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The interaction of dust particles with the LHC proton beams accounts for a major fraction of irregular
beam loss events observed in LHC physics operation. The events cease after a few beam revolutions
because of the expulsion of dust particles from the beam once they become ionized in the transverse beam
tails. Despite the transient nature of these events, the resulting beam losses can trigger beam aborts or
provoke quenches of superconducting magnets. In this paper, we study the characteristics of beam-dust
particle interactions in the cryogenic arcs by reconstructing key observables like nuclear collision rates, loss
durations and integral losses per event. The study is based on events recorded during 6.5 TeV operation with
stored beam intensities of up to ~3 x 10'# protons per beam. We show that inelastic collision rates can
reach almost 10'? collisions per second, resulting in a loss of up to ~1.6 x 10® protons per event. We
demonstrate that the experimental distributions and their dependence on beam parameters can be described
quantitatively by a previously developed simulation model if dust particles are assumed to be attracted by
the beam. The latter finding is consistent with recent time profile studies and yields further evidence that
dust particles carry a negative charge when entering the beam. We also develop different hypotheses
regarding the absence of higher-loss events in the measurements, although such events are theoretically not
excluded by the simulation model. The results provide grounds for predicting dust-induced beam losses in

the presence of higher-intensity beams in future runs of the High-Luminosity LHC.
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I. INTRODUCTION

The Large Hadron Collider (LHC) [1] at CERN is the
first machine with positively charged hadron beams where
interactions with micrometer-sized dust particles caused
perceivable disruptions of beam operation [2-10]. The
trapping of ionized dust particles in the beam, accompanied
by a drop of beam lifetime, is a well-known phenomenon in
electron storage rings [11-17]. Dust or macroparticle-
related beam losses were, however, not expected to be
perturbing for a proton collider since dust particles become
rapidly ionized and repelled from the beams. Simulations
and experimental observations in the LHC indeed support
the hypothesis that dust grains are expelled before reaching
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the beam core [18-22]. The events typically last less than a
millisecond, i.e., less than twelve beam revolutions, with
many events being as fast as one or two revolutions [6].
Despite the short loss duration, it was already apparent in
LHC run I (2009-2013) that dust particles can still generate
sufficient beam losses to provoke beam aborts by the beam
loss monitor (BLM) system [2,3,5-7]. Beam aborts already
occurred at stored intensities as low as 10'? protons [6],
which is 2 orders of magnitude below the LHC design
intensity. After increasing the operation energy from 3.5
and4 TeVinrunIto 6.5 TeVinrunII (2015-2018), the first
dust-induced quenches of superconducting magnets were
observed [8—10]. All quenches concerned bending dipoles
in the arcs or dispersion suppressors. The quench events
typically required a recovery time between 8 and 12 hours
before regular cryogenic conditions could be restored. In
total, about a hundred BLM abort triggers and eight
quenches attributed to dust particles were observed in
the first two LHC runs, resulting in the loss of several
hundred hours of beam time. No other beam loss mecha-
nism caused more magnet quenches than the interaction of
the beam with dust particles.

Published by the American Physical Society
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Dust-induced loss events occur all around the LHC
circumference, including the room temperature insertion
regions and the cryogenic arcs and dispersion suppressors
[2-10]. Besides the events causing beam dumps or
quenches, a copious amount of smaller events has been
registered by the BLMs every operational year. These
events appear as a localized transient loss spike on
BLMs, but do not have any detrimental effect on operation
and luminosity production. The beam intensity loss is
smaller than the resolution of the LHC beam current
monitors (~10° charges) and cannot be measured directly.
The secondary particle showers can nonetheless be detected
by the BLMs even for beam losses as small as 10*-10°
protons. Although these events are harmless, they are still
carefully monitored as they provide insight about the
correlation with beam parameters and the long-term evo-
lution of event rates.

Dust particles were not the only cause of beam-induced
aborts and quenches in run II. Performance limitations
arose also from a macroscopic obstacle in one of the
dispersion suppressor dipoles [23,24] and from solid
micrometer-sized aggregates of residual air molecules
[24-27]. The latter were leftovers from an accidental air
inflow in a certain arc cell. While the occurrence of these
localized loss events was limited in time, dust-induced
quenches remain a concern for future runs of the LHC, in
particular in the High-Luminosity (HL)-LHC era [28]. A
large increase of event rates can potentially be expected
after long shutdowns, as was the case when restarting the
LHC for its second run in 2015 [24]. Such an increase can
have a detrimental impact on the operational performance
in the first year after a shutdown. The underlying cause of
the high event rate in 2015 has not yet been understood.
There are indications that it was not caused by a new dust
contamination in the preceding shutdown. As the reason is
still unknown, it cannot be excluded that elevated event
rates occur also after future shutdowns. Increasing the
operation energy from 6.5 TeV in run Il to 6.8 TeV in run III
(2022-2025) and further to 7 TeV in the HL-LHC era, will
in addition increase the susceptibility for magnet quenches
since the temperature rise, which superconducting coils can
tolerate, will decrease. Besides the reduced quench margin,
the beam parameters will become more challenging in
future runs, with the stored beam intensity increasing from
3.2 x 10" protons in run II to possibly 5 x 10'* protons
in run III and further to 6.1 x 10'* in the HL-LHC era
(see Table I).

Dust-induced loss events have been put under scrutiny
since their first occurrence in run I, by studying event rates
and empirical correlations with beam parameters [2-6,8,9],
by analyzing dust samples from the vacuum chamber of
magnets [7,32], and by modeling the motion of dust
particles in the beam [18-20,33,34]. In combination with
bunch-by-bunch beam diagnostics, individual dust particle

TABLE 1. Proton beam parameters (beam energy FE, bunch
spacing At,, number of bunches per beam N, bunch intensity 7,
and normalized transverse emittance ¢,) in previous and future
runs of the LHC, and in the HL-LHC era. The values correspond
to the start of physics production, referred to as the stable beams
period. Besides the standard beam production scheme, an
alternative low-emittance scheme is used, called batch compres-
sion, merging and splitting (BCMS) scheme. For run I and run II,
maximum performance values are given, corresponding to
standard 50 ns beams in 2012 [29] and to 25 ns BCMS beams
in 2017/18 [30], respectively. For run III, optimistic and
pessimistic values are given for the transverse emittance (BCMS
beams), whereas the bunch intensity is the maximum intensity
expected in run IIT [31]. The last column shows nominal HL-LHC
beam parameters for standard 25 ns beams [28].

Run I Run II Run III HL-LHC
(2009-2013) (2015-2018) (2022-2025) (2029-)
E (TeV) 4 6.5 6.8 7
Aty (ns) 50 25 25 25
N, 1380 2556 2748 2760
I, (10" p) 1.55-1.65 1.2 1.8 2.2
g, (umrad) ~2.5 ~2 1.8-2.5 2.5

trajectories could be reconstructed [21,22]. The simulation
studies and measurements also indicated that the radius of
dust particles is smaller than 100 ¢m [19,20] and that the dust
grains likely carry a negative charge when entering the beam
[22,35]. Despite these findings, a better understanding of
these events is needed for quantifying the performance
impact on the LHC, the HL-LHC and other future high-
energy proton colliders like the FCC-hh [36]. In particular,
the physical mechanism governing the release of dust
particles into the beam still lacks a theoretical explanation,
which is fundamental for predicting the likelihood of events.
It is also essential to reliably quantify dust-induced beam
losses as a function of beam parameters and dust properties.
The induced beam losses have been estimated previously by
means of simulations [33,34], but the predictions still lack a
systematic experimental verification.

