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Micrometer-sized dust particles present in the Large Hadron Collider (LHC) beam pipe are believed to
have caused many thousands of sporadic beam loss events around the LHC. These so-called unidentified
falling objects (UFOs) have been under continuous study since the start of high intensity beam operation
in the LHC due to their impact on the LHC availability: 139 beam dumps and 12 magnet quenches during
Run IT (2015-2018) alone. To mitigate the impact of UFOs on future accelerators such as the High
Luminosity LHC and the Future Circular Collider, it is fundamental to foster a better understanding of
these beam loss events. In this paper, key observations made since the start of LHC operation are
summarized and the prevailing UFO hypothesis is confronted by a compilation of observations acquired
during Run II. In particular, it is shown that UFOs must carry an initial negative charge before entering
the proton beam, or that they are by some other means accelerated toward the beam not only by gravity.
A simulation model for the dynamics of the dust particles and their interaction with the beam was
developed over the years. This model is improved and validated by measurements. It is however also
shown that a subset of observed beam losses, which contain a positive time profile skewness, cannot be

explained by it.
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I. INTRODUCTION

Spurious beam loss spikes distributed throughout the
LHC have been present ever since high intensity beam
operations began [l]. These events, believed to be
caused by micrometer-sized dust particles, came to be
known as unidentified falling objects (UFOs). They can
cause beam losses intense enough to trigger beam dumps
and magnet quenches [2], and they have had a detri-
mental effect on the machine availability in the LHC [3].
While the overall UFO rate has decreased over the years,
it has been observed to increase after longer machine
stops [4].

Similar dust-induced beam losses have occurred in
electron and antiproton storage rings, where positively
ionized dust was trapped in the beam core [5-7]. In the
PF-AR (KEK) dust particles have been visually observed
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to interact with the beam [8], and are thought to have
been produced by electric discharges in a stripline beam
position monitor [9]. Additionally, SuperKEKB suffered
from sudden pressure bursts during beam commissioning
thought to be caused by beam-dust interactions [10].

Several questions about their nature in proton machines
remain, such as whether or not they can have an initial
negative charge, what their source is, how they are
released, why their rate changes over time, and most
importantly, how to prevent them. Validation of the
theoretical model is done through a simulation tool
[11], which has been improved and benchmarked against
beam loss measurements. This allows for a better under-
standing of their dynamics, which is key to answering the
above questions.

In this paper, the different types of UFOs that have been
observed are discussed. This is followed by an explanation
of the current hypothesis, which is then tested using the
UFO dynamics simulation tool together with beam loss
measurements of overall time profiles, as well as losses
arising from individual bunches. The latter allows calcu-
lating the dust particle position in relation to the beam
center on a turn-by-turn basis.

Published by the American Physical Society
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II. UFO TYPES

Throughout the LHC Run I (2009-2013) and Run II
(2015-2018), specific locations around the LHC had an
increased UFO activity leading to recurrent beam dumps.
Studies were carried out in each case to mitigate the
problem. A summary of the observations for all these
specific cases are presented here. Their characteristic beam
loss time profiles are plotted in Fig. 1.

A. Standard UFO beam losses

Figure 1(a) shows a standard UFO. They appear as
sporadic beam loss spikes occurring throughout the whole
accelerator, and their loss time profiles tend to have an
approximately Gaussian shape, with a maximum duration
of a few milliseconds. During Run II, 41 beam dumps and
8 magnet quenches were caused by standard UFOs. Each
event causes a loss of up to 10% protons from the beam.

B. Injection kicker magnet UFOs

UFOs at the injection kicker magnets (MKIs) had a
significant impact on machine availability in 2010 and
2011, causing 35 beam dumps [12]. Unlike standard UFOs,
which are present throughout the beam cycle, MKI UFOs
typically occurred within 30 minutes after the last injection
[13]. A typical beam loss time profile is shown in Fig. 1(b).
There are no observable differences between these and the
standard UFQOs, aside from the location in the accelerator.
Two dedicated experiments were carried out in 2011 and
2012 to study the release mechanism of MKI UFOs
[14,15]. A clear correlation between pulsing the MKIs
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FIG. 1. Comparison of the loss signature of standard UFO

losses (a) with three distinctive UFO types, MKI (b), ULO (c) and
16L2 (d), observed during Run II.

and the occurrence of MKI UFOs was found. Following
this observation, an improvement of the UFO detection
system was implemented.

