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In this paper we present numerical simulations of heating of a solid copper cylinder by the 440 GeV
proton beam delivered by the Super Proton Synchrotron (SPS) at CERN. The beam is made of 288 proton
bunches while each bunch comprises of 1.15-10'! so that the total number of protons in the beam is
about 1.3-10'3. The bunch length is 0.5 ns while two neighboring bunches are separated by 25 ns so that
the beam duration is 7.2 ps. Particle intensity distribution in the transverse direction is a Gaussian and
the beam can be focused to a spot size with ¢ = 0.1 mm—1.0 mm. In this paper we present results using
two values of ¢, namely 0.2 mm and 0.5 mm, respectively. The target length is 1.5 m with a radius = 5 cm
and is facially irradiated by the beam. The energy deposition code FLUKA and the two-dimensional
hydrodynamic code BIG2 are employed using a suitable iteration time to simulate the hydrodynamic
and the thermodynamic response of the target. The primary purpose of this work was to design fixed
target experiments for the machine protection studies at the HiRadMat (High Radiation Materials)
facility at CERN. However this work has shown that large samples of High Energy Density (HED) matter
will be generated in such experiments which suggests an additional application of this facility. In the
present paper we emphasize the possibility of doing HED physics experiments at the HiRadMat in the

future.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Due to their high efficiency and high repetition rate, ion beam
drivers are a very attractive tool for inertial confinement fusion
studies [1—10] as well as for the generation of High Energy Density
(HED) matter in the laboratory [11—33]. It is to be noted that the
Large Hadron Collider (LHC) at CERN is the most powerful accel-
erator in the world. The main purpose of this impressive machine is
to research particle physics. However, extensive theoretical work
based on sophisticated numerical simulations has been carried out
over the past decade to study the damage caused by the full impact
of one LHC beam on solid targets of different materials including
copper and graphite [18,19,34,35]. These studies have shown that
the range of the 7 TeV LHC protons is substantially increased in the
target due to the so called “hydrodynamic tunneling” phenomenon.

* Corresponding author. Tel.: +49 6159 71 2293; Fax: +49 6159 71 2992.
E-mail address: n.tahir@gsi.de (N.A. Tahir).
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For example, in solid graphite, the protons and the shower can
penetrate up to 25 m where as their range in a static approximation
is about 4 m. Similar calculations have also been reported else-
where [36]. Although, this work was done primarily within the
framework of the machine protection system studies, and a very
interesting outcome of this work was that the impact of the LHC
protons on solid targets can generate huge samples of HED matter.
This has been recognized as an additional, very important appli-
cation of the LHC [19].

It is always desirable to have experimental verification of nu-
merical simulations in order to be sure about the validity of the
theoretical predictions. However it is not possible in case of the
LHC. To overcome this problem, an experimental facility named
HiRadMat (High Radiation Materials) has been established at CERN
to conduct beam—target interaction experiments using the
440 GeV proton beam from the Super Proton Synchrotron (SPS).
Detailed simulations of design studies of such experiments have
systematically been done over the past years and are reported
elsewhere [34,37—39]. Recently, experiments have been carried out
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at the HiRadMat facility using solid copper cylindrical targets to
study the “hydrodynamic tunneling” phenomenon in case of the
SPS protons. First analysis of these results indicates an agreement
with the simulations [40]. However, to establish the correct degree
of accuracy of the simulations in a quantitative manner, one has to
wait until the detailed analysis of the experiments has been com-
pleted. The outcome of these studies will be published accordingly.
In the present paper, we discuss the HED physics aspects of the
most recent theoretical work, highlighting the possibility of doing
HED physics experiments at the HiRadMat facility.

In Section 2 we describe the HiRadMat facility including the
beam and the target parameters. The simulation results are pre-
sented in Section 3 while the conclusions drawn from this work are
noted in Section 4.

