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Abstract
For the first time, a full characterization of the Pb-Pb and

Pb-p collision debris as well as its impact in terms of energy
deposition in the long straight section (LSS) of CERN’s
Large Hadron Collider has been carried out. By means of
Monte Carlo simulations with FLUKA, both inelastic nu-
clear interaction and electromagnetic dissociation were taken
into account as source term for lead ion operation, while
for Pb-p operation only nuclear interaction is of importance.
The radiation exposure of detectors exclusively destined for
ion beam runs is assessed, allowing drawing implications of
their use in the HL-LHC era.

This work gives the opportunity for an unprecedented
validation of simulation results against measurements of
beam loss monitors (BLM) in the experimental LSS during
ion operation. Pb-Pb operation refers to the 2018 ion run at
6.37 TeV per charge with a +160 µrad half crossing angle in
the vertical plane at the ATLAS interaction point. Instead,
Pb-p operation was benchmarked for the 2016 ion run at
6.5 TeV per charge with -140 µrad half crossing angle in the
vertical plane at the same location.

INTRODUCTION
Ion operation is an integral part of the LHC and HL-LHC

(Run 4) programs [1–3]. Despite the significantly lower
beam intensity and luminosity with respect to proton opera-
tion, it poses relevant challenges in terms of machine pro-
tection, due to the specific interaction processes it features.
Apart from the much worse cleaning efficiency provided by
the collimation system when dealing with lead beams com-
pared to the proton case, due to the yield of off-momentum
heavy-ion fragments produced in the primary collimators
and impacting the superconducting magnets in the Disper-
sion Suppressor (DS) [4, 5], the experimental insertions are
subject to the localised impact of the secondary 208Pb81+

beam generated at the Interaction Point (IP) by Bound-Free
Pair Production (BFPP), as the electron generated by the ion
electromagnetic interaction is captured by one of the collid-
ing nuclei. This issue has been anticipated long ago [6–8]
and was recently discussed in detail based on the actual LHC
experience [9]. Here we rather focus on the radiation impact
on the Long Straight Section (LSS) of the ATLAS insertion,
to a good extent representative of the CMS one too, and for
this purpose we consider as source term both inelastic nu-
clear interactions (INI), simulated by the DPMJET-3 [10,11]
event generator interfaced to FLUKA [12–14], and ion elec-
tromagnetic dissociation (EMD). The latter process, whose
description is fully integrated in FLUKA [15], implies a
virtual photon exchange and the excitation of one of the
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colliding nuclei, which consequently emits some nucleons,
mostly one or two neutrons, and so generates a residual nu-
cleus typically close, in mass and charge, to the original ion.
For proton-lead collisions, only the INI term has to be taken
into account, since all electromagnetic cross sections are
strongly suppressed by the low proton charge.

HEAVY ION COLLISIONS AT THE LHC
This paper reports studies referring both to the Pb-Pb

and Pb-p operation modes in the Run 2 of the present LHC
machine, as well as Pb-Pb calculations for the future HL-
LHC configuration during Run 4.

Pb-Pb Run
The actual conditions of the 2018 LHC Pb-Pb run [16]

have been simulated, with a half crossing angle of +160 µrad
in the vertical plane at IP1 (center of the ATLAS detector)
and a beam energy of 6.37 TeV per charge, i.e. 522 TeV per
interacting ion, equivalent to a nucleon-nucleon centre-of-
mass energy of √𝑠𝑁𝑁 = 5.02 TeV. The physics debris collima-
tors (TCL) were open during this run. As mentioned above,
independent FLUKA simulations of the particle shower prop-
agation in the LSS on the right side of ATLAS were per-
formed for INI and EMD events and normalized to the re-
spective cross sections, namely 7.8 b and 430 b (the latter
value refers to the EMD of either of the two interacting ions)
as obtained by FLUKA.

