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Abstract

During the Long Shutdown 2 (LS2), two new internal
dumps (TDIs) were installed and successfully put into oper-
ation in the CERN Proton Synchrotron (PS) to withstand the
intense and bright beams produced for the High Luminos-
ity LHC. TDISs serve as safety devices designed to rapidly
enter the beam trajectory and stop the beam over multiple
turns. Due to their design, the TDI only absorbs a fraction
of the secondary particle shower produced by beam parti-
cles that impinge on it. Starting from impacts computed
by multi-turn beam dynamics simulations, detailed shower
simulations were performed with FLUKA to assess the radi-
ation field’s impact on the downstream equipment, with a
particular emphasis on the dose measured by Beam Loss
Monitors. The numerical data obtained from the simulations
are compared with the experimental data collected during
PS operation.

INTRODUCTION

The internal dumps of the PS ring, located in straight
sections (SS) 47 and 48 of the accelerator, underwent a com-
plete redesign to be installed during LS2 from 2019 to 2021.
This was to make the internal dumps compatible with the
increase in beam brightness as a result of the implementation
of the LHC Injector Upgrade (LIU) project [1, 2]. Extensive
studies were carried out to validate the thermomechanical
limits of the new dump design [3, 4] and its efficiency in
stopping the beams produced in PS after LS2 [5]. In the
study [6], a standalone dump simulation was implemented in
FLUKA [7, 8], along with a 5-dimensional matrix to transport
beam particles throughout the rest of the accelerator. This
matrix described the multi-passage of the beam particles by
the dump location. Additionally, the movement of the dump
was included during the revolution time.

In this study, our primary objective is to identify any
energy deposition hot spots when utilising the dumps, and,
if necessary, enhancing the shielding in these locations will
be considered.

NUMERICAL SIMULATIONS

A significant difference from previous studies is the im-
plementation in FLUKA of an extended and detailed model
of the PS ring over the sections where the particle showers
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are absorbed. This required the input of the distribution of
primary particles at the dump location obtained from a beam
dynamic code, SixTrack [9, 10], in our case, coupled with
FLUKA to describe in detail the mechanical aperture along
the PS ring, while accurately accounting for the beam-matter
interactions occurring in the moving internal dump [11] and
the beam dynamics in the rest of the ring. The results of
these simulations provide the position, direction, and energy
of primary protons when they impact the dump at each turn.
This distribution is loaded as source term into the FLUKA
simulation, taking into account the dump’s position at each
turn. The tracking of the shower particles starts from SS47
and ends at SS69. Figure 1 shows a 3D visualisation of the
geometry model. It should be noted that due to the dump
speed of approximately 0.8 ms~!, the beam is fully stopped
after about a thousand turns, which corresponds to about a
few ms in duration'.

Figure 1: 3D visualisation of the PS ring FLUKA model using
FLAIR[12].

We have considered three different operational scenarios:

* Activation of TDI.47 with the LHC beam at flat top,
with a momentum of p = 26.4 GeV/c.

¢ Activation of TDI.48 with the same LHC beam.

e Activation of TDI.47 with the beam for the fixed-target
programme at CERN’s Super Proton Synchrotron (SPS)
ring (SFTPRO), with a momentum of p = 14.0 GeV/c.

! Note that the revolution time is approximately 2.1 ps.
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COMPARISON WITH THE LOSS MAPS

The simulation predictions have been verified by bench-
marking with the dose measured by the Beam Loss Monitors
(BLMs) installed in the PS ring [13]. During dedicated Ma-
chine Development studies, the dumps were deliberately
activated at various beam intensities to determine the dose
recorded in each BLM per stopped beam primary particle.

From the NXCALS database [14], extensive arrays of
parameters associated with accelerator operation can be ex-
tracted. Figure 2 displays the time evolution of the charge,
momentum, and dose in the BLM.47 throughout a typical
LHC accelerator cycle. By identifying the time of dump
activation, the dose measured by each BLM can be deter-
mined. In the results, the statistical uncertainty is derived
by 5 to 10 measurements at various beam intensity. The sys-
tematic uncertainty arising from the response of the BLMs
and of the beam current transformer will be evaluated in a
subsequent version of this study.
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Figure 2: The blue curves show the momentum throughout
a typical LHC cycle. Top: The red curve represents the
beam intensity evolution. Bottom: The red plot shows the
cumulative dose recorded by BLM.47. Dashed lines indicate
the time when the TDI.47 is activated.
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Figure 3: Dose recorded in the three first BLMs for the case
of the LHC beam at flat-top when the TDI.47 is activated.