2. HiRadMat test facility and the Super Proton Synchrotron

The Super Proton Synchrotron (SPS) is used as LHC injector, but
also to accelerate and extract protons and ions (such as lead and
other ion species) for fixed target experiments and for producing
neutrinos (CNGS). In particular the risks during the fast extraction
of LHC and CNGS beams must be considered since any failure
during this process can lead to serious equipment damage.

The SPS accelerator is 6.9 km long (circumference) and accel-
erates protons from 14 GeV/c or 26 GeV/c to a momentum of up to
450 GeV/c. It is a cycling machine with cycles having a length of
about 15 s. The transverse beam size is largest at injection and
decreases with the square root of the beam energy during accel-
eration. For the operation as a synchrotron, the beam size is typi-
cally of the order of 1 mm.

When the SPS operates as LHC injector, up to 288 bunches are
accelerated, each bunch with about 1.15-10'" protons (nominal
parameters). The bunch length is 0.5 ns and two neighboring
bunches are separated by 25 ns so that the duration of the entire
beam is 7.2 ps. The normalized emittance is 3.75-10~% m. Assuming
a beta function of 100 m, the beam size is 0.88 mm. When the SPS
was used as proton—antiproton collider, the luminosity was
maximized by minimizing the beta function to 0.5 m. Assuming this
value, the beam size would be as small as 0.06 mm.

The HiRadMat facility is dedicated to beam shock impact ex-
periments. It is designed to allow testing of accelerator compo-
nents, in particular those for LHC, to the impact of high-intensity
pulsed beams. It has been constructed and commissioned during
2010—2011 [41—43]. Beam properties are shown in Table 1. It will
provide a 440 GeV proton beam or a 36.9 TeV lead ion beam. For
protons, the beam can allocate up to 288 bunches, each comprising
of up to 1.7-10"! particles. The focal size can go down to 0.1 mm
drms, thus providing a very dense beam (energy/size). The size can
be tuned from 0.1 mm to 2 mm. The experimental area has a length
of more than 9 m that allows up to three experiments to be
installed in parallel.

Table 1

HiRadMat beam properties.
Parameter Symbol Protons Pb ions
Particle energy E 440 GeV 36.9 TeV
Bunch intensity Ny 1.7-10" 7-107
Max. number of bunches per Nmax 288 52

pulse
Max. pulse intensity Np = imax-Np 4.9-10'3 3.64-10°
protons ions

Bunch spacing Aty 25 ns 100 ns
Min. beam size (rms) Obeam 0.1 mm 0.1 mm
RMS bunch length 7, 11.24 cm 11.24 cm
Pulse length tp 7.2 us 52 us

The primary purpose of the experiments suggested in this paper
is to validate the existence of hydrodynamic tunneling that results
from the hydrodynamic effects and to gain confidence with the
methodology and simulation tools used. At later stages, other areas
of research, for example, Warm Dense Matter (WDM) and HED
physics may also benefit from this unique facility.

3. Simulations results

In this section we present the numerical simulations of the
thermodynamic and hydrodynamic response of a solid copper
cylindrical target that is facially impacted by the full SPS beam.
The target length is 1.5 m and radius = 5 cm. Two focal spot sizes
have been considered that are characterized by ¢ = 0.5 mm and
0.2 mm, respectively. These calculations have been done in two
steps.

First, the energy deposition in the target from protons is cal-
culated using the FLUKA code [44,45], assuming solid copper
density (8.93 g/cm?). This is a fully integrated particle physics and
multi-purpose MonteCarlo simulation package capable of simu-
lating all components of the particle cascades in matter up to TeV
energies. FLUKA has many applications in high energy exper-
imental physics and engineering, shielding, detector and telescope
design, cosmic ray studies, dosimetry, medical physics and radio-
biology as well as allows to simulate the interaction of beams
with matter over a very wide energy range. The most relevant
energy range for these applications being:

— Hadron and ion beams from as low as a few MeV/u up to
10,000 TeV/u

— Neutrons down to thermal energies

— Electromagnetic radiation from 1 keV up to 10,000 TeV

— Muons up to 10,000 TeV

Neutron transport and interactions below 20 MeV are treated
using a coupled 72 neutron group — 22 gamma group library.
Above 20 MeV for neutrons, and at all energies for the other
particles, the time evolution of nuclear interactions in the models
embedded in FLUKA is organized according to the following
scheme:

— Glauber—Gribov cascade (not present below a few GeVs)

— (Generalized) Intranuclear cascade (GINC not present below
50 MeV)

— Pre-equilibrium emission

— Evaporation/fission/fragmentation

— Gamma de-excitation

Individual hadron—nucleon interactions, which are relevant as
soon as the threshold for explicit GINC is passed, are described
according to:

— Elastic and charge exchange scattering according to phase-shift
analyses (up to few GeVs) and to eikonal models at higher
energies

— Particle production according to resonance production and
decay up to a few GeVs, and according to a quark-string model
(DPM, Dual Parton Model) at higher energies

More details about the applied models and their performances
as well as a vast amount of benchmarking can be found in Refs.
[44,45]. It is to be noted that the models used in FLUKA also
include nuclear size correction to the stopping power at very high
energies.
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Fig. 1. Specific energy deposition per proton calculated by FLUKA code, proton energy 440 GeV, beam spot ¢ = 0.5 mm, copper target, radius = 5 cm, length = 1.5 m; (a) for solid
density; (b) for the BIG2 density distribution at ¢t = 4 ps and (c) for the BIG2 density distribution at t = 6 ps.

Second, this energy deposition data is used as input to a so-
phisticated two-dimensional hydrodynamic code, BIG2 [46] to
calculate the beam—target interaction that causes hydrodynamic
motion which leads to density reduction at the target center.

Multi-phase, multi-component semi-empirical Equation of
State (EOS) data from Refs. [47,48] is used in BIG2 to model different
physical states of copper in the calculations. The modified density
distribution obtained from the BIG2 code is used back in the FLUKA
code to calculate the corresponding modified energy deposition
distribution for bunches arriving later. This new distribution is then

dE/dx (GeV/[g-proton])

used in the BIG2 code as the next step. In this manner, the two
codes a run iteratively. The iteration interval is determined by the
time during which the target density is reduced by 15—20% due to
hydrodynamic effects.

3.1. Energy deposition calculations using FLUKA code
In the following are presented the energy deposition results that

are obtained using the FLUKA code assuming two different focal
spot sizes for the beam.
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Fig. 2. Specific energy deposition per proton calculated by FLUKA code, proton energy 440 GeV, beam spot ¢ = 0.2 mm, copper target, radius = 5 cm, length = 1.5 m; (a) for solid
density; (b) for the BIG2 density distribution at ¢t = 2.5 pus and (c) for the BIG2 density distribution at t = 5 ps.
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3.1.1. Case with ¢ = 0.5 mm

In this case aniteration step of 1 pis is used for interactive application
of FLUKA and BIG2. In Fig. 1(a) we present the energy deposition per
440 GeV proton in units GeV/g as calculated by FLUKA assuming solid
material density. This data shows that the range of the shower is about
75 cm in the target and the peak value of the distribution is around
2.1 GeV/p/g. The FLUKA calculations also suggest that approximately
36% beam energy escapes while 64% is absorbed in the target.

Fig. 1(b) presents the energy deposition obtained with the
FLUKA code, but using the density distribution provided by BIG2 at
t = 4 ps (fourth iteration). The energy deposition distribution has
been modified with slight broadening of the energy peak.

The energy deposition plotted in Fig. 1(c) has been calculated by
FLUKA using the density distribution obtained from BIG2 at t = 6 us
(sixth iteration). This figure shows that the energy peak has moved
deeper into the target and the value of the energy peak has been
reduced to 1.4 GeV/p/g.
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3.1.2. Case with ¢ = 0.2 mm

A stronger beam focusing leads to higher specific energy dep-
osition in the beam heated region that accelerates the hydrody-
namic motion which requires that a shorter iteration step should be
used. Therefore, in this case, we consider an iteration step of 500 ns
for interactive application of FLUKA and BIG2.