In this paper, we study the characteristics of beam-dust
particle interactions through a comprehensive experimental
analysis of inelastic nuclear collisions between beam
protons and dust grains. Inelastic collisions are the main
mechanism for dust-induced beam losses in superconduct-
ing magnets. The characteristic features of loss profiles,
like peak collision rates and integral losses, are of practical
importance since they directly relate to the risk of magnet
quenches. They also reveal more about the nature of these
events and the properties of dust particles. Owing to a better
coverage of arc dipoles with beam loss monitors in run II,
observables related to beam-dust collisions could be
systematically reconstructed for a large ensemble of events.
Based on these data, we probe the ability of the previously
developed simulation model [18-20,22,33,34] to reproduce
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FIG. 1. Tllustration of the LHC layout, showing the different
insertion regions (IRs—yellow), dispersion suppressors (DS—
dark gray) and arcs (gray). Each of the eight arcs consists of 23
cells. A cell is made up of two 53.45 m long half-cells (see top),
which are composed of three bending dipoles (MBs), one
quadrupole (MQ) and corrector magnets (not shown). The two
counterrotating beams are represented by the blue line (beam 1)
and the red line (beam 2), respectively. The beams are crossing
each other in four interaction points.

different experimental distributions by constraining the
properties of dust particles. We further probe the ability
of the model to reproduce the dependence of proton losses
on beam parameters. This enables more accurate predic-
tions for future runs with higher-intensity beams.
Although dust particle events are observed in all regions
of the LHC, the studies presented in this paper focus
exclusively on the cryogenic arc sectors (see Fig. 1). The
arcs are believed to be the regions where dust-induced
losses might have the highest impact in future runs because
of the higher risk of magnet quenches. The arc sectors offer
ideal conditions for a systematic study of dust events. They
are less exposed to other types of beam losses than the
insertion regions or dispersion suppressors, which facili-
tates the identification of such transient loss events.
Another advantage is the cumulative arc length of more
than 19 km and the cell-by-cell periodicity of the BLM
layout, which help in enhancing the statistical significance
of observations. By studying indirectly the properties of
dust particles causing the loss events, this paper provides
elements for developing a better understanding of how dust
particles detach from cryogenic surfaces in the presence of
the LHC proton beams. As discussed in Ref. [22] and as
further elaborated in this paper, some observations related
to beam-dust particle interactions can only be explained if

dust particles are initially attracted by the beam. This
attractive force could be one of the root causes of these
events.

The paper is organized as follows. Section II describes
the methods for reconstructing the number of nuclear
beam-dust particle collisions from BLM measurements
in the arc sectors. Section III explores the characteristics
of dust-induced losses at 6.5 TeV by comparing recon-
structed distributions (loss rates, loss durations and integral
losses) with predictions from dust particle dynamics
simulations. By constraining the dust properties, we
attempt to find the best agreement between simulations
and measurements. Based on these results, Sec. IV analyzes
the dependence of observables on beam parameters, while
Sec. V provides predictions of dust-induced losses for
beam intensities in the HL-LHC era. Section VI summa-
rizes the studies and provides some concluding remarks.

II. RECONSTRUCTION OF DUST-INDUCED
BEAM LOSSES IN THE LHC ARCS

Dust-induced loss events can only be studied indirectly
by analyzing beam losses through the shower-induced
energy deposition in BLMs. In this section, we discuss
the methods for reconstructing the number of inelastic
encounters from spatial BLM signal patterns near the
collision vertex. The event reconstruction is based on
FLUKA [37-40] Monte Carlo simulations. General-purpose
transport codes like FLUKA can provide an estimate of
macroscopic observables like monitor signals by describing
the propagation of showers in complex geometries based on
microscopic interaction models. The predictive ability of
the FLUKA code for BLM response studies in the LHC
radiation environment has been demonstrated in Ref. [41].
In the following, we use this simulation technique for
reproducing dust-induced signal patterns recorded during
6.5 TeV operation in run IL

A. Detection of dust events in LHC operation

The eight LHC arcs are composed of superconducting
twin-bore magnets, which host the two counterrotating
proton beams in physically separated apertures [1]. Each of
the arcs consists of 23 lattice cells. A cell is made up of two
53.45 m long half-cells (see Fig. 1), which are composed
of three bending dipoles, one quadrupole and corrector
magnets. The mechanical clearance for the beams is
defined by racetrack-shaped beam screens inside the
vacuum chambers. The beam screens protect the cold
magnets from different heat sources such as electron clouds
and synchrotron photons. The beam screens are perforated
at the top and bottom surfaces and are maintained at a
higher temperature (5-20 K) than the vacuum chambers
and magnets (1.9 K) [42]. They are made of stainless steel
with a layer of copper on the inner side. The beam screens
of neighboring magnet cryostats are connected by means of
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radio frequency bridges, which provide a passage for the
beam-image current [43]. The bridges consist of gold-
plated copper-beryllium fingers, which can slide along a
copper tube. Dust samples collected from the vacuum
components of an arc dipole in run II showed that dust
contamination is present on all components, including
beam screens, vacuum chambers and the plug-in modules
containing the radio frequency bridges [32].

When a dust grain enters the LHC proton beam, it gets
ionized by the traversing beam particles and is rapidly
ejected due to the repelling force exerted by the electric
field of the beam. While a dust particle travels in the beam,
a small fraction of the impacting protons will be subject to
an inelastic nuclear collision and will be lost from the
beam. The energetic collision products, mainly 7+, protons,
neutrons, kaons, as well as photons from decaying 7°,
impact on the machine aperture and induce hadronic and
electromagnetic showers in the surrounding beam screens,
vacuum chambers and magnets. Most of the secondary
particles are lost within the same or the neighboring lattice
half-cell, i.e., nearby the primary collision vertex. Beam
protons can also undergo single diffractive interactions in
the dust grain, where the target nucleus is subject to
diffractive dissociation. The emerging high-energy protons
can travel longer distances in the collider ring and can be
lost in other regions. The number of such single diffractive
interactions is small compared to other inelastic encounters
and hence single diffractive protons are less harmful than
other secondary products lost near the dust particle loca-
tion. Beam protons undergoing an elastic nuclear collision
in the dust particle either stay in the transverse beam
acceptance or they are intercepted by collimators in the
cleaning or experimental insertions if the deflection angle is
large enough [44]. The elastic nuclear cross section is about
a factor of 2 smaller than the inelastic one. Elastically
scattered protons are hence not expected to be more
harmful than inelastic products. All magnet quenches
induced by dust particles in run II were indeed caused
by inelastic collision products lost nearby the collision
vertex.

The LHC is equipped with almost 4000 ionization
chambers which constantly monitor beam losses around
the two rings [45,46]. The chambers are filled with nitrogen
gas and have a sensitive volume of ~1500 cm?. About three
quarters of these monitors are located in the arc sectors. The
arc BLMs are mounted on the outside of magnet cryostats
(see Fig. 2) and detect electromagnetic and hadronic particle
showers induced by beam losses in magnets and other
equipment. The BLM system records the deposited dose
in 12 sliding time windows of different length (from Ar =
40 ps to 83.9 s). These running sums enable a customized
monitoring of beam losses with different time characteristics,
from very fast losses up to steady-state losses.

Dust events represent some of the fastest beam losses in
the LHC. They are recorded in real time during operation
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BLM Cryostat
Magnet

Busbars

[ ][ ][ ] ] >
! MB ! ! MB ! ! MB B !:_0: MB / -
Run II
[ 1 [ 1 [ IEI_ = i —
! MB H MB H MB ] !E: MB/
0 10 20 30 40 50 60
Position s (m)
FIG. 2. TIllustration of BLM positions in a standard LHC arc

half-cell. The two layout plots at the bottom show a top view of
the different BLM positions in run I and run II, respectively. Gray
boxes represent magnets (bending dipoles: MB, quadrupoles:
MQ), yellow boxes represent monitors. Monitors around the
quadrupole are located on the horizontal plane (figure top right),
while monitors between dipoles (run II only) are located on top of
the dipole interconnects (figure top left). The blue and red arrows
indicate the beam direction of beam 1 and beam 2, respectively.

by a dedicated software application developed in run I [6].
A beam loss event is classified as a dust particle event if the
dose measured in the 640 ps sliding time window of at least
two BLMs exceeds a certain trigger threshold. The 640 us
window was found to represent best the duration of dust
events since events can last between 100 microseconds and
about one millisecond. The two BLMs must be located
within 40 m in order to exclude false triggers on uncorre-
lated signals. In addition, the detection algorithm verifies
that dose values recorded in shorter time windows
(40-320 pus) do not exhibit an unphysical correlation.
This should minimize false triggers because of spurious
noise spikes. The noise suppression parameters were
optimized in run I [6] and the final settings were retained
in run II. The trigger threshold for the 640 us time window
was adapted a few times throughout the years, and hence
the data must be postprocessed to remove any bias.

