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Abstract
The availability of the LHC machine was adversely af-

fected in 2017 by tens of beam aborts provoked by frequent
loss events in one standard arc cell (16L2). In most of the
cases, the dumps were triggered by concurrently develop-
ing fast beam instabilities leading to particle losses in the
betatron cleaning insertion. Many of the events started with
a distinct sub-millisecond loss peak comparable to regu-
lar dust particle events, which have been observed along
all the LHC since the start-up. In contrast to regular dust
events, persistent losses developed in cell 16L2 after the
initial peaks which can possibly be explained by a phase
transition of macroparticles to the gas phase. In this pa-
per, we summarize the observed loss characteristics such
as spatial loss pattern and time profiles measured by Beam
Loss Monitors (ionization chambers). Based on the measure-
ments, we estimate the energy deposition in macroparticles
and reconstruct proton loss rates as well as the gas densities
after the phase transition. Differences between regular dust
events and events in 16L2 are highlighted and the ability to
induce magnet quenches is discussed.

INTRODUCTION
The LHC is the first storage ring with positively charged

beams where beam loss events attributed to macroparticles
have caused perceivable perturbations of machine opera-
tion [1–8]. Since the start-up of the LHC, macroparticle-
induced events gave rise to tens of beam aborts and magnet
quenches. In addition, several thousand events below dump
threshold are observed every year. The events occur in all
regions of the LHC rings and manifest themselves as tran-
sient loss spikes observed by Beam Loss Monitors (BLM).
Because of the ionising energy loss of beam protons travers-
ing a macroparticle, macroparticles get increasingly charged
along their passage through the transverse beam tails and are
repelled before reaching the beam core. Most of the events
observed in the LHC terminate after a few turns (<1 msec).

A new type of loss events was observed in 2017 in one
arc cell (16L2) located in sector 12 [9,10]. About two-thirds
of the events in 16L2 started with a more or less pronounced
loss spike typically lasting for up to a few hundreds of µsec.
The spikes resembled regular macroparticle events, but were
followed by long loss tails (see Fig. 1) which cannot be
caused by solid obstacles because of the high charging rate
and the repelling force exerted by the beam. The most likely
hypothesis is that the macroparticles in 16L2 heat up suffi-
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ciently such that they are subject to a phase transition to the
gas phase. In cases, where no distinct loss peak was visible,
the macroparticles were possibly undergoing a change of
phase before being repelled. In all events, the beams were
dumped by BLMs after a duration up to a few hundreds of
msec (in one case up to one second). Many of the dumps
occurred in the betatron cleaning insertion because of trans-
verse beam instabilities which concurrently developed with
the losses in 16L2 [11]. In total, 68 dumps related to 16L2
were observed throughout the year. In one case, the loss-
induced particle showers led to a dipole quench in 16L2.

The likely cause of the events in 16L2 was the presence of
solid nitrogen (and oxygen) in the vacuum chamber due to
accidental air inflow during the end-of-the-year shutdown in
2016 [9,10]. The events in 16L2 were the first macroparticle
events in the LHC where a possible phase transition was
observed. Regular macroparticle events are believed to be
caused by micrometer-sized obstacles or dust introduced
during the manufacturing or assembly of magnets and other
equipment. The required energy deposition density to induce
a phase transition of such obstacles or dust is much higher
than for solid nitrogen macroparticles.

This paper presents an analysis of beam-macroparticle
interactions in 16L2 based on BLM measurements and parti-
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Figure 1: Typical time profile of a regular macroparticle-
induced loss event (top) and of two events observed in cell
16L2 (center and bottom). In the two latter cases, solid
macroparticles (left of the red line) are possibly subject to a
phase transition to the gas phase, which leads to long loss
tails (right side of the red line).
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cle shower simulations with the FLUKA code [12, 13]. The
paper provides estimates of the macroparticle size, the en-
ergy deposition in the macroparticles, beam-gas collision
rates and the gas density after phase transition, and it dis-
cusses macroparticle-induced quenches. Other aspects of
16L2 events, such as the impact on LHC availability and
the measures taken to improve the operational performance
are presented in an accompanying paper [10]. More de-
tails about the resulting beam instabilities and about the
macroparticle dynamics can be found in Refs. [11, 14, 15].