As illustrated in Fig. 2, the beam intensity stopped by the
dump is determined as the charge measured at a time imme-
diately before the dump activation. The dose is calculated as
the accumulated dose measured by the BLM, opportunely
excluding losses occurring before the activation of the dump.
A linear response of these detectors is observed (Fig. 3) as a
function of the beam intensity.
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Figure 4: Loss maps measured by the BLMs (blue) and
computed from the FLUKA simulation (red). Top): LHC case
at flat-top when the TDIL.47 is activated. Middle: LHC case
at flat-top when the TDI.48 is activated. Bottom: SFTPRO
case at flat-top when the TDI.47 is activated.

The comparison of the simulation results with the mea-
sured data is shown in Fig. 4. Overall, there is good agree-
ment in the patterns, spanning almost four orders of magni-
tude. However, a discrepancy is observed in the correspon-
dence of the extraction region, SS62-SS65, in particular
with the LHC beam when TDI.47 is activated. Regarding
the SFTPRO beam, the simulation underestimates the dose
measured in SS57-SS62. Those observations suggest the
need for further investigations in the aperture model and
in the closed-orbit offset, which were not included in the
simulations. Closed orbits have been measured each time
the dumps were activated, as shown in Fig. 5. For the LHC
beam case, the measured offset can be as large as 1 cm in the
horizontal plane and about 5 mm vertically. Furthermore, a
sensitivity study with respect to the position of BLMs will
be included in future analyses.

RESULTS

Figure 6 illustrates the energy density absorbed by the
TDI.47 for an LHC beam at flat top. Following the specifi-
cation in Ref. [15], the assumed number of stopped protons
is 5 x 10'3, which represents the most conservative scenario.
For each pulse, the energy deposited in the dump amounts to
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Figure 5: Closed orbits measurements for different beams
and energies in SS47-SS69. Top: horizontal closed orbit.
Bottom: vertical closed orbit.

8.4 kJ, which constitutes 6.5% of the available beam kinetic
energy. This is consistent with the findings in Ref. [4].
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Figure 6: Energy density in the TDI.47 when it is activated
to stop a LHC beam at flat-top (p = 26.4 GeV /c) normalised
to an intensity of 5 x 103 protons.

Table 1 provides information on the locations where the
remaining energy is absorbed. It can be seen that nearly 50%
of the total kinetic energy of the beam is absorbed by the
main magnets, while the tank and the shielding surrounding
the dump absorb 14.1% of the energy. A fraction escapes the
region primarily in the form of neutrinos, whereas another
fraction is converted to mass in nuclear reactions.

In Fig. 7, the accumulated yearly dose is shown in both the
main magnets and in the BLMs. As indicated in Ref. [15], it
was assumed that the dump stops 2.4 x 10'7 protons. Con-
servatively, we have considered that all protons are stopped
in conditions of the LHC case at flat top. The magnets in the
first three sectors downstream of the dump experience the
highest exposure, with an absorbed dose at least a factor of
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Table 1: Breakdown of the absorbed energies in the different
equipment and in the tunnel wall for a LHC beam at flat-top
(p = 26.4 GeV/c) when the TDI.47 is activated.

Absorption %o of the beam
mechanism kinetic energy
Main magnets 49.8
Tank/shielding TDI.47 14.1
Tunnel wall 11.3
TDI1.47 6.5
Tank/shielding TDI.48 4.8
Other elements 35
Beam pipes 24

Air 0.1

Mass production

from nuclear reactions 6.3
Neutrinos 1.2

10 higher than those farther downstream. Moreover, the dose
absorbed by the coils is an order of magnitude greater than
that of the yoke. This highlights potential localised energy
deposition hot-spots, which will be further investigated.
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Figure 7: Total integrated dose in the yoke and coils of main
magnets accumulated after a year operation (2.4 x 10'7 pro-
tons per year) for a LHC beam at flat-top (p = 26.4 GeV/c)
when the TDI.47 is used. The absorbed dose in BLMs is
also shown.

CONCLUSION AND OUTLOOK

This study has established good agreement between the
simulated results and the measurements when the PS in-
ternal dumps are operated. With approximately 7% of the
beam energy absorbed by the dump, the remaining energy is
predominantly absorbed by the beam line elements and the
surrounding walls. In a follow-up of this study, the analysis
and comparison with data will be further refined, including
a more thorough evaluation of the systematic errors associ-
ated with both the dose and charge intensity measurements.
Additionally, a sensitivity study due to the positioning of
the BLMs and the implementation of the closed orbit in
the simulations will also be addressed. Considering the ap-
propriate sharing between the different beams, the model
prediction will be used to assess the absorbed dose in the
sensitive equipment and, if necessary, implement additional
protective shielding measures.
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