From FLUKA' [16—18] simulations, it was shown that
the UFOs had to be located in the MKIs in order to explain
the observed loss pattern in the beam loss monitors (BLMs)
surrounding them [13].

MKI UFOs were observed at the earliest 2 ms after beam
injection. This delay is too short to be explained by gravity
alone and it was suggested that Al,O5 particles from the
ceramic tube of the MKIs could be charged by electron
clouds and released due to vibrations or by the electric field
of the MKI pulse [13], which is about 10 us long [19].
Based on the rate of inelastic collisions, it was also
calculated that the minimum Al,O5 particle size required
for the largest MKI UFO event was 45 um. This is
consistent with the dust inspection done on an MKI,
removed from the accelerator in 2010, where more than
five million particles with radii up to 100 gm were found in
a full MKI tank [12].

C. Unidentified lying object

In 2015, a high UFO activity was observed in a particular
half-cell, leading to 14 beam dumps and 3 magnet
quenches. Aperture measurements [20] revealed the pres-
ence of an object, so-called unidentified lying object
(ULO), at the bottom of the beam pipe. It became apparent
that the interaction of this object with the beam triggered
UFO beam losses. As can be seen in Fig. 1(c), the losses
from ULO events show a clear oscillation with a period of
about 89 us, corresponding to one LHC turn (each bin is
40 ps). This oscillating component is due to the fact that
most ULO events were recorded with only a few bunches
circulating in the LHC, leading to losses at one point in
time for each LHC turn, followed by a long gap with no
losses. To operate with a large number of bunches, a local
orbit bump (horizontally and vertically) was implemented,
bypassing the ULO. This drastically reduced the rate of
observed UFO beam losses at the ULO and solved the
problem. In 2019, the ULO was removed and identified as a
strip of plastic originating from the beam pipe wrapping
and introduced during the installation [4].

D. 16L2 type UFO

In 2017, a new type of beam losses located near the
quadrupole of the half-cell designated 16L.2 led to 68 beam
dumps and 1 magnet quench, compared to a total of about
300 beam dumps due to faults during the same period [21].
In 2018, 16 additional beam dumps were recorded. The
typical signal for 16L2 events starts with a UFO-like spike
followed by a fast loss rise [see Fig. 1(d)]. Many of the

'FLUKA is a Monte-Carlo simulation package for particle
transport and their interaction with matter.
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beam dumps were triggered by BLMs in the betatron
collimation region [22], where the losses increased con-
tinuously over several milliseconds. In-depth analysis of
the losses revealed that the initial spike was due to the LHC
bunches interacting with UFO-like solid matter, while the
following beam losses were caused by transverse beam
instabilities [23]. The probable cause for the losses
observed in 16L2 was the presence of solid nitrogen,
oxygen, and water in the surrounding vacuum chamber,
introduced by an accidental air inflow [21]. It is believed
that solid particles of the contaminants sublimated to the
gaseous phase following the interaction with the beam
causing a fast beam instability [21,24]. Electron clouds
were observed to increase the rate of events. The recurring
beam dumps were consequently mitigated by reducing
the multipacting, through different filling schemes, lower
bunch intensities and additional magnetic fields [23]. The
affected sector was later warmed up to ~80 K to remove
the frozen gas from the beam pipe. This improved the
situation, but did not solve it, and in 2019 the sector was
warmed up to room temperature.

III. THE UFO HYPOTHESIS

The prevailing UFO hypothesis is that macroscopic
dust particles enter the beam producing beam losses due
to their interaction with the protons. Previous work on the
subject has shown consistency between the theoretical
model and observations in several aspects: comparable
beam loss time profiles [25], comparable distribution of
the beam loss peaks during Run I [11] and consistency
with dust contamination in the beam pipe [26]. The
sequence of events goes as follows: (1) A dust particle
falls from the beam screen toward the beam. (2) The dust
particle is ionized due to collisions with the beam
protons, releasing free electrons. (3) The now positively
charged dust particle is repelled from the beam by its
electric field. It is generally assumed that the dust
particles are neutral prior to their interaction with the
beam, implying that gravity is the sole force initially
acting on them. The main observable for UFOs are the
induced beam losses, and other plausible explanations for
the observed beam losses have been rejected, leaving the
dust particle hypothesis [13].