Figure 1 highlights the varying weight of the two contri-
butions as a function of the distance from the collision point,
with the INI debris dominating in the close region of the
final focus quadrupoles (triplet) and further surpassed by the
impact of EMD fragments, although only 5% of their energy
is deposited in the LSS. For an instantaneous luminosity
of 1027 cm−2 s−1, the total power deposited in the triplet
cold masses amounts to 34 mW, which is more than three
orders of magnitude lower than the load experienced during
proton operation [17] and indicates that the induced power
density and integrated dose in the superconducting coils is
negligible.

Pb-p Run
During the LHC Run 2, a Pb-p run was also performed.

Because of its intrinsic asymmetry, we simulated it assuming
as outgoing beam on the right side of the ATLAS LSS either
the lead and proton beam, and the results are referred to
as Pb-side and p-side, respectively. According to the Pb-p
run configuration in 2016 [18, 19], a half crossing angle
of -140 µrad was implemented in the vertical plane at IP1,
corresponding to colliding beams pointing downwards. The
considered beam energy is 6.5 Z TeV, yielding a nucleon-
nucleon centre-of-mass energy of √𝑠𝑁𝑁 = 8.16 TeV. The TCL
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Figure 1: Dose profile below the beam line along the LSS
on the right of IP1 as induced by Pb-Pb collisions. Values
are averaged over a 40 cm horizontal interval centred on the
machine axis and a 20 cm vertical interval centred 60 cm
below the machine axis. They are normalized to a reference
integrated luminosity of 1 nb−1. INI and EMD contributions
are shown separately.

collimators were kept open again. Here the source term is
exclusively represented by the products of INI events, for
which a cross section of 2.11 b is used as given by FLUKA.
The instantaneous luminosity approached 1030 cm−2 s−1,
more than two orders of magnitudes higher than in Pb-Pb.

Figure 2 presents the peak dose profile in the inner coils
of the different triplet magnets for both sides (obtained by
swapping the beam directions). While the values remain
negligible in absolute terms, one can appreciate the one
order of magnitude separation between the two sides, still
not entirely reflecting the beam energy difference in favour
of lead ions (carrying an energy 82 times higher). Such a
discrepancy applies to this portion of the machine, mostly
impacted by charged mesons captured by the quadrupole
fields, whereas the gap between the two sides rises to the
expected level further downstream (as indicated by Fig. 3),
at the position of the TAN absorber that takes a good fraction
of the debris energy where the interaction region vacuum
tube splits in two distinct chambers.

Figure 2: Peak dose profile in the inner coils of the triplet as
a function of the distance from the IP, induced by Pb-p colli-
sions on the Pb-side (blue) and the p-side (red). Values are
normalized to a reference integrated luminosity of 1 pb−1.

Figure 3: BLM pattern along the LSS on the right side of
IP1, as measured during the indicated Pb-p (orange) and
p-Pb (light blue) physics fills and simulated with FLUKA
(red and blue, respectively). Experimental doses are divided
by the product of the fill luminosity and the 2.11 b INI cross
section value.

BLM BENCHMARKING
Beam Loss Monitors (BLM) [20,21] are gaseous detec-

tors installed all along the LHC ring in the proximity of the
beam line with the purpose of providing an on-line dose
measurement during operation and triggering a beam abort
if pre-defined limits are exceeded, as an evidence of abnor-
mal losses. A detailed BLM model is also implemented in
FLUKA in order to calculate the dose deposited in the gas
volume of any monitor for the simulated loss scenario, such
as the one of regular collisions. This already allowed an
extensive validation of FLUKA predictions regarding the
LHC [22], which we complement with the unprecedented
evaluations of this paper.

In fact, Fig. 4 displays a quite satisfactory absolute agree-
ment for the Pb-Pb case, apart from the factor 2 overes-
timation at the TAN BLM, at 140 m from the IP, deserv-
ing further investigations. On the other hand, in Fig. 3 the
matching between data and simulations is remarkable on
the Pb-side, except for the local underestimation behind the
Q6 quadrupole, and remains excellent on the p-side as far
as the triplet is concerned. In the latter case, while the low
readings beyond 140 m are affected by an important system-
atic uncertainty related to the background subtraction, the
clear underestimation at the TAN calls also for additional
verifications.

