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Abstract
In addition to the physics program with proton beams,

the Large Hadron Collider (LHC) at CERN also provides
collisions of fully-stripped Pb beams for about one month
per year. When colliding Pb nuclei, electromagnetic inter-
actions are the dominating processes because of the intense
Coulomb field produced by the ions. These ’ultra-peripheral’
interactions give rise to ions with a changed magnetic rigid-
ity. This causes losses in the machine that can impose limits
on the luminosity. Among them, the bound-free pair produc-
tion (BFPP) causes a localised power deposition downstream
of each collision point, which could induce superconduct-
ing magnet quenches if not well controlled. These losses
were studied and successfully mitigated for most LHC ex-
periments, however the recent request by LHCb to increase
the Pb-Pb luminosity requires a revision of BFPP collisional
loss limitations. In this paper, the simulation of BFPP losses
from Pb-Pb collisions around LHCb is presented. The loss
patterns are discussed for different beam parameters. Finally,
a mitigation strategy by means of an orbit bump is studied.

INTRODUCTION
Each operational year, for about one month, the Large

Hadron Collider (LHC) [1] is operated as a heavy-ion col-
lider. Two beams (B1 and B2) of fully-stripped 208Pb+82 ions
are accelerated up to top energy1 and brought into collision
at the experiments ATLAS, ALICE, CMS and LHCb (at the
interaction points IP1, IP2, IP5 and IP8). So far, four Pb-Pb
runs have been executed [2–5], and more are foreseen in the
incoming years [6, 7].

During Pb-Pb operation, the ultraperipheral electromag-
netic interactions for colliding nuclei with an impact pa-
rameter2 𝑏 > 2𝑅, where 𝑅 is the nucleus radius, dominate
over the nuclear inelastic interactions (𝑏 < 2𝑅). They are
responsible of two main effects: i) lepton pair production
in collisions between quasireal photons and ii) emissions
of nucleons in electromagnetic dissociation (EMD) [8]. In
contrast to the innocuous free pair production, in (single)
bound-free pair production (BFPP) one electron is created
in a bound state of one ion:

208Pb+82 +208 Pb+82 →208 Pb+82 +208 Pb+81 + e+ . (1)

∗ alessandro.frasca@cern.ch
1 Previously 6.37 𝑍 TeV was achieved, the upcoming run aims at 6.8 𝑍 TeV

and the design energy is 7 𝑍 TeV.
2 The impact parameter 𝑏 is defined as the perpendicular distance between

the path of a projectile and the center of a potential field created by an
object that the projectile is approaching.

Both BFPP and EMD cause a very small transverse mo-
mentum recoil but a well-defined magnetic rigidity change,
giving rise to narrow secondary beams. They follow a disper-
sive trajectory and could eventually hit the aperture, causing
a localised power deposition given by

𝑃𝑝 = L𝜎𝑝𝐸𝑏 , (2)

where L is the luminosity, 𝜎𝑝 is the interaction cross section
and 𝐸𝑏 is the beam energy. The induced beam losses risk
triggering beam dumps or magnet quenches, which gave rise
to luminosity limitations in previous runs [8–12].

Among these processes, BFPP has by far the highest cross
section (281 b [10]): it is the most dangerous process and
hence this paper will focus only on it. Mitigation measures
for BFPP consist of orbit bumps to deflect the BFPP beams
to a safer impact location and carefully dispose of resulting
losses [8]. The above measures have been adopted at every
IP [6, 8] except at IP8, where luminosity levelling to a safe
value of 1027 cm−2s−1 remained the only option, compatible
with previous LHCb luminosity requirements.

Because of a recent request to increase the integrated
LHCb luminosity until the end of LHC Run 4 [6, 7], an
alleviation strategy should be studied to allow also in LHCb
a higher peak luminosity. In this paper we present the results
of these studies. For the first time, a full study of the BFPP
losses at LHCb, based on SixTrack simulations, is conducted.
It consists of the tracking of BFPP particles emerging from
IP8 and the analysis of their resulting loss pattern. Finally, a
partial mitigation strategy through orbit bumps is proposed.