Studies have been carried out to inspect the dust present
in the beam pipe of the LHC [12,26]. Dust containing the
following elements were found: Ca, Ti, Au, In, Al, Si, Ag,
Fe. The particle radii ranged from 1 ym to 200 ym. Small
particles were predominant, with more than 90% of them
having a radius smaller than 5 ym. More than half of the
particles larger than this still has a radius smaller than
30 um. Using this information as a plausible assumption
for the initial conditions of UFOs, Monte-Carlo simulations
showed [11] that the UFO hypothesis could be used to
reproduce the distribution of beam loss peaks measured
during Run I accurately. However, the simulated loss

signature does not agree with all measured UFO events,
in particular not the rise time of the beam losses.

IV. DATA COLLECTION

UFO events create local beam losses due to inelastic
collisions between the beam protons and the dust particle
nuclei, as well as losses in the collimation regions due to
scattering of protons with small angles. The losses have
been recorded by two different beam loss monitoring
systems during Run II, ionization chamber BLMs
(ICBLMs) and diamond BLMs (dBLMs). The ICBLM
system consists of about 3700 detectors distributed along
the accelerator, measuring local beam losses. ICBLM
signals are continuously monitored, and a recording with
a 80 us temporal resolution is triggered when UFOs are
detected. This resolution corresponds to roughly one LHC
turn (89 ps). The ICBLMs are also recorded, with their
maximum resolution of 40 us, by the post-mortem system
[27,28] for every beam dump. All ICBLMs are calibrated
individually using a gamma source [29,30].

The dBLMs used for UFO studies consist of six units,
with two per beam installed downstream of the primary
collimators in the betatron collimation region, and one per
beam installed around the 16L.2 interconnect. The dBLM
signal shaping and sample rate of 650 MHz are fast enough
to distinguish losses due to individual bunches in the beam
[31,32], given the bunch spacing of 25 ns. The readout is
triggered at every beam dump. In addition, a real-time UFO
detection method running within the readout system is used
to trigger the readout during beam operation. The method
analyzes the beam losses on-the-fly, and triggers high
precision data readout when a suspected beam loss shape
is detected. In these studies, the dBLLMs are cross-calibrated
to the ICBLMs, since the latter have a larger volume and
are more precise.

In total 337,217 ICBLM data dumps were triggered
during Run II. For 57,262 of these, ICBLM time profiles
were successfully recorded. On these, filters were applied
to ensure a sufficient signal-to-noise ratio and a minimum
signal length of 5 x 80 us. With these filters the number of
studied events was narrowed down to 2,964. The filters
were chosen to identify the time profiles on which it is
possible to make meaningful numerical analysis. All
validated UFO events are summarized in Table 1.

TABLE 1. Validated UFO events collected during Run II. The
ICBLM measurements are a subset of validated measurements as
detailed in the text.

Detector Resolution UFO MKI ULO 16L.2
dBLM 1.54 ns 37 0 0 54
ICBLM 40 us 47 0 14 84
ICBLM 80 us 2958 6 0 0
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V. SKEWED GAUSSIAN SIGNATURE

Previous work mentioned a time profile asymmetry of the
UFO losses [2,13]. Data collected during both Run I and
Run II showed asymmetric Gaussian time profiles with
about half the UFO events having a signal with longer rise
time (negatively skewed) and half having a longer fall time
(positively skewed). Measurement examples of a positively
skewed and a negatively skewed UFO loss profile are shown
in Fig. 2. For a constant dust particle velocity, the inelastic
collision rate follows the beam profile (Gaussian) as the dust
is passing through. However, due to the interaction with the
proton beam, the dust is ionized, leading to an asymmetry in
the incoming and outgoing speed of the dust particle.