INELASTIC PROTON COLLISIONS AND
ESTIMATED MACROPARTICLE SIZE
The dose measured by BLMs is directly proportional to

the number of inelastic collisions Ni of beam protons with
nuclei of the macroparticle (or nuclei of the gas after the
phase transition). The proportionality factor can be deter-
mined empirically using particle shower simulations. This
requires a good knowledge of the primary vertices since
BLM signals depend on the distance to the loss location.
Figure 2 compares measured and simulated BLM patterns
for 16L2 events at 6.5 TeV. All patterns are normalized to
the maximum signal. The BLM patterns for different events
have a strong resemblence to each other, which indicates that
the primary vertices were similar in all cases. The measured
patterns are well reproduced by the simulation model.

Using the simulated BLM response, it is found that in
most events about 1×105–2×106 of protons had an inelastic
collision during the initial loss peak, i.e. during the period
where the macroparticle is still believed to have been solid.
In a few cases, the initial peak was more pronounced and
the number of collisions exceeded 107. Assuming that the
macroparticles are composed of nitrogen with a density of
ρ=0.85 g/cm3, macroparticle dynamics simulations with the
model described in Ref. [16] suggest that the radius needs to
be about 15-25 µm to produce Ni=105 collisions, about 30-
50 µm to produce Ni=106 collisions, and about 50-90 µm to
reach Ni=107 (see Fig. 3). These numbers are only indicative
since the effective density of the macroparticle might differ
from the assumed value (e.g. frost has a smaller density).
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Figure 2: Measured and simulated BLM patterns for beam
loss events in 16L2 at 6.5 TeV. In the simulation (blue), point-
like losses were assumed in the magnet interconnect between
MQ.16L2 and MB.C16L2.
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Figure 3: Simulated number of inelastic proton-nucleus
collisions in a nitrogen macroparticle with ρ =0.85g/cm3

versus the macroparticle radius. The curves correspond to
different beam intensities Ib and different transverse offsets
∆x of the macroparticle with respect to the beam center.

ENERGY DEPOSITION IN NITROGEN
MACROPARTICLES

The energy deposited in a macroparticle is determined
by the ionising energy loss of beam protons traversing the
macroparticle during its passage through the beam. Because
of the small macroparticle size, the energy deposition can
be approximated as

Ed ≈ NplavS∆, (1)

where Np is the number of impacting protons, lav is the
average path length of protons in the macroparticle, and
S∆ is the restricted stopping power, which includes energy
transfers up to ∆. Electrons with kinetic energies higher
than ∆ are assumed to escape from the macroparticle and
deposit their energy elsewhere. Although Np and lav are
a priori unknown, their product can be estimated from the
number of nuclear collisions derived in the previous section.
Nuclear collisions yield only a negligible contribution to the
energy deposition in the macroparticle, but their occurence
depends also on the number of impacting protons and the
average path length. Since the inelastic scattering length
λ = M/ρNAσ of high energy protons in solid nitrogen is
much larger (tens of cm) than the estimated macroparticle
size, Ni can be approximated as:

Ni ≈ Np
lavρNAσ

M
, (2)

where ρ is the macroparticle density, M is the molar mass,
NA is the Avogadro constant, and σ is the inelastic proton-
nucleus cross section (about 300 mb for collisions of beam
protons with nitrogen nuclei). Inserting Eq. (2) into Eq. (1),
one gets:

Ed ≈ Ni
M

ρNAσ
S∆. (3)

Assuming ∆=30 keV (S∆/ρ ≈1.4 MeV/g/cm2), Eq. (3) gives
an energy deposition of Ed ≈2×10n µJ for Ni=105+n col-
lisions. Using the estimated macroparticle mass from the
previous section, one finds that dose values between a few
tens and a few hundreds of J/g are reached. Such dose val-
ues lead to a temperature rise of a few tens of K, which is
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sufficient to induce a phase transition if one assumes that the
initial macroparticle temperature was similar to the beam
screen temperature (5-20 K).