Each of the arc half-cells is equipped with six BLMs.
In run I, all six BLMs were installed in the vicinity of
quadrupoles, as illustrated in Fig. 2. Quadrupoles were
expected to be the bottleneck for beam losses in the arcs
due to local restrictions of the effective aperture (maxima in
the f and dispersion functions), aperture discontinuities
(beam position monitors) and possible imperfections (mag-
net misalignment). Because of the absence of BLMs along
the bending dipoles, which account for more than 85% of
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the arc length, this configuration provided only a limited
resolution for detecting and localizing dust-induced loss
events. As dust particles posed the major source of transient
beam losses in the arcs in run I, hundreds of arc BLMs were
relocated from quadrupoles to dipoles in the shutdown
between run I and run II (2013-2015) to improve the
detection of such loss events [47]. The run II BLM layout
is illustrated at the bottom of Fig. 2. The BLMs were
installed on top of dipole-dipole interconnects, as shown in
the upper figure.

B. Methods for reconstructing the number of collisions

The number of inelastic nuclear collisions of beam
protons in pointlike obstacles like dust particles can be
estimated empirically from BLM signals using particle
shower simulations [41]. This requires finding the longi-
tudinal position of dust particles since the BLM response
per collision depends on the distance to the loss location
due to the shower attenuation by nearby magnets. The
spatial pattern of BLM signals along an arc half-cell, i.e.,
the measured dose as a function of the longitudinal BLM
position, exhibits a relatively high sensitivity to the
longitudinal loss location. The collision vertex can there-
fore be determined empirically by finding the best match
between measured and simulated patterns. Once the vertex
has been found, the simulated energy deposition in the
BLM gas provides a coefficient for converting measured
signals into the number of inelastic collisions. Since BLM
signals depend on the vertex position, the conversion
factors vary from event to event and have to be determined
individually for each event. This method already proved to
be successful for localizing the aforementioned obstacle
in the dispersion suppressor [24] as well as the location of
accidental air inflow in one of the arc cells [27]. The same
approach was also used in run I for estimating the location
of dust events at 3.5 and 4 TeV in a specific arc cell
equipped with additional BLMs [41].

Since dust events appear at any longitudinal position in the
arcs, BLM patterns were calculated for different loss loca-
tions inside a representative arc half-cell consisting of three
bending dipoles and a quadrupole. The FLUKA geometry
model is illustrated in Fig. 3. Neighboring magnets in
adjacent half-cells were included as well. The BLM signals
were calculated as described in Ref. [41], by recording the
energy deposition in the sensitive gas volume between the
electrodes of the BLM model. The dust particles were
assumed to be static and pointlike as in Refs. [27,41].
This assumption is justified due to the small transverse beam
size (o of a few hundred micrometers) and the small dust
particle size (maximum radius of a few tens of micrometers as
detailed later in this paper). The spatial distribution of beam-
dust particle interactions is hence confined to a volume,
which is much smaller than the transverse dimension of the
vacuum chamber. As a consequence, the spatial distribution
of collision vertices has only a negligible influence on the

FIG. 3.

Geometry model of a LHC arc cell used in the particle
shower simulations. The picture shows the vicinity of a quadru-
pole. The cryostat and dipole next to the quadrupole are cut open
to show the interior. The beam loss monitors of the quadrupole
(yellow cylinders) are mounted on the outside of the cryostat.

longitudinal loss distribution of secondary collision products
on the machine aperture and the induced BLLM signals. It is
therefore not necessary to model individual dust particle
trajectories in the FLUKA setup. Hence, no assumptions about
the beam intensity or the actual size of dust particles have to
be made in the FLUKA studies.

The loss locations considered in the simulations were
spaced by 0.5-2 meters in order to achieve a good
resolution in the vertex identification. Because of the
significant computational requirements, losses in the two
upstream dipoles were only studied for the anticlockwise
rotating beam (beam 2) and the obtained signal patterns
were then mapped to the other beam (beam 1). This
approach is justified since the dipole BLMs, located on
top of the dipole interconnects, are equally exposed to
losses from both beams. The situation is different for beam-
dust particle collisions in or nearby quadrupoles since the
relative BLM positions are not fully identical for the two
counterrotating beams. In addition, the layout around
quadrupoles differs for the two beams because of the
asymmetric sequence of corrector magnets in the quadru-
pole assemblies [1]. Losses in the third dipole and the
quadrupole were hence studied separately for the two
beams as the different geometry can affect the shower
leakage to BLMs.

In all studies, it was assumed that the clockwise rotating
beam circulates in the inner aperture of the twin-aperture
magnets, while the other beam circulates in the outer
aperture. This assumption holds only for half of the arc
sectors since the beams change from the inner to the outer
aperture and vice versa due to the beam crossing in the four
detectors (see Fig. 1). It was further assumed that the field
of the quadrupole in the considered half-cell is defocusing
in the horizontal plane. These assumptions may slightly
increase the uncertainty of the pattern reconstruction, but it
is not expected to impact the general conclusions.

The composition of dust particles can possibly vary from
event to event. The analysis of dust samples collected in run
IT showed that macroparticles of different chemical position
are present in the vacuum system [32]. Figure 4 presents
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FIG. 5.

simulated BLLM signal patterns for dust particles composed
of carbon and copper, respectively. The BLM signals are
given per proton-nucleus collision. The different dipoles
(MBs) and quadrupoles (MQs) are illustrated by gray
boxes. The results show that BLM signals up to 40 m
from the loss location agree within 30% for the two
compositions (the highest signal agrees within a few
percent). Larger discrepancies can be observed for more
distant BLMs, which can at least partially be explained by
the higher statistical uncertainty of the simulation results
because of the much smaller dose values. The good
agreement of the BLM patterns around the loss location
suggests that the number of inelastic collisions can be
reconstructed from the measurements with reasonable
accuracy even without having an exact knowledge of the
dust particle composition. In the shower simulations
presented in the following, dust particles were assumed
to be made of carbon.

0 MBI TIC ™ I ™ L ™8 | (] vB [ 8
2 o4 | Maitel MQ.13L1
S
S
p
‘8 10—6 L
2 7
é 10077 F Measurement 02/10/2015 —e—
. Simulation (N, = 5.3x10") —e—
L0 ‘ = ‘ :
0 20 40 60 80
Position s (m)
-3
0 e [ we vB | mB |[ ][ mMB |[MH
x 10_4 MQ.28L8 MQ.29L8
O
3 1075 beam
Q F—
2
S 100}
Z | Measurement 06/06/2016 ——
A Simulation (N, = 9.8x10") —e—
—8 . v . .
10 %
0 20 40 60 80
Position s (m)
1073
vB] [] [CMB ][] _MB |[MB
2 04 | Ma17R? MQ.18R7
S
S 105 b beam
3 \/~
S10°F
E —7
2 107 Measurement 28/09/2018 ——
108 . Simulation (N, = 6.2x10") —e—

0 20 40 60 80

Position s (m)

Comparison of measured and simulated BLM dose patterns along LHC arc cells for dust-induced loss events in run II physics

operation at 6.5 TeV. In four out of the six cases a dipole quench occurred (labels of dipoles which quenched due to showers are in bold
red). The simulated patterns were scaled according to Eq. (1) to obtain the best match with the measurements. The scaling factors, which
represent estimates of the inelastic proton-dust particle collisions, are indicated in the labels. The data points are connected by lines to
guide the eye. The estimated s location of the dust particles is identified by “x” labels.
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C. Matching of simulated and
measured BLM dose patterns

In order to estimate the number of inelastic hadronic
proton-dust particle collisions N; for a measured loss event,
the following expression was minimized as a function of N;
and the discrete loss location s;:

[Dtot,k - Nidk(sj)}z
N;di(s;) ’

O(Ni,s;) = Z (1)
K

where Dy, is the time integral of the dose rate Dy(r)
measured in BLM k during the loss event,

Dy = / Dy(1)de 2)

and d(s;) is the corresponding simulated dose per proton-
nucleus collision assuming that the collisions occur at s;.
The time-integrated dose was obtained from the Ar =
2.56 ms long sliding window of BLMs. This time window
is sufficiently long to contain the full loss event. The BLM
signals were corrected for the noise floor. For each case, six
BLMs were used to find the best match between simulated
and measured patterns (typically 1-2 BLMs upstream of
the loss location and 4-5 BLMs downstream). The stat-
istical error of the simulated signals was usually between
1%—-10%, except for some BLMs upstream of the loss
location and for BLMs>30—40 m downstream of the loss
location.

