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Abstract

Calculations of the impact of dense high intensity proton
beams into material has been presented in several papers
[1, 2, 3]. This paper presents the plans for an experiment
to validate the theoretical results. The experiment will be
performed at the High Radiation to Materials (HiRadMat)
facility at the CERN-SPS. The HiRadMat facility is dedi-
cated to shock beam impact experiments. It allows testing
of accelerator components, in particular those of LHC, to
the impact of high-intensity pulsed beams. This facility
will allow to study High Energy Density physics as the en-
ergy density will be high enough to create strongly coupled
plasma in the core of high-Z materials (copper, tungsten)
and to produce strong enough pressure waves to create a
density depletion channel along the beam axis (tunneling
effect) [4, 5]. The paper introduces the layout of the ex-
periment and the instrumentation to detect tunneling of pro-
tons through the target as well as the expected results based
on simulations.

INTRODUCTION

The Large Hadron Collider and future linear colliders
deal with very high energy stored in the beams (several
hundred MJoules for LHC) or very high power (for lin-
ear colliders). Beam sizes are small, for the LHC down
to 10μm, for linear colliders below one μm. It is impor-
tant to understand the damage potential of such high energy
density beams to accelerator equipment. Simulations have
shown that the full LHC beam impacting on a copper target
can penetrate up to 35m [3] as compared to about 140cm
that is the penetration length for a particle shower by 7TeV
protons as calculated with FLUKA. When working with
high energy densities, hydro-dynamic processes leading to
a depletion of material in the target must be taken into ac-
count. For the calculation, a hybrid approach combining
FLUKA [6] and BIG-2 [7] is proposed.

The HiRadMat [8] facility will allow to experimentally
validate the simulation we have been carrying out. The ex-
periment aims to demonstrate the density depletion effect
along the beam path.

HIRADMAT FACILITY

The HiRadMat facility is dedicated to beam shock im-
pact experiments. The facility has been constructed re-

Table 1: HiRadMat Beam Properties
Parameter Symbol Protons Ions

Particle Energy E 440GeV 36.9TeV

Bunch Intensity Nb 1.7 · 1011 7 · 107
Max. number nmax 288 52
of bunches
per pulse

Max. pulse Np = nmax·Nb 4.9·1013 3.64·109
intensity protons ions

Bunch spacing Δtb 25ns 100ns

Min. beam size (rms) σbeam 0.1mm 0.1mm

RMS bunch σz 11.24cm 11.24cm
length

Pulse length tp 7.2μs 5.2μs

cently and now it is at the last commissioning stage (high
intensity beam commissioning) [9]. Beam properties are
shown in table 1. It will provide a 440GeV/proton proton
beam or a 36.9TeV/ion ion beam. The 440GeV proton
beam will have a focal size down to 0.1mm, thus provid-
ing a very dense beam (energy/size), the size can be tuned
ranging from 0.1mm to 2mm.

HIRADMAT EXPERIMENT

A previous damage experiment [10], in the SPS TT40
extraction line has shown the damage potential of the SPS
beam. It helped validating simulation results which pro-
tection systems rely on. As an example, the intensity of a
beam that is below damage threshold in case of fast beam
loss was derived.

Simulations

Currently, new simulations show that for beam-matter
interactions with bunch trains longer than 500ns, with
SPS-beam type, a new process plays a major role, the
hydrodynamic motion of matter. The energy density de-
posited in the target is sufficient to melt and vaporize cop-
per, but also to create a radial pressure wave that transports
matter from the target’s core outwards.

AN EXPERIMENT AT HiRadMat: IRRADIATION OF HIGH-Z MATERIALS 
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The simulations presented in this paper with FLUKA
and BIG2 assume a cylinder of solid copper with a radius of
5cm and a length of 150cm. The energy deposition is ob-
tained using a realistic two dimensional beam distribution,
a Gaussian beam (same size in both planes, horizontal and
vertical, either with rms = 0.1mm or rms = 0.5mm) that
was incident perpendicular to the front face of the cylinder.
As previously introduced, simulations have shown that the
LHC beam can penetrate up to 35m in copper and up to
25m in graphite [11].