In Fig. 2(a) we present the energy deposition per SPS proton in
units GeV/g as calculated by FLUKA assuming solid material den-
sity. This figure shows that the range of the shower is about 90 cm
in the target and the peak value of the distribution is around
4.0 GeV/p/g.

Fig. 2(b) presents the energy deposition obtained with the
FLUKA code, but using the density distribution provided by BIG2 at
t = 2.5 ps (fifth iteration). The energy deposition distribution has
been strongly modified with substantial broadening of the energy
peak. Moreover the maximum value of the peak has been reduced
to 2 GeV/p/g.
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Fig. 3. Solid copper cylindrical target, L = 1.5 m, r = 5 cm, facially irradiated by 440 GeV SPS proton beam, 288 bunches, bunch intensity = 1.15-10"! protons, bunch length = 0.5 ns,
bunch separation = 25 ns; (a) specific energy distribution at t = 7.2 ps (end of pulse) for ¢ = 0.5 mm; (b) specific energy distribution at t = 7.2 ps (end of pulse) for ¢ = 0.2 mm; (c)
temperature distribution at t = 7.2 ps (end of pulse) for ¢ = 0.5 mm; (d) temperature distribution at t = 7.2 ps (end of pulse) for ¢ = 0.2 mm.
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The energy deposition plotted in Fig. 2(c) has been calculated
by FLUKA using the density distribution obtained from BIG2 at
t = 5 us (tenth iteration). This figure shows that the energy dep-
osition has now two peaks. The main peak has moved much
deeper into the target while the smaller peak lies at the beginning
of the cylinder with a very low deposition region in between. This
is due to the strong reduction in the target density in this middle
region.

3.2. Hydrodynamic calculations using BIG2 code

In this section we present the hydrodynamic results obtained by
using the BIG2 code for the two values of g, respectively.

In Fig. 3(a) and (b), we present the specific energy deposition in
the r—Z plane of the target at t = 7.2 us (end of the beam) for
¢ = 0.5 mm and 0.2 mm, respectively. It is seen that the maximum
specific energy deposition along the target axis is of the order of
7 kJ/g in both cases, but the shape of the distribution is very dif-
ferent. In the former case, the beam heated region is wider in the
radial direction and shorter in the longitudinal direction as
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compared to the latter. This is in accordance with the geometrical
conditions used in the two cases.

The corresponding temperature distributions are presented in
Fig. 3(c) and (d), respectively. It is seen that in both cases the
maximum target temperature at the end of the pulse is of the order
of 10,000 K. This means that this part of the target will be severely
damaged.

The pressure distributions corresponding to Fig. 4(a) and (b) are
presented in Fig. 4(a) and (b), respectively. A maximum pressure of
2.28 GPa exists in the target at the end of the pulse (7.2 us). The
radial propagation of the pressure waves is also clearly seen in the
two cases. It is also to be noted that by this time, the pressure wave
has reached at the target surface in case of ¢ = 0.5 mm because of
the larger size of the focal spot. In case of ¢ = 0.2 mm, on the other
hand, the pressure wave has still not arrived at the cylinder surface,
but has reached the opposite face of the cylinder due to the deeper
penetration of the protons.

The target density distributions corresponding to the cases
presented in Fig. 3(a) and (b) are shown in Fig. 4(c) and (d)
respectively. It is seen in Fig. 4(c) that the minimum density along
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Fig. 4. Same target and beam parameters as in Fig. 3; (a) pressure distribution at t = 7.2 us (end of pulse) for ¢ = 0.5 mm; (b) pressure distribution at t = 7.2 us (end of pulse) for
¢ = 0.2 mm; (c) density distribution at t = 7.2 us (end of pulse) for ¢ = 0.5 mm; (d) density distribution at t = 7.2 ps (end of pulse) for ¢ = 0.2 mm.
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the target axis using ¢ = 0.5 mm is 1.18 g/cm’ while Fig. 4(d) shows
that in the case of ¢ = 0.2 mm, the minimum target density is
0.44 g/cm®. It is well known that the physical conditions at the
inner part of the target correspond to those of strongly coupled
plasmas. Such plasmas are abundant in nature and are expected to
be found in compact objects like brown dwarfs and Giant planets in
our solar system and elsewhere.