Figure 5 shows a selection of simulated BLM patterns
which were matched to measured loss patterns using
Eq. (1). All measurements were recorded at 6.5 TeV in
run II. The x axis represents the s coordinate of the
curvilinear coordinate system of the concerned beam; the
origin is arbitrarily set to coincide with the center of
the quadrupole upstream of the loss location. The mea-
surements shown in the figure exhibited some of the
highest BLM signals of all dust events in run II. In four
out of the six cases, the losses induced a dipole quench,
while no quench was observed in the other two events.
The simulated patterns generally show a good agreement
with the measurements. It is estimated that in most cases
analyzed in the following section, the number of inelastic
collisions per event can be determined with an uncertainty
less than a factor of 2 despite the unknown dust particle
composition and the model approximations.

III. CHARACTERISTICS OF BEAM-DUST
PARTICLE INTERACTIONS

The characteristics of dust-induced BLM signals have
been studied since run I [2,6,19-22,48]. Different obser-
vations were made, which provided some insight into the
nature of these events. It was found that the distribution of
BLM signals in run I was proportional to 1/D?, where D is

the time-integrated BLM dose in the BLM with the highest
signal near the collision vertex [2,6,48]. This observation
provided an approximate indication about the size distri-
bution of dust particles in the cold arc sectors, with the
caveat that BLM signals depend on the loss position and the
dust particle trajectory in the beam. The latter can vary from
event to event even for similar-sized dust particles. Hence
BLM signals do not uniquely reflect the dust particle size
for a given event. The signal distribution nonetheless
demonstrates the abundance of smaller dust particulates
in the arc vacuum system, which is also confirmed by the
dust samples collected in run II [32]. It was also observed
that the time profiles of events can typically be described by
a skewed Gaussian distribution [4,6,22] (see Fig. 6). Some
of the profiles had a shorter rise time, whereas others
exhibited a faster fall time. The latter can be explained by
the rapid repulsion of dust particulates once they get
ionized in the beam, but the opposite observation (faster
rise times) still lacks a theoretical understanding [6,22].

The trajectory of a dust particle and hence the induced
nuclear collisions depend on various parameters like the
beam intensity, the transverse beam size, the dust particle
radius, the dust particle composition and density, as well as
the initial dust particle position. The trajectory is also
strongly influenced by the initial charge carried by the dust
particle when it enters the beam. A numerical simulation
model has been developed for studying the motion of
dust particles in the LHC beams as a function of these
parameters [33,34]. The model assumes that the dust
particle is initially located on the beam screen. Different
physics improvements have been incorporated over time, as
described in Refs. [18-20] and more recently in Ref. [22].
The simulations suggest that the dust particles are expelled
before reaching the beam core [19,33,34]. This was
confirmed in recent experimental and numerical studies
in run II, where a maximum penetration depth of ~3¢ from
the beam center was found for particular events recorded at
5.5 and 6.5 TeV, respectively [21,22]. The model also
explained other features of dust events, like the asymmetry
of time profiles (in case of faster fall times) [19,20,22] and
the decrease of the loss duration as a function of beam
intensity [4]. The model calculations further made it
possible to better understand dust particle properties. It
could be shown that measured BLM signals in run I can be
reproduced by assuming dust particle radii between 5
and 100 ym [19,20], which was consistent with the dust
samples collected in run II [32]. In a more recent article,
based on BLM data from run II, it was demonstrated that
the rising slope of certain loss profiles can only be
explained if dust particles are initially attracted by the
beam [22]. As proposed in this article, this can be explained
if dust particles possess a negative charge.

In this section, we extend previous studies by performing
an absolute comparison between simulations and beam loss
observables. The quantities under study are introduced in
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FIG. 6. Rate of inelastic nuclear collisions 7;(f) between
6.5 TeV protons and a dust particle entering the LHC beam.
The two events were recorded in the LHC arcs in run II. In both
cases, the losses lead to a magnet quench. The loss rate was
reconstructed from BLM measurements using particle shower
simulations. The time resolution of the measurements is 40 us.
The labels in the figure indicate the integral number of collisions
per event (N;), the maximum collision rate (R;) and the loss
duration 7. The different variables are discussed in more detail in
Sec. IIT A.

the following subsection. The experimental values are
reconstructed from run II BLM measurements at
6.5 TeV using the methods detailed in Sec. II. By
constraining the material properties of dust particulates,
we probe the ability of the simulation model to reproduce
the experimental distributions and their dependency on
beam parameters. This is an important prerequisite for
assessing the predictive ability of model calculations. We
also discuss possible implications for future operation with
higher intensity.

A. Observables under study

Dust-induced loss events can be characterized by the
inelastic nuclear collision rate 12;(¢) between beam protons
and the dust grain. Figure 6 illustrates two typical collision
rate profiles for events which lead to a quench at 6.5 TeV.
Time profiles, as shown in the figure, are only recorded for
a subset of events. In absence of such profiles, we can
nonetheless describe dust particle events by different

observables, which can be reconstructed from the maxi-
mum dose recorded in the different sliding time windows of
BLMs. The maximum dose per window is logged by the
monitoring application and is therefore available for all
events. The observables under study include the integral
number of inelastic proton-dust particle collisions per event
(as already introduced in the previous section),

N, = [ in(nar, 3)
the maximum collision rate
R; = max|i;(1)], 4)

and the loss duration 7. We define the latter as the full width
at half maximum of 7,(¢) profiles,

T:tz—[l, (5)

where 1] < fiax, T > tmax and

(1) = ni(ty) = % (6)
max Tefers to the time where the collision rate is maximum.
These quantities can provide more insight into the nature of
dust particle events. As can be seen in Fig. 6, the two
profiles exhibit different features, one being twice as long
as the other, but featuring a lower peak loss rate. The
integral number of inelastic collisions was similar in both
cases. Evidently, the considered observables N;, R; and 7
are not independent from each other, but we still consider it
instructive to study all three together. The number of
collisions N; can be obtained from the measurements by
means of Eq. (1), which provides an individual conversion
factor for each loss event. The reconstruction of R; and
entails a few additional approximations, as detailed below.

The peak collision rate was derived from the following
expression:

40 us
N; D
Ri _ i max ’ (7)
D At

where Dﬁgf * is the maximum dose recorded in the shortest
sliding time window of BLMs (At = 40 us),

tll+ ]
ﬁg,’fs:max[/ 1D(t’)dt’: t, =nx40 us|, (8)
t}‘l

and D, is the time-integrated dose in the same BLM where
D l® was measured. Equation (7) provides only an
approximation of the real peak collision rate because of
the signal delay introduced by the readout cables and

the delayed charge collection in the ionization chambers.
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The collection time is around 300 ns for electrons, but is
around 80 us for ions [45,46]. In general one can assume
that about 40% of the signal is registered within 40 s, and
about 70% within 80 us. Because of this delay, the actual
peak dose rate and hence the peak collision rate might be
underestimated. This underestimation is expected to be
more pronounced for very fast events, lasting only one to
two turns (80-160 us), which account for about one
third of the considered events. Even without the delayed
signal collection, the measurement of ultrafast events
would be intrinsically limited by the 40 us time resolution
of the BLMs.