Figure 1 and figure 2 show the density of the target after
different number of bunches hit the target, for the case of
0.5mm sigma beam and 0.1mm sigma beam. In both cases
the depletion channel grows longitudinally with time. For
the 0.1mm sigma beam the depletion effect is stronger than
for the 0.5mm, thus the channel grows faster.
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Figure 1: Density profiles along the longitudinal axis for
0.5mm sigma beam.
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Figure 2: Density profiles along the longitudinal axis for
0.1mm sigma beam.

The penetration range of the beam is defined as the
length of material damaged by the beam. The damaged
area is calculated as the region of the target with a density
below the melting point density. The density as a function
of time for both profiles (0.5mm and 0.1mm) exhibit a

logarithmic behavior. The asymptote represents the maxi-
mum possible penetration range of the beam in the mate-
rial solely by density depletion processes. This point corre-
sponds to an equilibrium state where the beam energy den-
sity is not sufficient to sustain the depletion process. On a
larger time scale other thermodynamic processes like ther-
mal conduction will further modify the target.
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Figure 3: Penetration speed as a function of time.

Experiment

The main motivation for the HiRadMat experiment is to
validate these results. The objective of the experiment is to
produce the extreme conditions that lead to tunneling, and
to measure the evolution of this process.

The target consist of three copper cylinders of 200cm
length and 4cm radius, placed side by side. The radius is
slightly different from the radius in the simulation, but this
does not change the tunneling. Each cylinder is divided into
twenty blocks of 10cm length, separated by 1cm. Figures 4
and 5 show the experiment’s front view and the details of
the target. For safety reasons, the target is enclosed in an
aluminum case. It is being discussed how to seal the front
and back side of the case, either by a Boron Nitride window
(1cm diameter), or leave it open.

Figure 4: Experiment front view.
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Figure 5: Copper blocks details.

The whole setup is mounted on a movable table with two
degrees of freedom.

First, several low intensity single bunches (far below
damage threshold) will be directed on the target to cali-
brate the detectors. Then trains of bunches will complete
the calibration. Finally, high intensity shots (above damage
threshold) will be directed to each copper target. Differ-
ent total intensities will be used and different penetration
lengths are expected.

Detectors and sensors

The tunneling of beam into the target will be detected
using radiation hard diamond detectors with nanosecond
resolution and a large dynamic range. The detectors are
placed along the longitudinal axis at about 45cm distance
from the target.

The signal is proportional to the energy deposited in
the detector (13eV/e − h), proportional to the fluence
of particles. Particle fluences around the target change
with the tunneling of beam into the target. Each detec-
tor has an area of 0.5cm × 0.5cm with an effective thick-
ness of 300μm. The expected average fluence is around
1012particles/cm2. The output signal can be measure
without amplification with an oscilloscope.

Other ideas for sensors are being discussed, for exam-
ple temperature sensors attached to each block. The steady
state temperature of each block is determined by the pene-
tration of the beam. The temperature profile of a whole tar-
get would be measured and compared to simulations, to get
an independent estimation of the penetration range. Fig-
ures 6 shows the temperature profile along the beam axis
as a function of time for the case of 0.5mm sigma beam.

After being irradiated, the target will be visually in-
spected when the activation decays and reaches an accept-
able level. As each target is divided into twenty individual
blocks, it is possible to identify up to which block the target
has been melted (penetration range).

X-ray analysis can show changes in the structure of cop-
per even after if it solidifies. This will show the region of
the target damaged by the beam and so the final penetration
range can be precisely measured.
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Figure 6: Temperature profile for 0.5mm sigma beam.

CONCLUSIONS

Simulations of beam impact on high-Z materials like
copper have shown the appearance of a low density chan-
nels that leads to further beam penetration for subsequent
bunches. The experiment presented in this paper is ex-
pected to detect such tunneling process. This will allow
a validation of the simulations that were performed for the
experiment. This is required to gain confidence in the sim-
ulation tools that have been developed since several years
with a variety of beam parameters and materials for SPS
and LHC. This is relevant for the assessment of beam in-
duced damage in the LHC if ever a major failure of the pro-
tection systems should occur and will be taken into account
in the design of beam absorbers.
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