The observation of positively skewed events is incon-
sistent with the current UFO hypothesis explained in
Sec. III, which can only account for negatively skewed
time profiles. As determined from the dynamics simulation
tool explained in Sec. VI, which is based on this hypoth-
esis, dust particles generally acquire a positive charge
between 10° e and 10'' e. e is the elementary charge,
approximately 1.602 x 107! C. Given the electric field of
the LHC beam with nominal parameters (2808 bunches of
1.15 x 10! p*) and a UFO charge of 10° e, the accel-
eration is on the order of 10 km/s? a few ¢ away from the
beam. For a UFO event entering and leaving the beam at
60, with a turning point around 20, one can calculate that
the entry speed of a neutral dust particle is around 0.5 m/s
due to gravity, while the exit speed is around 5 m/s,
leading to a negatively skewed loss signal. In this section a
unimodal skewed distribution is proposed to quantify this
asymmetry and to study the discrepancy between the model
and the experimental observations.

A unimodal skewed distribution is a distribution show-
ing a single highest value with a left-right asymmetry,
having a longer tail on one side. In particular, the skew
normal distribution is defined as follows
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FIG. 2. Example of measured UFO events with negative
skewness (a) and positive skewness (b). The fit for the underlying
inelastic collision rate is shown, as well as the resulting binned
signal. Their skewness y is —0.87 and 0.68 respectively.
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where A, @, p, and a are the amplitude, scale, location,
and shape parameters, respectively. The shape parameter
is linked to the skewness of the distribution (the third
standardized moment), y; through:

4_”( 0 >3 with & 4 2)
a 2 \n/2-¢ Vita®

Apart from the events that triggered beam dumps, the
beam losses are measured by ICBLMs and integrated in
80 us bins. For this reason, Eq. (1) is binned in the same
way as the measurements and a nonlinear least squares
method is applied to find the best fit on the binned data.
Good fits were obtained for both positively and negatively
skewed events, as shown in Fig. 2. A UFO signal can, thus,
be uniquely described by three distribution parameters, the
location parameter being arbitrary. The amplitude param-
eter, A, can be used to describe the magnitude of the losses
in Gy/s or in terms of the inelastic collision rate using
conversion factors determined through FLUKA simula-
tions [33]. The parameter w scales the width of the function
and provides a measure of the time that the UFO spent
interacting with the beam. The shape parameter a can be
used to compute the skewness y; following Eq. (2).

The time profile asymmetry of UFO losses was observed
in Run I and briefly discussed [[13] Fig. 5.9, p. 68]. The
equivalent measured asymmetry for Run II events is
presented here in Fig. 3. Note that the plot in the reference
shows an estimate of the negative y,. In both cases, there is
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FIG. 3. Measured skewness and peak loss rate of 1719 UFO
events observed during Run II. The fit parameters are a =
—0.062 £0.007 and b = 56 = 11. Only events with sufficient
signal which occurred for colliding beams at top energy are
shown. The orange dots indicate the average skewness and
average peak signal of the data within the bins defined by the
horizontal bars and standard error of the mean shown by
vertical bars.
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a slight decrease of the average skewness as a function of
the peak loss rate. The distribution observed during Run II
is similar to the one observed during Run L.

VI. SIMULATING UFO DYNAMICS

By simulating the dynamics of the dust particles under the
influence of the beam potential it is possible to determine the
resulting beam losses and how they depend on the UFO
properties (mass, material, size), initial conditions (charge,
position, velocity) and beam properties (energy, intensity,
transverse size). The simulated losses can then be compared
to the ICBLM and dBLM measurements.

A UFO dynamics simulation tool was consequently
developed, following the hypothesis explained in Sec III.
This work has been ongoing since 2010 [11,25,34]. It
works by numerically solving the equations of motion
given the forces due to the beam electric field and gravity.
As it interacts with the beam, it calculates the rate of
ionization due to escaping secondary electrons, as well as
the produced beam losses from inelastic collisions with the
dust particle nuclei. The code was translated to PYTHON and
updated once more, as described below. The reader should
refer to [11] for the most complete description of the model
prior to the latest updates presented here.

A. Electric field of the beam

Prior to this paper, the impact of the beam screen on the
electric field of the beam was either neglected, or approxi-
mated by adding a contribution from image charges coming
from the top and bottom horizontal surfaces of the beam
screen only. This description is only valid in the immediate
vicinity of the beam.