The loss duration 7 was reconstructed by assuming that
the 7;(z) profiles are of Gaussian shape, neglecting any
possible asymmetry. For consistency, this approximation
was applied to all events, even if time profiles were
available. The integral of the Gaussian profiles was
assumed to be N;. The width 7 of the Gaussian profiles
was determined by calculating the number of standard
deviations m, contained in an 80 us time window centered

around the mean (see bottom graph in Fig. 7); m, depends
on the number of collisions N?O ¥ in this time interval.

We assume that N?O ¥ corresponds to the maximum
number of collisions measured in the 80 s sliding time

window of BLMs:

D80 us
N?O Hs Ni max ’ <9)
DtOt

where D, is the time-integrated dose and DY is the

maximum dose in the 80 us sliding time window of the
BLM, which is updated every 40 us,

tn+ .
e = max [/ "D()dl': t, =n x40 us|. (10)

Iy

Figure 7 illustrates the time profile of a typical dust particle
event measured in run II (top graph) together with the
derived Gaussian distribution (bottom graph). The red area
in the top graph indicates the number of collisions as given
by Eq. (9), which was in turn used to calculate the width 7
of the Gaussian. Numerically, the results for z would be the
same if the total area of the Gaussian in Fig. 7 would be D,
and if the area within the central 80 ys window would be

ﬁ?afs. For clarity, the formulas and figures were still
expressed in terms of collisions rather than in terms of dose.

Although the approach could have also been based on a
different window length, 80 us was found to be the best
compromise between faster and slower events. The calcu-
lated 7 values can differ from the actual width of loss rate
profiles because of the neglected skewness, which is
unknown for events where no time profile was recorded.
The approximation is nonetheless suitable for identifying
trends. For very fast events, with a duration 7 < 10™*
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FIG. 7. Measured time profile of a dust event recorded in LHC
operation (top) and Gaussian profile used for estimating the loss
duration 7 (bottom). The standard deviation of the Gaussian
distribution was calculated from the relative number of collisions
N ?0 ¥ /N; contained in the central 80 us time window. The
relative number of collisions in this interval was estimated from
the measurements (ratio of red area and total area in top graph).

seconds, the obtained values become unreliable because of
the limited time resolution.

B. Distribution of events as a function of N;, R; and 7

About 21000 dust particle events were detected at
6.5 TeV in the LHC arcs in run II. The smallest of these
events gave rise to about 10* inelastic proton-nucleus
collisions, while the largest event resulted in more than
103 collisions. The shower simulations indicate that events,
which generated less than ~5 x 10° collisions within a time
interval of At = 640 us, were not uniformly detected along
arc cells even with the improved BLM layout in run II.
These events were only registered if the loss location was
nearby a BLM. In the following, we therefore discard all
events with less than 5 x 10 collisions (~15500 out of the
21000) since they represent an incomplete sample of the
true event population. The detection limit of 5 x 10°
collisions within At = 640 us depends on the adopted
dose threshold in the monitoring software. Although the
dose threshold was temporarily raised in 2015 and 2016, it
is estimated that >98% of all events with more than
5% 10° collisions in 640 us were recorded in run II
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FIG. 8. Reconstructed experimental distributions of dust events
as a function of collisions per event (top), maximum collision rate
(center), and loss duration (bottom). The figure considers about
N = 5500 loss events, which were recorded in the LHC arcs
during 6.5 TeV proton operation in run II. In addition, one dust-
induced quench at 6.39 TeV and one quench in the dispersion
suppressor are included (at 6.5 TeV). The two bottom figures
show different subsets of events exceeding a minimum number of
collisions indicated by the vertical lines in the top figure. Events
leading to a quench are represented by the dashed histograms.

The considered 5500 events therefore represent an almost
complete sample of the true number of events.

Figure 8 presents the obtained distributions of inelastic
collisions per event N;, peak collision rates R;, and loss
durations z. The different R; and r histograms represent
subsets of events, where a minimum number of collisions
N,; was exceeded. The results show that events with a

higher peak collision rate R; also yield a higher number of
integral collisions N;. Considering the delayed signal
registration in BLMs, the actual R; values can be higher.
In case of a fast event, which lasts 40 us, R; is under-
estimated by a factor of 2.5 since only 40% of the dose is
registered within such a time interval. For faster events, the
systematic error can be more significant due to the intrinsic
time resolution of BLMs. This concerns however only a
fraction of events. In a majority of the considered cases, the
underestimation of R; is estimated to be less than a factor
of 2.5 since the events last longer than 40 us.

The large majority of events shown in Fig. 8 did not
cause any disruption of LHC operation, i.e., neither a beam-
induced quench nor a BLM abort. Events, which resulted in
a quench, are represented by separate histograms (dashed
lines). Besides the six dipole quenches in the arcs at
6.5 TeV, the figure also includes one dust-induced quench
in the energy ramp (at 6.39 TeV) and one quench in the
dispersion suppressor (at 6.5 TeV). In both cases, the
quenched magnet was also a bending dipole. In all events
where a quench occurred, the estimated number of inelastic
proton-dust particle collisions was higher than ~6 x 107.
This corresponds to a fraction of ~2x 1077 of the
maximum beam intensity in run II, or to a fraction of
5x 107* of the intensity of a single nominal bunch
(1.2 x 10" protons). The occurrence of a quench depends
not only on the number of lost protons, but also on the
longitudinal loss location and the resulting energy depo-
sition density in magnet coils. The quench level depends
also on the loss duration and on the local temperature
margin in the volume heated by the showers [49]. This
explains why not all events with >6 x 107 collisions
resulted in a quench. The maximum number of collisions
observed in a single event was ~1.6 x 108.

In case of a magnet quench, the beam abort does not
shorten the loss event since the delay until a quench is
detected is generally much longer (of the order of 10 ms)
than the duration of dust events. On the other hand, BLM
abort triggers can be fast enough to induce the extraction of
the beams while the circulating protons still interact with
the dust grain. In such cases, the number of beam-dust
particle collisions could have been higher if the event
would have been unperturbed. The histograms in Fig. 8
include 17 events, where the BLM abort thresholds were
exceeded (14 events without quench and three events where
a quench developed despite the BLM abort trigger). We
estimate that in four out of these 17 cases, N, could have
possibly exceeded 1.6 x 10® collisions if the beams would
not have been extracted. In another four to six cases, we can
neither exclude that the abort trigger shortened the events,
but the number of collisions would have likely stayed
below 1.6 x 108 collisions. In the remaining seven to nine
cases, the time profiles of the events suggest that the losses
had already ceased at the moment of beam extraction [8].
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C. Constraints on the properties of dust particles

The reconstructed N;, R; and 7 distributions can be used
to constrain some of the properties of dust particles. A
similar approach was adopted in the study of event rise
times [22], where evidence of a negative precharge of dust
particles was found. The amount of negative precharge,
together with the composition and mass of a dust grain, are
the key quantities, which govern the induced beam losses.
Using the latest simulation model as described in Ref. [22],
a random sample of loss events was generated for com-
parison with the distributions presented in the previous
section. For simplicity, the dust particles were assumed to
be of spherical shape. The volumes V were sampled
according to a 1/V? distribution. As discussed in
Ref. [6], this describes well the measured distribution of
dust particle sizes in the magnet test hall. It was also
hypothesized in [6] that such a distribution can explain the
1/D? BLM dose distribution although there is no unique
relationship between V and D. The minimum and maxi-
mum radii adopted in the volume sampling were 5 and
100 pm, respectively. An analysis of dust samples showed
that an abundance of particulates with r < 5 ym is present
in the vacuum chamber [32], but these are estimated to be
irrelevant for the comparison with the measurement sam-
ple. Such small dust grains are still expected to cause
copious smaller events. In many cases, the beam losses
would, however, be too small to be detected by the BLMs.

