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Abstract

Damage caused by full impact of one LHC beam on solid
copper has been previously studied using two-dimensional
hydrodynamic computer simulations [1, 2]. In the present
paper we report numerical simulations that have been done
to assess the damage caused to collimator materials due to
impact of full SPS beam that comprises of 288 bunches of
450 GeV/c protons. This study considers atungsten cylin-
drical target which has length of 50 cm and radius of 5 cm
that is facialy irradiated by the beam with two different
focal spot sizes determined by o = 0.088 and 0.88 mm, re-
spectively. These simulations have shown that the target
will be completely destroyed in both cases..

INTRODUCTION

The Super Proton Synchrotron, SPSis used as LHC in-
jector, but also to accelerate and extract protons and ions
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 egquipment
damage.

The SPS accelerator is 6.9 km long (circumference) and
accelerates protons from 14 GeV/c or 26 GeV/c to a mo-
mentum of up to 450 GeV/c. It is a cycling machine with
cycles having alength of about 10 s. The transverse beam
Size is largest at injection and decreases with the square
root of the beam energy during acceleration. For the op-
eration as a synchrotron, the beam size is typically of the
order to 1 mm.

When the SPS operates as LHC injector, up to 288
bunches are accel erated, each bunch with about 1.1 x 10!
protons. The bunch length is 0.5 ns and two neighbor-
ing bunches are separated by 25 ns so that the duration of
the entire beam is about 7 ps. The normalized emittance
is 3.75 x 10~%m. Assuming a beta function of 100 m,
the beam size (o of the Gaussian intensity distribution) 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 about 0.06 mm. We have carried out simulations
considering three cases using o = 0.088 mm, 0.28 mm and
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0.88 mm respectively.

Although the energy stored in the SPS beam is less than
1 % of the LHC beam energy at 7 TeV/c, it still is suf-
ficient to cause considerable damage in case of a failure.
To assess the damage level caused by such an accident,
limited experiments on target irradiation by the SPS beam
have been done in a beam transfer line between the SPS
and the LHC / CNGS target [3, 4]. This will not be pos-
sible in the years to come, whereas such studies will be
required on regular basis. For this reason, a facility for
tests with extreme thermo-mechanical shocks, named Hi-
RadMat, is being constructed as part of the phased imple-
mentation for LHC collimators[5]. It will allow sending of
several MJ energy beam in us pulses to a dedicated target
station that will be constructed. The main use of this facil-
ity will beto test the consequences of beam impact on beam
absorbers, collimators and other objects, which is manda-
tory for the design of such devicesto beinstalled in LHC
and other future accelerator facilities like FAIR, at Darm-
stadt [6]. These experiments therefore will be very useful
to validate simulations that have been previously done to
estimate damage caused by an LHC beam in case of an ac-
cident [1, 2]. In addition to that, other areas of research in-
cluding material sciences and High Energy Density (HED)
states in matter will also benefit from these experiments.
In this paper we present numerical simulations of hydro-
dynamic and thermodynamic response of a solid tungsten
target that has been irradiated with full SPS beam. These
simulations have shown that the target will be completely
destroyed generating large samples of HED matter.

PROTON ENERGY DEPOSITION IN
MATTER

It is well known that energetic heavy ions deposit their
energy in the target as a result of Coulomb collisions,
mainly with the target electrons [8, 9]. The 7 TeV pro-
tons, on the other hand, when incident on matter, will gen-
erate particle cascades in all directions and one needs to
calculate the energy deposited by all these different parti-
clesin the target. For this purpose we have used the well
known particleinteraction and transport Monte Carlo code,
FLUKA [10, 11]. This code is capable of calculating all
components of particle cascades in matter from TeV en-
ergies down to that of the thermal neutrons. The energy
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deposition profile calculated by the FLUKA code is used
as input to the BIG-2 code. The target geometry for the
FLUKA simulationsis considered to be a cylinder of solid
tungsten that is 50 cm long and has 1 cm radius.