The method used to efficiently compute the total electric
field with the appropriate boundary condition at the beam
screen is described in detail in [35]. One can place a series
of N infinitely long lines of image charges around the outer
surface of the beam screen with linear charge densities 4;.
Applying the Laplace equation then yields a system of N
equations to find the values of 4;:

In[[7/k =7 W[F/k=7l .74
_ b mR/k=R] W=l || A
7[80
In[|7,/k — 7]
B | In[|Fy/k = 7y
. , 3
27[80 ()

where 75 is the position of the center of the beam in the
beam screen and k = |F;|/|Fscreen| describes how far from
the beam screen the line of image charges is placed, so that
7;/k is the position of the beam screen right under the ith
line of image charges. Az = N,/C is the linear charge

density of the LHC beam, where N, is the number of
protons in the beam and C is the circumference of the LHC.
The A; are found by using the inverse matrix method.
Neglecting the contribution from this distribution of image
charges leads to field errors of more than 10% for locations
300 away from the beam, and 1% at 10s. In order to
simulate the dynamics of initially charged UFOs, it is
necessary to have an accurate description of the electric
field everywhere around the beam since it has a consid-
erable impact on the speed and the trajectory of the dust
particle during its approach.

B. Escaping knock-on electrons

Correctly describing the charging rate of UFOs interact-
ing with the beam is key to correctly simulating their
dynamics. The calculation of the average number of
escaping electrons per passing proton in the dust particle
was reviewed and compared to FLUKA.

In the model, UFOs are charged from escaping knock-on
electrons created by the passage of high energy protons
in the dust particle. The energy and angular distribution for
energetic knock-on electrons are given in [36]. To compute
the UFO charging rate, the distribution of secondary
electrons with sufficient energy to escape the dust particle
is integrated. The minimum energy required for a UFO of
radius R is

Qe

o = et W 4)
where Q is the charge and W is the work function of the
dust particle. The first term of Eq. (4) is the averaged
Coulomb potential inside a uniformly charged sphere. To
find the work function of high energy electrons, the
calculation from previous authors [11] is used with small
adjustments. Following the empirical relation described in
[37] for 0.3 keV to 20 MeV electrons, the practical range
L(T) of electrons in matter is given by:

=2 (1- L), (5

where A =537 x 10 kgm™2eV~!, B=09815, C=
3.123 x 107® eV~! and p is the density of the material.

The work function of the dust particle is found by
equating the practical range to the average transverse
path length an electron created inside the dust particle
has to travel in order to reach the surface. Based on the
FLUKA simulations, one finds L(W) = 0.3216R such that
W = L71(0.3216R).

Following these changes to the model, the average
number of escaping electrons per passing proton for a
neutral UFO agrees well with FLUKA, as shown in Fig. 4
for the materials copper and carbon. The spectrum of the
electron kinetic energy as they exit the dust particle also
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FIG. 4. Average number of escaping electrons per passing
proton for a neutral UFO. The updated model (solid lines) is
compared to FLUKA (circles).
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FIG.5. Energy spectrum of knock-on electrons as they escape
the UFO. The updated model (dashed lines) is compared to
FLUKA (solid lines) for three dust particle radii. The energy
cut for electron transport in FLUKA is shown by the black line,
at 1 keV.

agrees well with FLUKA, as shown in Fig. 5. Note
that FLUKA is a condensed-history transport code and
therefore cannot simulate low-energy (<1 keV) electron
emission from the dust particle. Hence the contribution
of lower-energy electrons to the overall charging rate is
not accounted for, indicated by the black vertical line in
the figure.

These changes do not drastically change the global
distribution of simulated losses obtained when simulating
UFOs with varying parameters. However, since the charg-
ing rate influences the penetration depth of a given UFO,
the specific UFO parameters leading to a precise loss
profile can be significantly modified.

VII. INITIAL CHARGE

To test the hypothesis that the UFO dust particles are
initially neutral (Qy = 0), Monte-Carlo simulations of

TABLE II. Input parameters for Monte-Carlo simulations.
Parameter Values

UFO Q,/m -1078 —-10° C/kg
UFO Position Top of beam screen
UFO Radius 1 pm — 100 pm
UFO Material C, Cu, Si, Al
Beam Energy 6.5 TeV
Beam Intensity 3x 10" =3 x 101
Beam o, and o, 80 um — 260 pm

UFO dynamics were performed with the parameters found
in Table II for an initially neutral and an initially negatively
charged dust particle.