Other assumptions about the dust particle properties
were similar to the ones used in Ref. [22], which are briefly
summarized in the following. As in Ref. [22], the dust
particle composition was randomly selected from four
chemical elements (C, Al, Si, Cu) since the actual compo-
sition may vary from event to event. This accounts for the
observation that dust particles of different chemical com-
position are present in the vacuum system, which can
possibly be explained by different fabrications methods and
by different materials used for vacuum system components
[32]. The dust samples collected in run II showed also the

presence of other chemical elements [32], but the four
selected materials are considered to be a representative
subset of the actual dust constituents. The same chemical
elements, or subsets thereof, were also considered in earlier
simulation studies [19,20,34]. For simplicity, no mixtures
of multiple elements were considered and each element was
sampled with equal probability. The dust particles were
assumed to carry a negative charge when entering the beam.
The charge-to-mass ratio |Q/m| was sampled from a log-
uniform distribution between 10~7 and 10~! C/kg, albeit
different subintervals were studied as discussed below. The
dust particles were assumed to be initially attached to the top
surface of the beam screen. The horizontal offset of the initial
position with respect to the beam was assumed to be
uniformly distributed up to two millimeters from the center,
which is sufficient to cover the horizontal extent of the beam.

Figure 9 presents scatter plots of events sampled within
the defined parameter space. The two axes show the
maximum collision rate R; and integral number of colli-
sions per event N, respectively. Only events which
generated more than 5 x 103 collisions within 640 us are
shown. The color coding indicates the distribution of loss
durations, charge-to-mass ratios and radii. The loss dura-
tion was calculated in the same way as for the experimental
data. For this purpose, the simulated collision rate profiles
were discretized in time, using 80 s intervals. The time
window with the highest fraction of N; was used for the
calculation of 7. The figures illustrate that for a given
number of collisions N;, the peak collision rate and hence
the loss duration can vary by more than 1 order of
magnitude. The highest peak collision rate and therefore
the shortest loss duration for a given N, can be attributed to
smaller dust particles with a high |Q/m| ratio. The figure
also shows that the simulation results include events which
exceed the maximum N; and R; values observed in the
experimental distribution (see horizontal and vertical lines
in Fig. 9). The dust properties hence need to be further
constrained.
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FIG. 9. Scatter plots of randomly sampled dust events based upon the simulation model described in Ref. [22]. The graphs show the
number of inelastic proton-dust particle collisions per event versus the maximum collision rate. The color coding indicates the loss
duration (left), the charge-to-mass ratio (center) and the radius (right). Only events with >5 x 10° collisions within 640 us are shown.
See the text for more details about the simulation parameters. The horizontal and vertical lines indicate the maximum N; and R; values

observed in the experimental distributions in Fig. 8.
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Figure 10 compares measured and simulated distributions
of N;, R; and 7, for events with >5 x 10° collisions within
640 ps. The distribution of beam intensities was modeled
to be the same as in the measurement sample to remove any
bias due to the intensity dependence of the considered
quantities. About two thirds of the events occurred at a
stored beam intensity between 1 x 10'* and 2.5 x 10
protons. The figure includes different simulation subsamples
from Fig. 9, with different constraints on |Q/m| and r.
Each simulation sample was normalized such that the total
number of events was the same as in the measurements. The
first sample (simulation “A”) excludes high charge-to-mass
ratios (|Q/m| > 1072 C/kg), whereas the second sample
(simulation “B”) excludes lower charge-to-mass ratios
(|Q/m| < 1073 C/kg). In both cases, the upper radius
was 100 pum. In the third sample (simulation “C”), the range
of charge-to-mass ratios was the same as in B, but the mass of
dust particles was restricted to less than 0.4 pg. This
corresponds to a maximum radius of 35 um for spherical
carbon grains and 22 um for spherical copper grains. As

Simulation A: Simulation B:

discussed in the following, sample C reproduces best the
features of the measured distributions.

The comparison between simulated and measured R; and
7 distributions suggests that |Q/m| must have been higher
than 1072 C/kg in at least a fraction of the events,
otherwise the most probable peak loss rate (loss duration)
is underestimated (overestimated). The most probable R;
and 7 values can be best reproduced if |Q/m| ranges from
1073 to 107! C/kg, as in the samples B and C. This finding
is in good agreement with the charge-to-mass ratio inferred
from the rise time of loss events [22], where |Q/m| was
found to be higher than 5 x 10~* C/kg.

The results also show that the assumed distribution of
dust volumes (1/V?) reproduces well the measured dis-
tribution of N;, but overestimates the actual number of
higher-loss events (N; > 3 x 107) if r,,, = 100 gm (as in
samples A and B). In particular, the simulation predicts
events with N; > 1.6 x 10% collisions, which are absent in
the measurement sample, apart from possibly four cases
where the BLM abort trigger shortened the event. A similar

Simulation C:

r =100 um, r =100 um, r=35um for C ... r = 22 um for Cu,
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FIG. 10. Measured and simulated distributions of dust-induced loss events as a function of collisions per event (top), maximum
collision rate (center), and loss duration (bottom). The measurements are the same as in Fig. 9, including about N = 5500 events. The
simulation results correspond to different intervals of |Q/m| and different maximum radii (see top of the figure).
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observation can be made for the distribution of maximum
collision rates, which extends to higher values in the
simulations than in the measurements. The absence of
larger events in the measurements was already observed in
BLM signal distributions in run I [6]. This observation was
solely attributed to the shortening of events due BLM abort
triggers, which, according to our analysis, does not apply to
the run II data. It is also unlikely that the absence of large
events in the run II measurements is due to the limited
sample size. Assuming that dust volumes are distributed as
1/V? and that r,,, = 100 yum, then one would have
expected with 95% confidence to observe >12 events with
N; > 1.6 x 10% in run II. A more likely explanation is that
the maximum radius of dust grains which interact with the
beam is smaller than 100 ym, or that the propensity of
reaching a high charge-to-mass ratio |Q/m| diminishes for
larger dust grains. As shown in Fig. 10, the measured
distribution can be well reproduced by sample C, where the
mass of dust particles was limited to 0.4 pug. Such dust
grains can still generate a higher number of losses N; than
observed in the measurements, but the likelihood of such
events diminishes significantly. The remaining discrepan-
cies between simulated and measured 7z and R; distributions
can be explained by the limited time resolution of the
measurements and by delayed charge collection in BLMs.

The reason that dust particles heavier than 0.4 ug would
not interact with the beam could be twofold. One possibil-
ity could be that more massive dust particles are less
susceptible to being detached from the cold beam screen in
the presence of the beams. An alternative explanation could
be that the assumed 1/V? distribution does not correctly
describe the population of larger dust grains in the vacuum
system. If the population of dust grains with larger radii
is sufficiently smaller than a 1/V? distribution, then the
absence of higher-loss events could be of statistical nature.
The dust samples extracted from a dipole in run II showed
that dust grains with masses larger than 0.4 ug are present
in the vacuum system [32]. However, the analysis also
indicated that the size distribution can vary depending on
the location where the dust sample was taken. We can
therefore not entirely exclude that the global size distribu-
tion deviates from the assumed 1/V? dependence. This
might in particular apply to dust grains adhering to the top
surface of the beam screen.

The measured distributions can also be reproduced in a
similar way as in Fig. 10 by constraining the absolute dust
charge |Q| instead of the mass. This assumption implies
that larger dust grains cannot reach the same charge-to-
mass ratio |Q/m| as smaller ones. Considering a maximum
|Q| of 2 x 107! C, similar curves would be obtained as if
the mass m is limited to 0.4 ug. Based on these findings, it
cannot be established with certainty if the population of
larger dust particles is smaller than expected, if larger dust
particles are not released into the beam even if they possess
a high charge-to-mass ratio, or if the maximum charge dust

particles can acquire is limited. The latter would reduce
their ability to induce higher losses.

IV. DEPENDENCE OF PROTON LOSSES
ON BEAM PARAMETERS

The correlation between dust-induced beam losses and
beam parameters has been studied both experimentally
(based on data from LHC run I operation) [3,50] and
through simulations [20,34]. However, no direct compari-
son of simulations and measurements was carried out so
far, mainly due to a lack of a common observable. The
experimental studies primarily relied on BLM signals,
which could not be compared directly with the number
of inelastic collisions. In this section, we use the exper-
imental and simulated distributions from the previous
section to study the dependence of observables on the
beam intensity and transverse emittance. Since the recon-
structed distributions contain the full event population
above a given N; threshold, an absolute comparison can
be performed. As dust properties, we assume the same as in
simulation C (see Fig. 10), i.e., |Q/m| ranging from 1073 to
107! C/kg and m being smaller than 0.4 ug.