GAS DENSITY AFTER PHASE
TRANSITION

The theoretical description of the phase transition due to
the shock-heating and the subsequent gas expansion would
require more complex modelling approaches, which are be-
yond the scope of this paper. The gas density after the phase
transition can, however, be estimated from the beam-gas
collision rate dNi/dt reconstructed from BLM signals. As-
suming for simplicity that the gas density is constant over
a length L and zero otherwise, the collision rate and atom
density na = ρNA/M of a monoatomic gas are related ac-
cording to the following equation:

dNi

dt
= Ib fr Lnaσ, (4)

where Ib is the circulating beam intensity, fr is the LHC rev-
olution frequency (11245 Hz). The longitudinal expansion
L of the gas is unknown and remains a free parameter. The
measured BLM patterns exhibited only a small variation
throughout events, which suggests that beam-gas collisions
were restricted within a few meters of the original loss lo-
cation. More simulation studies are needed to confirm this
assumption. Figure 4 shows the average beam-gas colli-
sion rate and the estimated nitrogen gas density for different
16L2 events, assuming different expansion lengths between
L =10 cm and L =3 m. In most events, the average colli-
sion rate was around 1010 s−1 and the estimated gas density
between 1019 and 1022 depending on L. This shows that a
macroparticle phase transition can lead to a sudden pressure
bump where the atom density is at least 4-5 magnitudes
higher compared to the regular residual gas in the arcs.
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Figure 4: Average proton collision rate (top) and estimated
nitrogen gas density (bottom) for different 16L2 events.
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Figure 5: Reconstructed maximum energy density in dipole
coils for different 16L2 loss events at 6.5 TeV versus the loss
duration. Only events for Beam 1 are shown. The solid line
represents quench levels from Ref. [17].

MAGNET QUENCHES
Experience from LHC Run 2 showed that macroparticle-

induced losses can quench superconducting dipoles in the
LHC arcs [6, 8]. Before the occurrence of 16L2 events in
2017, a total of six dipole quenches attributed to macropar-
ticles were observed during operation at 6.5 TeV. Macropar-
ticles in 16L2 would not have had the potential to induce a
quench if no phase transition would have occurred. All 16L2
events with the exception of one were terminated by BLMs
without leading to a quench. In one case, however, BLM
signals remained just below dump thresholds and a quench
occurred after 45 msec because of beam-gas collisions.

Figure 5 compares the estimated maximum energy den-
sity in dipole coils for different 16L2 loss events at 6.5 TeV
against quench levels implemented in BLM threshold set-
tings [17]. The energy density in the coils was reconstructed
with shower simulations using the estimates for Ni . The
quench levels derive from the QP3 code [18] and incorpo-
rate empirical corrections from quench tests carried out in
LHC Run 1 [19]. The obtained energy densities are compati-
ble with the observed quench and the absence of quenches in
all other cases. The results also illustrate that in a few other
events the energy density was only a factor of 2–3 below
the quench level. Considering the proton collision rates in
Fig. 4, most 16L2 events which happened at or close to top
energy would have resulted in a quench after a few 100 msec
if the beams would not have been dumped by the BLMs.

CONCLUSION
Different new phenomena were observed during fast beam

loss events in the LHC in 2017, including the possible phase
transition of macroparticles (which were presumably the
cause of the losses) and rapidly developing beam instabilities.
The analysis in this paper indicates that the macroparticle
radius must have been of the order of a few tens of µm and
that the energy deposition was likely high enough to explain
a phase transition. The beam-gas collision rates observed
during the subsequent gas phase were sufficient to quench
arc dipoles within less than a second if no BLM dump would
have occurred. This demonstrates that 16L2 macroparticles
would have unavoidably perturbed the machine availability
even if no beam instabilities would have developed.
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