The rise time R, is defined as the time required for the
BLM response to rise from 1% to 100% of its peak value.
The resulting distributions for the rise time of the simulated
loss signals obtained with the Monte-Carlo simulations are
shown in Fig. 6 and compared to the distribution found in
the ICBLM measurements. Plot (a) shows the simulated
distribution for initially neutral dust particles, whereas
plot (b) shows the resulting distribution when allowing
the initial charge-to-mass ratio to vary. The vertical black
line indicates the fastest rise time for neutral dust particles.

Even after excluding the shortest UFO events (with less
than 5 data points), it is found that 40% of Run II events
have rise times too short to be explained by an initially
neutral dust particle, for which R, > 262 us based on the
simulations. However, when considering dust with negative
charge-to-mass ratios on the order of 10~ C/kg, the
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T
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Observation density

0.006{(c)
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B ICBLM Measurements
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FIG. 6. Distribution of rise times R, found in Monte-Carlo
simulations for initially neutral UFOs (a), for initially negatively
charged UFOs (b) and found in ICBLM measurements for
colliding beams at top energy (c).
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distribution of rise times is in good agreement with the
measurements. This result strongly suggests that the dust
particles in UFO events are initially negatively charged.
This might also play a role in their release mechanism.
Furthermore, the simulated charge-to-mass ratios are con-
sistent with observations in cosmic dust, where the ratio for
micrometer-sized particles is generally between 10~* and
10~! C/kg [38] in conditions similar to those in the LHC.

VIII. UFO POSITION MEASUREMENT

In 2017, a proof-of-principle study on the dynamics of
UFOs was performed in the LHC [39]. In this experiment,
selected bunches had their emittances blown-up, one
group vertically and another group horizontally, meaning
that they had wider proton distributions in the respective
planes. A 16L2 type UFO was then triggered [23] and the
resulting beam losses were measured by the dBLMs
installed close-by. The method of the proof-of-principle
study was applied in 2018 for the study of standard
UFOs. These measurements are analyzed and discussed
in the following sections.

A. Ratio of losses method

Beam losses are proportional to the proton flux through
the dust particle, and the beam loss measurements thus
constitute an indirect measurement of the proton density,
for each bunch individually. The UFO position in relation
to the beam center can be inferred by comparing the
amplitude of the beam losses from three different bunch
groups; vertically blown-up bunches, horizontally blown-
up bunches and reference bunches without any blow-up.

For example, a dust particle at a position vertically above
the beam in the tails of the beam distribution sees a larger
proton density in the vertically blown-up bunches than in
the reference bunches. On the other hand, for a dust particle
in the center of the beam, the reference bunches would
provide a larger proton density at the position of the dust
particle than the blown-up bunches.

Here follows an example. Three binormal bunch dis-
tributions are assumed: the reference bunch [shown in
Fig. 7(c)], with values for 6, =0.28 mm and 6, =0.12 mm,
a bunch with the horizontal emittance blown-up (o, =
0.33 mm and 6, = 0.13 mm), and a bunch with the vertical
emittance blown-up (¢, = 0.30 mm and 6, = 0.16 mm). It
is to be noted that a blow-up in one plane leads to a small
blow-up in the other plane.

In this example, the beam losses from the interaction of
the dust particle with the horizontally and vertically blown-
up bunches is a factor of two above the beam losses of
the reference bunches. By dividing the proton density of the
vertically blown-up bunch by the proton density of the
reference bunch, one obtains an elliptical contour line
[Fig. 7(a)]. The dust particle must have been on this line
in order to produce the measured losses. By dividing the

0.6 10
04"

vertical / reference

-15 -10 -05 00 05 10 15
X [mm]

horizontal / vertical

X [mm] 0

(b)

normalized proton density

-15 -1.0 -0.5 0.0 0.5 1.0 15
X [mm] 0
(©
FIG. 7. (a) vertically blown-up bunch distribution divided by

that of the reference bunches, (b) horizontally blown-up bunch
distribution divided by that of the vertically blown-up bunch,
(c) reference bunch distribution. The contour line in (a) corre-
sponds to a factor of 2, whereas the contour lines in (b) corre-
sponds to a factor of 1. These contour lines are overlayed on the
reference bunch distribution in (c).

proton density of the horizontally blown-up bunch by that
of the vertically blown-up bunch, one obtains a hyperbolic
contour line [Fig. 7(b)]. One finds four intersection points
between the two contour lines [Fig. 7(c)]. These four
points, distributed symmetrically around the beam center,
constitute the estimates of the dust particle position.