A. Correlation between N;, R; and 7
and the beam intensity

Figure 11 shows scatter plots of N;, R; and 7 as a
function of the beam intensity /. Each point represents a
reconstructed loss event from run II. The measurements are
the same as in Fig. 10, i.e., only events with more than
5 x 10° collisions within 640 us were considered. The data
points exhibit a large spread at all beam intensities.
Relatively high losses and loss rates can occur already
with low-intensity beams. In particular, three of the eight
dust-induced quenches in run IT occurred at I = 9.4 x 10'2,
3.2 x 10" and 5.6 x 10'® protons, which corresponds to
3%, 11% and 18% of the maximal intensity achieved in
run I, respectively.

The solid and dashed lines represent the average and
median values of NV;, R; and 7 for beam 1 (blue) and beam 2
(red), respectively. The intensity dependence is very similar
for both beams. While the average and median peak
collision rates, R; and R;, show a gradual increase as a
function of I, the opposite trend can be observed for the
average and median loss duration, 7 and 7. The behavior is
compatible with the rather weak dependence of N; and N,
on /. The decrease of 7 as a function of / has already been
observed in previous empirical studies, which were based
on data from 3.5 TeV operation in run I [3,50]; the same
trend has also been predicted by the theoretical model [34].
In the present dataset, the average duration 7 is found to be
around 500 us for low beam intensities and decreases to
~200 us for intensities higher than 1.5 x 10'* protons.

The simulation results, represented by the yellow lines,
reproduce well the absolute intensity dependence of the
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FIG. 11. Number of inelastic proton-nucleus collisions (top),

maximum collision rate (center) and loss duration (bottom) of
dust particle events as a function of the beam intensity. Every dot
represents a loss event reconstructed from BLM measurements in
run II. All considered events occurred at 6.5 TeV, except one
event at 6.39 TeV. Only events with more than 5 x 10° collisions
within 640 us were considered. The crosses indicate events,
which resulted in a magnet quench. The average and median
values are indicated by the solid and dashed lines, respectively
(beam 1 in blue and beam 2 in red). The yellow lines represent the
simulation results (simulation C in Fig. 10).

different observables, in particular the increase of the
maximum collision rate and the decrease of the loss
duration. The simulation results suggest that the average
number of collisions is rather independent of /, while a very
slight increase can be observed in the measurements. The
absolute agreement between simulations and measurements
is nevertheless satisfactory.

Previous simulation studies [18-20,34] suggested that R;
would decline with increasing [ if the gravitational force
would be the sole force acting on the dust particle before
entering the beam, i.e., if dust particles were not pre-
charged. This decline of R; with I can be explained by the
smaller degree of ionization needed to reach the point of
repulsion in the presence of higher-intensity beams, which
then results in a reduced inelastic collision rate at the
turning point of the dust particle trajectory. Observing the
opposite trend in the present data provides another strong
indication that dust particles are initially attracted by the
beam. The increasing attraction negatively precharged dust
particles experience in case of higher-intensity beams
outweighs the aforementioned effect, i.e., the dust particles
can penetrate deeper into the beam and hence the peak
collision rate increases as a function of /.

The results also suggest that the charge-to-mass ratio of
dust particles interacting with the beam is similar at all
beam intensities. The physical mechanism, which causes
dust particles to acquire a negative charge, is beyond the
scope of this study and is investigated in another paper [35].
The results nonetheless suggest that, if the charging
mechanism depends on the presence of the proton beams,
the amount of charge picked up by the dust particle
does not or only moderately depend on the number of
circulating protons.

B. Correlation between V;, R; and 7
and the transverse beam emittance

Figure 12 shows scatter plots of N;, R; and 7 as a
function of the normalized transverse emittance ¢,,. Like in
the previous section, the average and median values of the
measured distributions are represented by solid and dashed
lines, respectively. Only events which occurred at beam
intensities 7 > 1.5 x 10" protons were considered due to
the weaker dependence on /. This shall reduce any
intensity-related bias when studying the dependence on
the transverse emittance. The emittance at the time of each
dust event was approximated by

€, = €,; + k< At, (11)

where ¢, ; is the averaged convoluted emittance at the start
of stable proton-proton collisions for physics data taking,
k is the emittance growth rate and Af is the time which
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FIG. 12. Number of inelastic proton-nucleus collisions (top),
maximum collision rate (center) and loss duration (bottom) of
dust particle events as a function of the normalized transverse
beam emittance. The measurements are a subset of the data
shown in Fig. 11. The average and median values of the
measurements are indicated by the solid and dashed lines,
respectively (beam 1 in blue and beam 2 in red). Only events
from 2016-2018 at beam intensities I > 1.5 x 10'* protons were
considered. Simulations (yellow symbols) were performed for
discrete emittance values only (average values are given by
circles, median values are given by crosses).

elapsed between the start of stable collisions and the dust
particle event. The initial emittance ¢, ; was reconstructed
considering the luminosity measurements in the ATLAS and

CMS experiments and represents the convoluted emittance in
the horizontal and vertical plane, averaged over all bunches.
Experimental studies showed that the emittance growth in
2018 was about k = 0.07-0.08(0.04-0.06) um/h in the
horizontal (vertical) plane [51]. In this study, we consider
k = 0.05 um/h as the average convoluted emittance growth
for all years, accepting that this represents only a rough
estimate of the actual emittance at the moment of dust particle
events. Describing the emittance growth by a single constant
value is considered sufficient for identifying trends. Since
Eq. (11) relies on luminosity measurements, only dust events
during stable beam collisions were included in this analysis,
and only for the years 20162018 of run II.

The yellow symbols in Fig. 12 represent the simulation
results. The emittances were sampled from discrete values
(¢, = 2,3,4,5 ym). The corresponding beam size was
calculated by using $ and dispersion functions at randomly
selected dust particle positions inside a standard arc cell
[18]. The dust particles were assumed to be uniformly
distributed along the cell. The minimum and maximum f
functions were 30 and 180 m, respectively.

In general, the simulations and measurements are in
good agreement, although some discrepancies are visible.
For example, the simulation predicts a slight increase of 7
and 7 with ¢,,, while no clear trend can be identified in the
measurements. The latter can at least partially be attributed
to fluctuations in the experimental data resulting from the
limited sample size. The results nevertheless indicate that
the average and median N;, R; and 7 values vary at most by
a few ten percent in the considered emittance interval
between 2 and 5 ymrad.

V. PROTON LOSSES AT HIGHER
BEAM INTENSITIES

The proton beam intensity in the HL-LHC era will be
twice as high as in run II, whereas beam emittances as small
as the nominal HL-LHC emittance (2.5 ymrad) have
already been achieved in run II (see Table I). A possible
worsening of dust-induced losses can therefore be mainly
expected due to the higher number of circulating protons.
Based on the dust properties found in Sec. III, we can
derive predictions about the distribution of N;, R; and 7 at
higher intensities. As in the previous sections, we consider
it instructive to study the distribution of events exceeding a
minimum number of collisions N;. The dust dynamics
simulations predict that the number of events above a given
N; threshold grows with increasing /. This is illustrated in
Fig. 13, which shows the relative increase of events for
different N, thresholds. The results were arbitrarily nor-
malized to the number of events, which result in more than
5 x 10° collisions (A7 = 640 us) at a beam intensity of
I =3 x 10" protons. As indicated by the blue line in
Fig. 13, the number of events with N, above 5 x 10°
collisions increases by about 17% at HL-LHC beam
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FIG. 13. Simulation predictions of the relative number of dust
events exceeding a given number of collisions N;. The absolute
number of events was assumed to be independent of the
intensity 1.

intensities (~6 x 10'* protons) compared to the highest
beam intensity in run II (~3 x 10'* protons).