MITIGATION STRATEGIES FOR BFPP
ATLAS and CMS The optics around IP1 and IP5 are simi-
lar, thus allowing a common analysis for the two experiments.
BFPP beams emerging from either ATLAS or CMS natu-
rally hit the second superconducting dipole of cell 11 of the
dispersion suppressor (DS)3 [8]. Since an empty connection
cryostat is located in cell 11, it is possible to move the losses
out of the dipole MB.B11 into that connection cryostat by
means of an horizontal orbit bump around the impact loca-
tion [10]. The higher steady-state quench limit of bus bars
in the connection cryostat (200-300 mW/cm3) than in dipole
magnets (10–20 mW/cm3), as well as the geometric place-
ment of the superconductors, ensure a greatly reduced risk of
3 The DS is the transition region connecting the FODO cells in the arcs

to both sides of the straight sections hosting the experiments with the
function of suppressing the dispersion at the IP. It is made up of four cells,
numbered from 8 to 11, with each one containing one superconducting
quadrupole and two superconducting dipoles.
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quench and therefore a complete alleviation of the limits for
presently achievable luminosities [8]. This measure has been
adopted at both IP1 and IP5 since Run 2 (2015), enabling to
exceed a peak luminosity of 6 × 1027 cm−2s−1 [12].

ALICE Around IP2, the quadrupoles have opposite po-
larity with respect to those around IP1/5 and this does not
permit implementing the same strategy. BFPP beams emerg-
ing from ALICE hit the second superconducting dipole of
the cell 10, MB.B10. Since the dispersion function, and
hence the BFPP trajectory, has a minimum at the location
of the connection cryostat, there is no possibility to move
the losses there with an orbit bump. During 2015 and 2018
runs, the luminosity of ALICE was levelled to 1027 cm−2s−1

to keep BFPP power deposition below the quench limit. In
order to achieve a peak luminosity in Run 3 similar to that of
ATLAS and CMS, new dispersion suppressor collimators,
called TCLDs, were installed in the connection cryostats
around ALICE during Long Shutdown 2 (LS2) within the
framework of the High-Luminosity LHC Project [13], en-
abling a factor 6 higher peak luminosity following a recent
ALICE upgrade. The TCLDs can safely intercept the BFPP
losses when the beams are deflected by a horizontal orbit
bump around the quadrupole Q10 [14].

LHCb The optics around IP8 is similar to that around IP2,
hence not allowing to move BFPP losses into the connection
cryostat through a horizontal orbit bump. TCLD collimators,
as used for ALICE, would be a viable alleviation but such an
upgrade is presently not foreseen. The BFPP losses around
IP8 as well as potential alternative mitigations are studied
in the following.

SIMULATION SETUP
The following study was carried out using the MAD-X

code [15], which has many different functionalities for parti-
cle accelerator design, and the 6D single particle tracking
code SixTrack [16–19], which also includes particle-matter
interactions in the collimation system. SixTrack allows to
simulate the distribution of the beam losses around the ring
by tracking an initial particle distribution. In the follow-
ing simulations, both the 2018 LHC heavy-ion optics and
beam parameters (6.37 𝑍 TeV energy, emittance of 2.3 µm,
1.1 ns bunch length) [5, 20] and the design ones (7 𝑍 TeV
energy, 1.6 µm emittance, 1.1 ns bunch length) [6] have been
considered.

BFPP BEAM TRACKING FROM IP8
SixTrack was used to track BFPP particles from IP8 in

both B1 and B2, computing the resulting loss patterns. The
dispersive trajectory of BFPP 208Pb+81 ions has been mim-
icked by tracking fully stripped 208Pb+82 ions with an effec-
tive fractional momentum offset 𝛿 = 1

81 , corresponding to
the magnetic rigidity change from the extra electron. The
momentum and angular kicks from the interaction are very
small and were neglected. The initial spatial distribution of

Figure 1: Top: Trajectories on the horizontal plane computed
by MAD-X with and without orbit bump for B1 (3𝜎 envelopes),
with the machine aperture shown in grey. Bottom: LHC Beam loss
monitor signals from physics operation in 2018 (fill #7477).

the colliding ions is narrower than the beam distributions
by a factor

√
2 [10]. For each case an initial Gaussian dis-

tribution of 104 ions was tracked. The momentum spread
was neglected, which results in conservative and narrower
estimations of the loss patterns.

The results show that the BFPP beams hit the supercon-
ducting dipoles MB.B10R8.B1 and MB.B10L8.B2, around
the 𝑠-coordinates 386.4 m and 365.2 m from IP8, on the two
sides respectively. The RMS size the BFPP loss longitudinal
distributions are shown in Table 1. The 𝑠-positions have
been compared to logged measurements from beam loss
monitors (BLMs) in a typical 2018 Pb-Pb fill (see Fig. 1,
showing B1—a qualitatively similar situation is found for
B2). In general, a very good agreement was found for the
BFPP loss location, i.e. the highest blue bar in the mea-
surement, although the highest measured BLM signals were
found slightly downstream of the simulated locations (∼7 m
for B1 and ∼5 m for B2). This can be explained by possible
imperfections in the aperture and orbit, the incomplete spa-
tial coverage of the BLMs, and the fact that the BLMs detect
the showers on the outside of the magnets, downstream of
the actual impact position.