This method is contingent on the following: (i) the bunch
intensity must be known and used to normalize the
measured beam losses, (ii) the bunch distribution must
be known, including the width (emittance, beta function,
and dispersion), (iii) all bunches are assumed to be on the
same orbit, (iv) beam losses are assumed to be identical,
and be detected with the same efficiency, independently of
the bunch shape, (v) the dust particle is assumed to move
slowly enough between its interactions with the different
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types of bunches that it can be considered static, (vi) single
bunch resolution in the beam loss measurements.

Among the listed requirements, in particular the bunch
distribution has a certain uncertainty, since the online beam
profile measurements in the LHC are not sensitive to the
beam halo from around 4.5¢ and out [40—42]. Nevertheless,
the small proton density in the halo has a comparatively
small effect on the dust particles, since they tend to reach at
least 3¢ from the bunch center at their closest approach. In
this paper, binormal bunch distributions with an emittance
as measured through the synchrotron radiation [43] are thus
considered.

B. Analytical approach

The measured beam losses per bunch are, under the
assumption of Gaussian beams, proportional to:

=
o

. N, —%(
signal x ————=e
0,0,V 21

+

). (6)

Dol

o

=9

The proportionality factor depends on the amount of
losses produced per collision, shower production and the
detector efficiency. These factors are independent of which
bunch the dust is interacting with. N, is the bunch intensity,
x and y the horizontal and vertical coordinates of the dust
particle center in relation to the bunch center, and 6, and o,
the transverse bunch sizes.

Defining m; as the measured losses normalized by bunch
intensity for bunch type i, the ratio of the measurements
from two bunch types i and j are given by:

6,0, €xp|—3 £ 42
m; xjEy] 2\oy, oy

m; (a2 )
J 00y €Xp [— 5 ({fT +
yJ

=S exp (2063 = 2 + (5, =) )

where the reciprocal of the bunch size was defined as
syy = 1/0,,. Rearranging this gives an equation describ-
ing a hyperbola or an ellipse:

_ M; 6xiOyi | >, 5 2 202 2
my=21n [;ﬁ] (2, - 2) 472 -2). (8)

where m;; was defined for brevity. This equation can be
solved uniquely with a four-fold symmetry by adding the
ratio between a third bunch and one of the first two
bunches.

C. Error propagation

Error propagation gives the covariance matrix for the
estimated x and y coordinates from the covariance matrix of
m;j, that is Cy = JCyJT, where J is the Jacobian for the

transformation from the measured m;; to the x and y
estimates, which is determined by solving Eq. (8). Cy
and Cj, are the covariance matrices for the respective
parameters.

The sample standard deviation 6 of the measurements
can be estimated from bunches with similar bunch param-
eters, meaning that they should provide the same amount of
beam losses given a set dust particle position. This should
be the same for the blown-up bunches. The covariance
matrix for the measured parameters, considering the three
types of bunches (reference, vertically, and horizontally
blown-up) is then given by:

2 0 0 ¥ 0 0
0 o3 0 [=6*0 5 0], (9)
0 0 o 0 0

3

where N; are the number of bunches of each type. The
covariance matrix for m;; then transforms to the following:

1 | 1
Nym? + Nom3 0 Nym3
Cy = 462 0 0 0 . (10
1 1 1
szg 0 szg + N3m§

The zero values in this matrix correspond to the
parameter m,, and can thus be removed from the matrix,
giving the required 2 x 2 matrix for calculating the final
covariance matrix Cy. This is used to construct confidence
ellipses for the estimated dust particle positions when
applying the method on the measurements.

IX. UFO DETECTION

Most UFOs do not provide beam losses intense
enough to trigger beam dumps. Furthermore, due to the
background losses in the collimation system, where the
dBLMs are located, the losses from the UFOs are hidden,
as an example shows in Fig. 8. The UFO signal is encircled
in red.