Figure 14 presents the distribution of N;, R; and 7 for
three different beam intensity intervals, up to the maximum
intensity expected in HL-LHC. The stored beam intensity
declines throughout physics fills due to the proton burn-off
in the experiments and due to beam losses in the collima-
tion system. Dust events may therefore exhibit different
characteristics depending on the time when they occur in a
fill. The intensity intervals in the figure do not represent
specific operational scenarios, but provide a general com-
parison of event characteristics for different intensity
regimes. For each interval, an equal number of events
was generated. Two different N, thresholds were adopted
for the R; and 7 distributions, N; = 10° inelastic collisions
(solid histograms) and N; = 107 inelastic collisions
(dashed histograms). With increasing intensity, the distri-
bution of peak collision rates shifts towards higher values
while the 7 distribution shifts towards smaller values. This
behavior could already be observed in the average and
median values of the distributions shown in Sec. IV.
Comparing the distributions for the two upper intensity
intervals, the characteristics of dust particle events are not
expected to get significantly worse in the HL-LHC era. The
minimum energy deposition density for inducing a quench
decreases for shorter heating times, but this decrease is
small for 7 < 10™* s [49,52]. The shift of the  distribution
is therefore not expected to considerably increase the risk
of quenches.

As shown in Sec. III, the minimum number of inelastic
proton-dust collisions for inducing a quench at 6.5 TeV
was 6 x 107. This loss threshold will decrease in 7 TeV
operation because of the reduced quench margin and the
higher energy density deposited in coils. Electrothermal
model calculations suggest that the quench level of arc
dipoles will decrease by about 20% to 30% for fast beam
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FIG. 14. Simulated distributions of N;, R; and 7 for different
beam intensity intervals; N indicates the number of events. The
different R; and 7 distributions correspond to different minimum
N; thresholds as indicated in the figures (N; > 10°: solid histo-
grams, N; > 107: dashed histograms).

losses between 10~* and 1073 s [52]. On the other hand,
FLUKA simulations show that the average energy density
per proton lost increases by about 14% because of the
higher particle energy and the narrower angular distribution
of secondary collision products. We therefore estimate that
about 4 x 107 inelastic collisions can lead to a quench at
7 TeV. The simulation results in Fig. 14 show that,
independently of the considered [ interval, the number
of events with N; > 4 x 107 collisions is about a factor of 2
higher than the number of events with N; > 6 x 107
collisions. This suggests that an increase of the beam
energy from 6.5 to 7 TeV will presumably have a larger
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impact on the likelihood of dust-induced quenches than the
increase of the beam intensity.

Apart from the higher fraction of events which can
induce a quench, the impact of dust events in future runs
will strongly depend on the frequency of events. The
physical mechanism, which governs the rate at which dust
particles are released into the beam, still lacks a theoretical
understanding. Much of what is known about the occur-
rence of these events derives from experimental observa-
tions. In particular, it was observed that the rate of dust
events gradually decreases during operational years, while
the situation could deteriorate after winter shutdowns [6].
The largest increase of the event rate occurred after the two
year-long shutdown between run I and run II. The increase
of the event rate after future shutdowns will therefore be
decisive for the number of dust-induced quenches.

VI. CONCLUSIONS

The interaction of the LHC proton beams with dust
particles was the dominant source of beam-induced magnet
quenches in the second physics run of the LHC (6.5 TeV).
Besides these detrimental events, thousands of harmless
beam-dust particle encounters have been observed in the
cryogenic arcs every year. In this paper, we studied the
characteristics of dust events by reconstructing the number
of inelastic nuclear collisions between the beam and dust
grains. The paper demonstrated that the experimental
distribution of peak collision rates and loss durations can
be consistently reproduced by dust dynamics simulations if
dust particles are negatively precharged and if the charge-
to-mass ratio |Q/m/| ranges from 1073 to 10~! C/kg. This
finding is in good agreement with recent studies of the rise
time of loss profiles [22].

The assumed range of charge-to-mass ratios also
describes well the beam intensity dependence of observ-
ables. In particular, the observed increase of the average
peak collision rate with the number of circulating protons
can only be explained if dust particles carry sufficient
negative charge when entering the beam. The opposite
trend would be expected if dust particles were neutral or
only weakly charged (|Q/m| < 107> C/kg). Within the
resolution achieved in this study, we could not find any
evidence that the charge acquired by dust particles depends
significantly on the number of circulating protons, i.e., the
experimental data could be well reproduced by assuming
the same |Q/m| distribution at all beam intensities, up to
the maximum intensity achieved in run II (~3 x 10
protons).

The paper also illustrated that dust events with more than
1.6 x 10® inelastic collisions were absent in the run II
measurements, although events with higher losses were
theoretically not excluded by the simulation model. The
absence of these events can have several reasons. It could
indicate that the mass of dust particles interacting with the
beam is limited (<0.4 ug), either because more massive

dust grains are less likely to detach from the cold aperture
or because the population of larger dust particles is
overestimated by the assumed 1/V? volume distribution.
In the latter case, the absence of higher-loss events could
be of statistical nature. An alternative hypothesis is that
dust particles can only acquire a limited negative charge
(|Q] £2 x 107! C), which would constrain the attainable
charge-to-mass ratio for larger dust grains. This in turn
diminishes their ability to penetrate deeper into the beam
and hence their ability to induce higher losses. A better
understanding of the charging mechanism and the detach-
ment of the dust grains from the cold beam screen is needed
to conclusively explain the absence of higher-loss events.
Independently of the underlaying mechanism, the absence
of such loss events was one of the main reasons why dust
particles did not have a higher impact on the operational
performance in run II.

Dust-induced loss events remain a concern for future
LHC runs. This applies in particular to the HL-LHC era,
when the operational energy will be raised to 7 TeV and
the stored beam intensity will increase by a factor of
2 compared to previous years. We showed that already
6 x 107 inelastic proton-dust particle collisions could lead to
adipole quench at 6.5 TeV. The loss threshold for inducing a
quench will decrease to 4 x 107 inelastic collisions at
nominal energy (7 TeV) because of the reduced quench
margin and the higher energy density induced by the particle
showers in superconducting coils. Hence, smaller dust
particles will have the ability to provoke a quench. The data
from run II suggests that the number of detrimental events
could increase by about a factor of 2 to 3 compared to
6.5 TeV, even if the total rate of events remains unchanged.

The simulations also showed that the number of dust
events exceeding a certain particle loss threshold increases
with beam intensity. This increase is, however, expected
to be less than 20% at the HL-LHC design intensity
(~6 x 10" protons) compared to the maximum beam
intensity in run II. Hence, the increase in beam energy is
expected to be the most important parameter change
compared to previous runs. The dust dynamics simulations
also showed that the time profiles of dust events will
become shorter at higher intensities, while the peak
collision rate will increase.

Dust-induced quenches may also pose a challenge for the
operational efficiency of future high-energy hadron col-
liders like the FCC-hh, which are being designed to operate
with unprecedented stored beam energies. The results
presented in this paper, which provide a first quantitative
analysis of dust-induced beam losses in a high-intensity
hadron storage ring, can serve as a basis for estimating the
impact of dust events in such future colliders. The studies
demonstrated that the nature of beam-dust particle inter-
actions can be well reproduced by modeling the ionization
of dust particles and the resulting repelling force exerted on
the dust grain. A similar simulation approach can therefore
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be used to predict dust-induced beam losses at higher beam
energies and intensities. Such studies can provide critical
information about the tolerable dust contamination in the
vacuum system of energy-frontier hadron machines.
Because of the higher energy, it is expected that smaller
dust particles can induce magnet quenches in future hadron
colliders than in the LHC. Procedures for reducing dust
production and contamination during the different stages of
accelerator construction will become increasingly impor-
tant for such machines. Different dust-reducing fabrication,
assembly, transport and installation methods have already
been adopted for other large-scale accelerator projects like
the European X-Ray Free-Electron Laser (XFEL) Facility,
where dust contamination could severely impede the
operation of superconducting rf cavities [53]. Attention
also has to be paid to possible dust production during
operation and maintenance of future colliders. The cold
sectors will be subject to thermal cycles in shutdowns,
which can possibly lead to the release of dust particles due
to friction between machine components during the thermal
expansion or contraction. The impact of such dust sources
has to be carefully studied.
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