ALLEVIATION OF BFPP LOSSES AT LHCb
Since the installation of new TCLD collimators is not

possible in the short term, a partial mitigation of BFPP losses
from IP8 by means of an orbit bump has been investigated.
For both B1 and B2, an horizontal orbit bump (-5.3 mm
on MQML.10R8.B1 and +5 mm on MQML.10L8.B2) has
been matched with MAD-X to make the BFPP beam miss
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Table 1: RMS Longitudinal Extension (𝜎) of Loss Patterns Given by BFPP Beams without and with Orbit Bumps for Different Values
of Emittance and Energy

without orbit bump (cell 10) with orbit bump (cell 12)

B1 (𝑠 = 386.4 m) B2 (𝑠 = 365.3 m) B1 (𝑠 = 490.6 m) B2 (𝑠 = 468.7 m)

Normalized emittance 1.6 µm 2.3 µm 1.6 µm 2.3 µm 1.6 µm 2.3 µm 1.6 µm 2.3 µm
𝝈 at 6.37 𝒁 TeV 0.234 m 0.281 m 0.315 m 0.379 m 1.383 m 1.657 m 1.256 m 1.507 m
𝝈 at 7 𝒁 TeV 0.223 m 0.268 m 0.302 m 0.361 m 1.319 m 1.582 m 1.199 m 1.438 m

Figure 2: BFPP power deposition on MB.B10R8.B1 and
MB.B10L8.B2 (without orbit bump) and on MB.C12R8.B1 and
MB.C12L8.B2 (with orbit bump) for operating conditions of Pb-Pb
2018 run, simulated with SixTrack.

the first impact location of its dispersive trajectory in cell 10
and instead be lost in cell 12 (Fig. 1).

New loss patterns, simulated with SixTrack including the
implemented orbit bumps, show losses shifted to 490.6 m
and 468.7 m from IP8, in the superconducting dipoles
MB.C12R8.B1 and MB.C12L8.B2 respectively. There the
𝛽-function is larger, and hence the transverse size of the
BFPP beam is larger, meaning that the power deposition is
more spread out. In addition, there is more margin in cell 12
due to higher beam abort thresholds [21]. The BFPP losses
simulated for 2018 run, with and without orbit bump, are
shown in Fig. 2. They are normalized to a power load in
W/m for a levelled luminosity of 1027 cm−2 s−1 and a BFPP
cross section of 278 b. Also the RMS longitudinal sizes of
the new loss distributions in the different cases are shown in
Table 1, where the most critical ones are highlighted in red.

FLUKA ENERGY DEPOSITION STUDY
The results of the discussed SixTrack simulations have

been used as input to carry out a full energy deposition study
with FLUKA [22–24], a multi-purpose particle-physics
Monte Carlo simulation code. The power load on the su-
perconductive coils of MB.B10R8.B1 and MB.C12R8.B1
have been estimated in the two scenarios, with and without
orbit bump, at 6.37 𝑍 TeV and for different transverse emit-
tances, using a detailed 3D geometry. A qualitatively similar

Figure 3: BFPP power deposition simulated by FLUKA, for a
luminosity of 1027 cm−2s−1 and a normalized emittance of 1.6 µm.

situation is expected at higher beam energies, although the
impact distribution is slightly narrower due to the smaller
beam size (see Table 1).

From the most critical studied normalized emittance of
1.6 µm, the simulated maximum radially averaged power
density in the superconducting coil of the impacted magnet
is ∼12 mW/cm3 without bump and ∼3 mW/cm3 with the
orbit bump (Fig. 3). This confirms that the partial alleviation
of BFPP losses around IP8 through orbit bumps would be
possible. Given that the quench limit is estimated to be 15–
20 mW/cm3 [8], the levelled luminosity at LHCb can be
safely increased by at least a factor 2–3 in future runs.

CONCLUSION
BFPP in Pb-Pb collisions is the most significant process

in terms of localised beam losses. It imposes luminosity
limitations due to the risk of quenching impacted magnets.
BFPP losses were previously studied and mitigations have
been proposed for all LHC experiments except LHCb, for
which a higher luminosity has been requested in future runs.
A full study of BFPP losses during Pb-Pb collisions at IP8
has been carried out. The loss patterns caused by BFPP
particles from IP8 have been simulated with SixTrack and
compared to measured BLM signals. A partial mitigation
of these losses has been proposed, by shifting them through
an orbit bump from cell 10 to cell 12, where they are more
spread out and cause a lower peak power load. This has
been confirmed by energy deposition studies realized with
FLUKA. The proposed orbit bump would allow to increase
LHCb luminosity by a factor 2–3 in future Pb-Pb runs, with-
out the installation of new hardware.
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