress tensor; (c) xy-component of stress tensor, and
(d) Mises criterion at t ¼ 1 ms for the case presented in Figure 8.
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elastic limit. To describe material behavior in elastic regime,
Prandtl-Reuss equation is used:

snþ1
ij ¼ sn

ij þ 2 � G � eij �
1
3
dijTrV̂

� �
, (1)

where sij is the deviatoric part of stress tensor, eij ¼ 1/2(@vi/
@xi
þ @vj/@xi

) is the components of strain tensor V̂ , dij is the
Kroneker delta, and G is the shear modulus.

To describe plastic regime of material deformation, von
Mises yield criterion with Wilkins normalizing procedure
is considered:

sij ¼

sij, J , 2
3 Y2

0

sij

ffiffi
2
3

q
Y0ffiffi
J
p , J . 2

3 Y2
0

8><
>: ,

where J ¼
P

i¼1
3 P

j¼1
3 sij

2, where Y0 is the yield strength. It is
convenient to use parameter M ¼ J(3/2Y0

2), which displays
the current flow regime. Material is in elastic state if M ,

1, and when M þ 1, plastification occurs.
The heavy ion beam energy deposition is handled by a par-

ticle tracking scheme. For the equation of state of carbon, we
use SESAME equation of state data (Kerley, 2001). In the
simulations, we use G ¼ 12 GPa and Y ¼ 65 MPa (SGL
Carbon, private communication).

5. NUMERICAL SIMULATION RESULTS

In this section, we present numerical simulation results
for the cases noted in Section 3. Since the problem is
2D, we have done simulations using 2D version of the
3D code in the cross sectional plane of the cylinder at
the center of the target (middle of the length). The
results are given below.

5.1. Case 1

In these calculations we assume N ¼ 1010 uranium ions
per spill.

5.1.1. Case 1a

An elliptic focal spot with sx ¼ 1 mm and sy ¼ 2 mm is con-
sidered. In Figures 1a and 1b, are plotted the target temperature
and pressure, respectively, at t ¼ 50 ns (at the end of the pulse)
versus x and y coordinates. It is seen that a maximum tempera-
ture of about 510 K and a maximum pressure of 160 MPa is
generated at the center of the Gaussian distribution. The elliptic
nature of the focal spot and the gradients of temperature and
pressure due to the Gaussian deposition distribution are also
reflected in these profiles.

The pressure gradient leads to hydrodynamic motion spread-
ing radially outward as is seen in Figures 2a–2f, which are
plotted at different times after irradiation. Figure 2a is plotted
at t ¼ 50 ns that shows 2D pressure distribution immediately
after the beam has delivered its total power. Figure 2b shows
propagation of the pressure waves from the central high
pressure region. It is seen that the pressure wave is more pro-
nounced along the x-axis due to a higher initial pressure gradi-
ent in this direction. It is also seen that the pressure decreases as
the wave spreads and negative pressure develops behind the
wave. Further propagation of the wave is shown in Figure 2c
which is plotted at t ¼ 2 ms. Figure 2d shows that the wave
has arrived at the target boundary at t ¼ 10 ms.The wave is
reflected at the boundary and Figure 2e shows the inward
propagation of the reflected wave at t ¼ 18 ms that arrives at
the center at t ¼ 22 ms, as shown in Figure 2f.

This hydrodynamic motion produces shear in the target
that generates deviatoric stress in the material. The stress
level should be kept to a minimum so that the von Mises cri-
terion described in Section 4 is not violated, namely, the par-
ameter, M is always less than one. In Figures 3a–3c we plot
respectively, the xx, yy, and xy component of deviatoric part

Fig. 11. (Color online) N ¼ 1011 ions/bunch, t ¼ 50 ns, elliptic focal spot with Gaussian transverse intensity distribution, sx ¼ 2.0 mm,
sy ¼ 12.0 mm (a) temperature versus x and y coordinates at t ¼ 50 ns; (b) pressure versus x and y coordinates at t ¼ 50 ns.
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Fig. 12. (Color online) Cross sectional view of target pressure at different times; (a) t ¼ 50 ns; (b) t ¼ 1 ms; (c) t ¼ 5 ms; (d) t ¼ 10 ms;
(e) t ¼ 18 ms; (f) t ¼ 22 ms for the case presented in Fig. 8.
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of the stress tensor while Figure 3d shows the value of the
von Mises parameter at different times after irradiation. It is
seen that for the above set of beam parameters, the target
will survive as the material will remain in the elastic regime.

5.1.2. Case 1b

It is also important to study the effect of focal spot geometry
on target stability. For this purpose, we consider a circular
focal spot with s ¼ 1.3 mm that is the minimum value for
which the material will remain elastic. The temperature and
pressure profiles at t ¼ 50 ns for this case are plotted in
Figures 4a and 4b, respectively. It is seen that one achieves
a maximum temperature of about 540 K and a pressure of
180 GPa. Different components of the stress tensor and the
von Mises parameter are presented in Figure 5. It is seen
that despite the fact that the pressure in this case is higher
than the previous one, the value of the von Mises parameter
is the same in both cases. This is due to the fact that a circular
focal spot generates less shear and hence less stress compared
to an elliptic focal spot. To further illustrate this effect quan-
titatively, we also carried out simulations using a focal spot
with a ratio of 10 between y and x dimensions while
keeping the same area as in the present case so that the
specific energy deposition is same in both cases. The
results are described below.

