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Abstract
In the High Luminosity Large Hadron Collider (HL-LHC)

era, the intensity of the circulating bunches will increase to
2.2 × 1011 protons per bunch, almost twice the nominal LHC
value. Besides detailed studies of known and new failure
cases for HL-LHC, it is also required to investigate failures
beyond nominal design. A consequence of such failures can
be the impact of a large number of high-energy particles
in one location, resulting in a significantly increased dam-
age range due to an effect called hydrodynamic tunnelling.
This phenomenon is studied by coupling FLUKA, an energy
deposition code, and Autodyn, a hydrodynamic code.

This paper presents the simulated evolution of the de-
posited energy, density, temperature and pressure for the
impact of the HL-LHC beam on a graphite target. It then
computes the resulting tunnelling range and finally compares
the outcome with previous studies using LHC intensities.

INTRODUCTION
Complementary to the study of known and new failure

cases [1] for the High Luminosity Large Hadron Collider
(HL-LHC) [2], the consequences of failures beyond design
have to be assessed. A worst-case, beyond-design failure is
the impact of the entire beam at a single point. Successive
proton bunches impacting at one point on a target create
high pressure and temperature. This depletes the material
density along the beam path, allowing the particle showers
created by subsequent proton bunches to penetrate deeper
into the target. This results in an increased longitudinal
damage range for a beam of proton bunches when compared
to a single bunch of the same energy. The phenomenon
is known as hydrodynamic tunnelling [3–5] and has been
studied extensively for the LHC [6–10].

In the HL-LHC era, the bunch intensity at the start of colli-
sion will increase to 2.2 × 1011 protons per bunch [2], almost
twice the nominal LHC intensity of 1.15 × 1011 protons per
bunch [11]. Two studies using HL-LHC beam parameters
and two different rms beam sizes of 0.5 mm and 1.0 mm are
conducted. The beam impact is simulated by coupling the
energy-deposition code FLUKA [12–14] and the hydrody-
namic code ANSYS Autodyn [15] sequentially [16,17]. This
paper presents the results of the two studies and compares
them to the previous LHC study [6].

SIMULATION SETUP AND PARAMETERS
The beam parameters used for the simulation are presented

in Table 1 [2]. Filling scheme details are neglected and a
constant bunch spacing of 25 ns is assumed. With 2760
∗ ingrid.midtbust.hjelle@cern.ch

bunches, this results in a total beam impact time of 69 𝜇s.
The beam size 𝜎 = 0.5 mm is chosen as it is identical to
previous LHC studies [6, 8], while 𝜎 = 1.0 mm is simulated
to study the effect of doubling the beam size in both planes.

Table 1: Beam Parameters Used in the HL-LHC Simulations

Beam Energy 7 TeV
Total number of bunches 2760
Protons per bunch 2.2 × 1011

Bunch spacing 25 ns
rms beam size (𝜎) 0.5 mm, 1.0 mm

To facilitate comparison with the previous LHC study [6],
the same material and target parameters are used for the
FLUKA simulation, as summarised in Table 2. Furthermore,
the radial and longitudinal segmentation of the target are
kept identical to [6, 7].

Table 2: Target Parameters

Target length 10 m
Target radius 5 cm
Material Graphite
Initial target density 2.28 g cm−3

SIMULATION WORKFLOW
The FLUKA simulation yields an energy deposition map.

This map is then used as input for the subsequent Autodyn
simulation. The Autodyn simulation uses a tabular equation
of state from the SESAME library, and an Eulerian mesh,
the same as used for the LHC study [6]. More details can be
found in [6, 7].

The Autodyn simulation is run until there is a 20% de-
crease in the minimum value of the target density. When this
occurs, the density distribution of the material is updated
in FLUKA using a coupling script [16, 17]. The FLUKA
simulation is then rerun, and the generated map of the energy
deposition per proton is scaled to the total number of pro-
tons per bunch before being used as input for the subsequent
Autodyn simulation.

This loop continues until the minimum density drops be-
low a predefined threshold of 0.5 g cm−3 and the speed of the
density depletion front becomes constant. From this point
on, the Autodyn simulation is run for a predefined constant
time of 1.25 𝜇s per coupling step. This timestep is chosen
as it is equivalent to half the timestep used in the LHC study.
As the intensity is almost doubled, this leads to a similar
energy deposition per time step.
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RESULTS
The longitudinal energy-deposition profile at the target

axis is depicted in Fig. 1 for different time steps. The simula-
tion is performed with HL-LHC beam intensities for the rms
beam sizes 0.5 mm (Fig. 1a) and 1.0 mm (Fig. 1b). Each
line represents a timestep at which the FLUKA density map
is updated.

(a) 𝜎 = 0.5 mm.

(b) 𝜎 = 1.0 mm.

Figure 1: Time evolution of the energy deposition at the tar-
get axis (𝑟 <125 𝜇m) for 𝜎 = 0.5 mm (top) and 𝜎 = 1.0 mm
(bottom).

For the HL-LHC 0.5 mm study, the maximum value of the
initial energy deposition peak is 1.8 × 1012 GeV/g/bunch, lo-
cated longitudinally 1.35 m from the beginning of the target.
The corresponding values for the HL-LHC 1.0 mm study are
1.1 × 1012 GeV/g/bunch for the initial peak located at 1.53 m.
After the impact of subsequent bunches, the peak energy de-
position decreases. This is due to the density depletion along
the axis which allows the energy to be deposited further into
the material. Two peaks develop, one at the beginning of the
material, and one propagating longitudinally into the mate-
rial. The second peak converges to an equilibrium value, as
seen in Fig. 1. This value is reached after 4.125 𝜇s for the

HL-LHC 0.5 mm beam, and after 5.875 𝜇s for the HL-LHC
1.0 mm beam.