In order to study this problem in a quantitative manner, we
present the profiles of the specific energy deposition along the
target axis at different times in Fig. 5(a) and (b) for ¢ = 0.5 mm
and 0.2 mm, respectively. It is seen in Fig. 5(a) that the maximum
value of the specific energy deposition at t = 1 ps is about 1.5 k]/g
that increases to 4 k]/g at t = 3 us. This value increases to 6 k]/g at
t = 5 us and to about 7 kJ/g at t = 7.2 ps (end of the pulse). This
shows that the specific energy density does not linearly increase
with the number of bunches which can be explained in a simple
manner. As the pressure in the absorption region increases,
pressure waves are generated that move radially outwards and the
density at the central part of the target is depleted. As a con-
sequence, the subsequent bunches penetrate deeper into the tar-
get and the volume of the beam heated region increases with time
which leads to the reduction in the rate of increase in the energy
deposition. These effects are much more pronounced in Fig. 5(b)
that corresponds to that case ¢ = 0.2 mm.

The temperature profiles corresponding to Fig. 5(a) and (b) are
presented in Fig. 5(c) and (d) respectively. It is seen that the tem-
perature profiles show the same behavior as the corresponding
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specific energy deposition profiles. It is seen that there is a flat part
in every temperature cure in the two figures that represents the
melting of the target. It is also interesting to note that this melting
front moves in the longitudinal direction with time as the protons
penetrate deeper into the target due to the hydrodynamic tunnel-
ing phenomenon.

The pressure profiles for the cases ¢ = 0.5 mm and 0.2 mm are
presented in Fig. 6(a) and (b), respectively. It is interesting to note
that unlike the temperature profiles, the behavior of the pressure
profiles is opposite to that of the specific energy deposition profiles.
It is seen in Fig. 6(a) that at t = 1 ps, the maximum pressure along
the target axis is about 4.5 GPa that decreases significantly with
time. This is due to the reduction in the target density in the beam
heated region. Moreover the radially out-moving pressure waves
shift the pressure peak away from the target center along the
radius. These pressure waves are reflected at the target surface.

Fig. 6(b) shows that the pressure peak moves in the longitu-
dinal direction as well. This is because of the faster and deeper
hydrodynamic tunneling of the protons and the shower in this
case.

The density profiles along the target axis at different times
corresponding to the cases ¢ = 0.5 mm and 0.2 mm, are presented
in Fig. 6(c) and (d) respectively. It is seen the density depletion front
moves towards the right with constant speeds in both cases. At the
end of the pulse a large part of the target in the beam heated region
is converted to a high density (few % of the solid density) and low
temperature strongly coupled plasma.
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Fig. 5. Profiles of physical parameters along the cylinder axis at different times; (a) specific energy deposition for ¢ = 0.5 mm; (b) specific energy deposition for ¢ = 0.2 mm; (c)

temperature for ¢ = 0.5 mm; (d) temperature for ¢ = 0.2 mm.
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Fig. 6. Profiles of physical parameters along the cylinder axis at different times; (a) pressure for ¢ = 0.5 mm; (b) pressure for ¢ = 0.2 mm; (c) density for ¢ = 0.5 mm; (d) density for

¢ =02 mm.

4. Conclusions

The HiRadMat at CERN is a unique experimental facility where
an intense proton beam is available for beam—target heating ex-
periments. Numerical simulations presented in this paper show
that the SPS beam has great potential to generate large samples of
HED matter including the WDM and strongly coupled plasmas.
Particle beams have numerous advantages over traditional drivers
that are used to produce HED matter in the laboratory. It is there-
fore highly desirable to study this venerable area of research at this
facility. Specific experiments to study different problems related to
the HED physics are currently being designed and may be carried
out at the HiRadMat facility in the future.
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