5.1.3. Case 1c

In this case, we consider sx ¼ 0.41 mm and sy ¼ 4.1 mm so
that the focal spot area is the same as in Case 1b. The temp-
erature and pressure profiles at t ¼ 50 ns are plotted in
Figures 6a and 6b, respectively. It is seen that the same
maximum values of temperature and pressure are achieved
as in Figures, 4a and 4b, respectively. However, the respect-
ive profiles have different distributions due to the different
shapes of the focal spot.

The xx, yy, and xy components of the stress tensor are pre-
sented in Figuers 7a–c, respectively while the von Mises par-
ameter is shown in Figures 7d at t ¼ 1 ms. It is seen that in this
case, the parameter M approaches the critical value of one at the
target center that means that the material in this region will be
plastified. The reason for this big difference in the results of
Cases 1b and 1c is as follows. The von Mises parameter
depends on the shear, which is generated by the pressure gradi-
ents. These gradients are minimum for a perfectly circular focal
spot and therefore a higher thermal pressure can be tolerated by
the material, whereas an elliptic focal spot (for the same
specific energy) produces higher gradients that translate into
higher shear stresses. This is clearly seen from a comparison
of Figures 5 and 7 where the different components of the
stress tensor and the von Mises parameter for the two geo-
metries of the focal spot are presented. It is therefore rec-
ommended that one should use a circular focal spot instead
of an elliptic one provided one can fulfill the conditions of
achieving good resolution and sufficient transmission. This is
feasible for moderate beam intensities.

5.2. Case 2

This case considers a beam intensity of 5.0 � 1010 uranium
ions/spill using an elliptic focal spot with sX ¼ 1.2 mm
and sY ¼ 12 mm. Figures 8a and 8b show the temperature
and the pressure profiles at the end of the pulse (t ¼ 50 ns).
It is seen that the maximum temperature of 450 K and a
maximum pressure of 117 MPa is generated at the center of
the Gaussian. Evolution of pressure in time is seen in
Figures 9a–9f. Propagation of the pressure wave from the
center toward the target boundary, reflection of the wave
from the outer boundary, and then arrival of the reflected
wave at the target axis is clearly seen. It is interesting to
see the stark difference between the wave propagation in
the present case and that in Case 1a where the ellipticity of
the focal spot is two that behaves almost like a circular spot.

The different components of the stress tensor and the
Mises parameter achieved at t ¼ 1 ms are plotted in Figures
10a–10d. It is seen that the von Mises parameter is about
0.7, which means that the target will survive this set of
beam parameters. It is interesting to note that the same
value of the von Mises parameter is achieve in case 1a for
a significantly higher value of initial thermal pressure
(160 MPa). This is because in case 1a, the ellipticity of the
focal spot is two whereas in the present case it is 10 that
leads to generation of much higher shear.

5.3. Case 3

In this case, we consider a beam intensity of 1011 uranium
ions/spill using an elliptic focal spot with sX ¼ 2 mm and
sY ¼ 12 mm. The corresponding temperature and the
pressure profiles are plotted in Figures 11a–11b, respect-
ively, which show a maximum temperature of 475 K and a
maximum pressure of 137 MPa. The evolution of the
pressure is presented in Figures 12a–12f, respectively. The
value of the von Mises parameter is 0.7. This again is due
to the fact that in this case, the ellipticity of the focal spot
is six, which is less than that in Case 2, and as a result the
target survives with a higher initial thermal pressure.

6. CONCLUSIONS

The problem of beam induced thermal stresses in a solid
graphite production target for the Super-FRS for a fast extrac-
tion scheme at the FAIR facility, has been thoroughly studied
using a 3D computer code, PIC3D. A wide range of intensity,
namely, 1010–1011 of 1 GeV/u uranium ions per spill has
been considered. The bunch length is 50 ns while the trans-
verse intensity distribution in the focal spot is assumed to
be Gaussian. In radioactive beam generation experiments,
resolution of the isotopes and transmission of the secondary
beam through the fragment separator are very important
problems. The resolving power of the fragment separator is
inversely proportional to the x-dimensions of the focal spot
and an acceptable value of sx ¼ 2.0 mm. The transmission,
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on the other hand, depends on the y-dimensions of the focal
spot and in case of the Super-FRS, one can have sy up to
12 mm. An elliptic focal spot can therefore be used that
will fulfill the above conditions while at the same time it
will lead to an acceptable level of energy deposition for up
to N ¼ 1011 uranium ions per spill so that the target is not
destroyed either by sublimation or by thermal stresses.
A solid target, however, will not work for higher beam inten-
sities using the above focal spot parameters and it is necess-
ary to develop an alternate target design like a liquid jet
target.

It has also been found that a circular focal spot is more
advantageous compared to an elliptic focal spot because
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 sig-
nificantly less than that produced by an elliptic focal spot
for the same specific energy. In addition to that, this effect
becomes more pronounced as the ellipticity of the focal
spot increases. It is therefore recommended that for moderate
beam intensities, one should use a circular focal spot as long
as one can achieve a good isotope resolution and a reasonable
level of transmission.
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