In Fig. 1 we plot the specific energy deposition along
the beam axis (r = 0) by a single bunch that consists of
1.1 x 10'! protons, assuming three different values of o
of the Gaussian transverse intensity distribution, namely,
0.088 mm, 0.28 mm and 0.88 mm respectively. The foca
spot sizes corresponding to these values are within the typi-
cal operational limits of the SPS proton antiproton collider.
It is seen that amaximum specific energy of about 0.38 kJ/g
isdeposited at L = 10 cm.

Fig. 2 shows corresponding specific energy deposition
profilesalongtarget radiusat L =10 cm (point of maximum
energy deposition)

450 GeV protons on solid tungsten
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Figure 1: Specific energy deposition by a single bunch
aong beam axis (r = 0), using three different focal spot
Sizes.
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Figure 2: Specific energy deposition by a single bunch
along radius at L = 5 cm (the point of maximum deposi-
tion), using three different focal spot sizes.
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SIMULATION RESULTS

In this section we present numerical simulation results
of thermodynamic and hydrodynamic behavior of a solid
tungsten cylindrical target with radius =5 cm and length =
50 cm that has been facialy irradiated by the SPS proton
beam. These simulations have been carried out using atwo-
dimensional hydrodynamic computer code, BIG-2[7]. The
beam focal spot in these calculations correspondsto ao =
0.088 mm.
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Figure 3: Beam incident from left-to-right: temperature on
length—radius plane at t = 7200 ns, solid tungsten cylin-
drical target facially irradiated by 450 GeV/c SPS proton
bunches, target length = 50 cm, target radius =5 cm, Gaus-
sian intensity distribution in transverse direction with o
= 0.088 mm, 288 bunches with each bunch composed of
1.1 x 10" protons, bunch length = 0.5 ns, bunch separa-
tion = 25 ns (any significant temperature variation is local-
ized to beam heated region so only theinner 1 cmradiusis
shown in thisfigure).
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Figure 4: Pressure distribution corresponding to Fig. 3

(Propagation of shock wave generated by thermal pressure
isclearly seen).
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Figure 3 shows the temperature distribution in the tar-
get at the end of the pulse when all 288 bunches have
been delivered. It is seen that a maximum temperature of
2.6 x 10° K has been generated in the target that means
that the target material will be in a plasma state in this re-
gion.

The high temperaturein thetarget givesriseto high pres-
sure that generates shock waves in the material. A maxi-
mum pressure of about 32 GPa is generated at t = 200 ns
(when only 8 bunches have been delivered) which launches
a shock wave in radial direction. Figure 4 shows the pres-
sure distribution in the target at t = 7200 ns. It is seen that
by thistime, the shock front has arrived at aradial position
of 3cm.
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Figure 5: Density distribution corresponding to Fig. 3
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Figure 6: Target physical state correspondingto Fig. 3.

Figure 5 shows the density distribution in the target at
the end of the pulse. It is seen that the density along the
target axis has been substantially reduced and islessthan 1
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% of the solid tungsten density. This is because the shock
wave moves material outward in radial direction that leads
to a continuous reduction in the density. It has been seenin
the simulationsthat the density decreases significantly after
1000 ns that means that the protons that will be delivered
in subsequent bunches will penetrate deeper in the target.
This”tunneling” effect will haveimportant implicationson
design of beam bump and sacrificial beam stoppers.

We note that target heating is a localized effect as elec-
tron heat conduction is not so effective on this time scale.
We therefore only show inner 1 cm radius of the target for
temperaturedistributionin Fig. 3. Pressure propagation, on
the other hand, is not localized to the beam interaction re-
gion and therefore we show the target behavior within the
full radius of 5cm.

In Fig. 6 we show the target physical state at the end
of the proton pulse at t = 7200 ns. It is seen that within
inner 2 mm radius, a strongly coupled plasma state exists
that is followed by an expanded hot liquid. The melting
front is al so seen propagating outwards. The physical states
have been calculated using a sophisticated semi-empirical
Equation-of-state (EOS) model described elsewhere [12].
These simulations clearly show that an SPS proton beamis
capable of destroying solid targets that leads to generation
of interesting HED statesin matter. 1t will therefore be pos-
sible to perform dedicated HED experiments at the future
HiRadMat facility at CERN.

Simulations with o = 0.28 mm and 0.88 mm have shown
that the target will be destroyed in these two cases as well.
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