Pb-Pb COLLISIONS AT THE HL-LHC
The upgrade of the LHC, aimed to reach significantly

higher luminosities [2, 3], implies the substantial renovation
of the ATLAS and CMS insertions. In this context, a dedi-
cated study has been carried out to characterize the radiation
environment to be faced by the detectors accommodated
in the new TAXN neutral absorber during ion operation.
These are the Zero Degree Calorimeter (ZDC), which is
removed during proton runs, and the Beam RAte of Neutral
(BRAN) [23]. The latest version of the machine layout was
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Figure 4: BLM pattern along the LSS on the right side of
IP1, as measured during the Pb-Pb physics fill #7473 in
2018 and simulated with FLUKA. Experimental doses are
divided by the product of the fill luminosity and the 438 b
cross section value, corresponding to the sum of the INI and
EMD cross sections.

implemented in FLUKA for protons simulations with the
optics v1.5 [24] and used also for assessing the impact of
Pb-Pb collisions in IP1. These refer to 7 TeV per charge lead
beams, i.e. √𝑠𝑁𝑁 = 5.52 TeV, crossing in the vertical plane
with a half angle of +170 µrad. We considered once more
INI and EMD events, weighted by a cross section of 7.8 b
and 450 b, respectively.

Figure 5 presents the peak dose profile in the inner coils
of the present and new superconducting magnet string adja-
cent to the ATLAS cavern. The comparison highlights the
effectiveness of the HL-LHC design, where the more than
doubled magnet aperture and the massive tungsten shielding
incorporated on the beam screen of the final focusing mag-
nets imply a very important reduction of the coil exposure,
such as to cope with the luminosity increase planned for
proton operation (the cumulated contribution of ion runs is
here negligible). At the envisaged instantaneous luminos-
ity of 6⋅1027 cm−2 s−1, the total power deposited over the
HL-LHC Q1-D1 magnets amounts to 560 mW.

The radiation environment generated in the LSS by lead
beam collisions, albeit much less severe than in proton runs,
is still relevant for the equipment specific to ion operation. In
particular, the risk of failure for the modules of readout elec-
tronics linked to the ZDC has to be evaluated as a function
of the expected levels of high energy hadron fluence (HEH),
thermal neutron fluence and total ionizing dose (TID) in
the region of interest. Figure 6 shows the resulting annual
HEH fluence profile along the LSS for the LHC and HL-
LHC machines, where the peak closest to the IP corresponds
in both cases to the location of the neutral absorber (TAN
and TAXN, respectively). The different structure of the two
curves reflects the machine layout changes.

CONCLUSION
The calculation of Pb-Pb and Pb-p collision losses in a

LHC experimental insertion was carried out with FLUKA,
quantifying the particle shower impact on the different ac-

Figure 5: Peak dose profile in the inner coils of the LHC
Q1-Q3 string (purple) and HL-LHC Q1-D1 string (blue), as
induced by INI and EMD events in Pb-Pb collisions. For
the purpose of comparison, values are normalised in both
cases to a reference integrated luminosity of 1 nb−1.

Figure 6: High energy hadron fluence profile along the LSS
on the right of IP1 as induced by Pb-Pb collisions in the HL-
LHC (red) and LHC (blue) configuration. Values averaged
over a 40 cm horizontal interval centred on the machine
axis and a 20 cm vertical interval centred 30 cm from the
floor level. They are normalized to an annual integrated
luminosity of 3.5 nb−1 and 2 nb−1, respectively. INI and
EMD contributions are added up according to their cross
sections.

celerator elements and providing the first simulation bench-
marking of this source term against extended LSS BLM data
at IR1. This provides a basis for further studies in support
of future ion operation. In this perspective, the lead beam
case was investigated in the HL-LHC scenario to assess the
radiation levels relevant to the instrumentation specific to
ion runs.
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