Density Depletion Speed and Tunnelling Range
Once the energy deposition peak has reached its equilib-

rium value, it will continue to propagate deeper into the
target at a constant speed. In the same manner, the den-
sity depletion front will also reach a constant propagation
speed. As a change in density can be associated with ma-
terial damage, this propagation speed has been utilized in
prior research [3, 6] to estimate the total tunnelling range by
considering the propagation speed at one density level. A
similar approach is applied in this study, however, an average
over 20 density levels between 1.5 g cm−3 and 2.0 g cm−3 is
taken. Only timesteps after the energy deposition reaches
its equilibrium value are used. This is illustrated in Fig. 2
with the transition from dashed to solid lines after 4.125 𝜇s.

Figure 2: Time evolution of the density at the target axis
(𝑟 <125 𝜇m) after the impact of the HL-LHC 0.5 mm beam.

The total tunnelling range is found by adding the range
reached after 4.125 𝜇s to the range obtained by multiplying
the calculated propagation speed with the remaining beam
impact time (69 𝜇s - 4.125 𝜇s). The results are presented in
Table 3. The values for the LHC study have been recalculated
by applying the same method to the data of the last study. For
better comparison, it is chosen to also extrapolate the LHC
beam to 2760 bunches as opposed to the previously used
2808 bunches [6]. The uncertainties in Table 3 correspond
to the standard deviation due to averaging over the different
density levels, and do not include systematic errors, which
will be assessed in more detail in the future.

When comparing LHC and HL-LHC intensities for the
same beam size of 0.5 mm, the tunnelling range increases by
∼45%. For HL-LHC intensities, increasing the beam size
from 0.5 mm to 1.0 mm in both planes results in a decrease
of ∼37% in the tunnelling range.

Interestingly, the impact of the LHC 0.5 mm beam and
the HL-LHC 1.0 mm beam leads to similar calculated tun-
nelling ranges. This is hypothesised to result from a similar
maximum initial energy deposition per bunch, reached at
the target axis.
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Table 3: Resulting Tunnelling Speed, Tunnelling Range, and
Maximum Initial Energy Deposition, for LHC and HL-LHC
Parameters

Protons per bunch [1011] 1.15 2.2 2.2
Beam sigma [mm] 0.5 0.5 1.0

Tunnelling speed [ cm
𝜇s ] 25.1 38.0 26.3

± 0.7 ± 1.6 ± 1.1
Tunnelling range [m] 20.5 29.6 21.6

± 0.5 ± 0.6 ± 0.4
Maximum initial energy

deposition [1012 ⋅ GeV
g⋅bunch ] 1.0 1.8 1.1

Comparison with LHC
Figure 3 compares the density (Fig. 3a), temperature

(Fig. 3b) and pressure (Fig. 3c) 14.2 𝜇s after the start of
the beam impact for the previous LHC study [6] and the two
HL-LHC studies. The timestep is the final one for the LHC
study, and for better comparison, it is chosen to depict the
same timestep for the two HL-LHC studies.

In Fig. 3a, the HL-LHC 0.5 mm beam reaches signifi-
cantly deeper into the material, which is due to the higher
tunnelling speed. The HL-LHC 1.0 mm beam and the LHC
0.5 mm beam cause a similar density depletion, however,
for the HL-LHC 1.0 mm beam the density depletion reaches
slightly further into the material, consistent with the slightly
higher tunnelling speed and slightly higher maximum initial
energy deposition.

A main aspect to note from Fig. 3 is the correlation be-
tween all hydrodynamic parameters in the longitudinal direc-
tion. Looking at the temperature (Fig. 3b), the flat plateau
represents the phase transition into the two-phase gas-liquid
state [3]. The part above the plateau, which is the gas state,
corresponds well to the part of the material where the den-
sity approaches zero. At the plateau, a higher gradient is
observed in the density, and at the end of the plateau, the
density quickly approaches its initial value. Similar observa-
tions can be made for the pressure (Fig. 3c). The longitudinal
range with maximum pressure corresponds to the plateau.
In this range, pressure oscillations are observed. These are
believed to be correlated to the phase transition in the mate-
rial.

In Fig. 3c, the amplitude of the pressure is significantly
lower for the LHC study than for both HL-LHC studies,
suggesting that at least for these specific simulation param-
eters, the peak pressure is not related to the beam size but
to bunch intensity. This implies that the pressure is not a
localized phenomenon on the target axis but driven by the
total deposited energy.

CONCLUSIONS
Using HL-LHC intensities, the worst-case scenario of a

direct beam impact on a graphite target is simulated for two
different rms beam sizes by coupling the numerical codes
FLUKA and ANSYS Autodyn. The total tunnelling range

(a) Density.

(b) Temperature.

(c) Pressure.

Figure 3: Comparison of density, temperature and pressure
for all studies after 14.2 𝜇s at 𝑟 < 125 𝜇m.

for the impact of the full HL-LHC beam was estimated to
be 29.6 m ± 0.6 m for a beam size of 0.5 mm and 21.6 m
± 0.4 m for a beam size of 1.0 mm. Compared to previous
results with LHC parameters [6], the tunnelling range in-
creases by ∼45% when almost doubling the bunch intensity
from LHC nominal to HL-LHC values, considering the same
beam size of 0.5 mm.
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