In order to detect the UFOs within the background, two
different triggering methods were utilized: (i) Number of
peaks within a certain time window. This algorithm works
as follows, it counts the number of peaks above a certain
threshold (8200 bits) within three running 5 ms time
windows. If the number of peaks in at least one LHC turn
(89 ps) in one time window is larger than 100, and then
less than 100 in all LHC turns within the following and
preceding 5 ms time windows, the data is saved.
(ii) Integration method. This method instead does a simple
integration (summing all the sampled values) into 5 ms bins
and if the value of one bin is above a certain threshold
compared to the preceding and following bins, the data
is saved.
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FIG. 8. Raw signal of a UFO recording by a dBLM downstream
of the collimators. The UFO is encircled.
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FIG. 9. Example of the peak counting algorithm, applied to the
signal in Fig. 8. The red line shows the trigger threshold of
100 peaks per turn.

Due to a high volume and a long (three minutes) readout
time of the raw dBLM data, the detection algorithm
thresholds were tuned to neglect other sources of high
beam losses as much as possible.

An example of the peak counting algorithm is shown in
Fig. 9. For the background losses, the number of peaks per
LHC turn remains around 10, whereas for the UFO the
value 2247 is reached, meaning that most of the
2556 bunches present in the beam were detected. Due to
an ac/dc converter in the readout system, some peaks fall
below the cutoff at 8200 bits and are consequently not
detected by the trigger system. However, all bunches
interact with the UFO, providing losses, and can be
analyzed in the postprocessing.

X. EXPERIMENT WITH STANDARD UFOS

An experiment involving blown-up bunches was pre-
pared to study standard UFOs. Due to the low UFO rate of
about two per beam day in 2018, the experiment had to be
conducted in parallel to normal operation. At the beginning

of the filling pattern for both beams, there is a train of
twelve noncolliding bunches which could be utilized for
the UFO studies. In both beams, two of these bunches were
blown-up, one horizontally and one vertically.

A. Beam setup

Measured emittances of the 12 non-colliding bunches
can be seen in Fig. 10 for beam 2 during a typical fill,
before and after the energy ramp. The goal was to
reach a factor of two larger emittance in the blown-up
bunches, with one being blown-up vertically and one
horizontally.

The blow-up was done during the injection of the beams.
Consequently the horizontally blown-up bunches lost more
intensity during energy ramp than the untouched bunches,
leading to on average 12% lower bunch intensity. The
vertically blown-up bunches did not experience any sig-
nificant intensity loss. This also had an adverse effect on the
emittance ratio of the blown-up bunches to the untouched
bunches, as evidenced by Fig. 10(b).

B. Data analysis

The measured waveform in one of the recorded events is
shown in Fig. 11. The signal from one bunch is not fully
depleted from the dBLM before the losses of the next
bunch appear, leading to a certain overlap. This overlap was
corrected for by fitting exponential decays to the falling
edge of each individual bunch, and extrapolating down to
zero. The bunches were then numerically integrated while

(@ beam 2 — 450 GeV| horizontally

blown—up

vertically
blown—up

emittance [um rad]
o = N w A U

1 2 3 4 5 6 7 8 9 10 11 12
bunch number

(b) beam 2 — 6500 GeV

emittance [pm rad]
o = N w A~ v

1 2 3 4 5 6 7 8 9 10 11 12
bunch number

FIG. 10. Measured horizontal (black) and vertical (red) emit-
tances of the first 12 bunches in beam 2, (a) at injection energy
directly after setup and (b) at top energy after beams started
colliding.
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FIG. 11. The measured waveform of the 12 bunch train on a

few turns surrounding the peak of the signal.

removing the overlap from preceding bunches and includ-
ing the falling edge going into the following bunches.
All bunch-by-bunch measurements were normalized to
their respective bunch intensities. As the variation of the
bunch sizes of the nonblown up bunches was smaller than
3%, their average size was considered in the analysis.

C. Loss fluctuations and delayed losses

As can be seen in the waveform in Fig. 11, there is a
significant signal fluctuation between bunches, despite the
bunches having similar parameters. This fluctuation is used
for the error estimate when applying the ratio of bunches
method.

Figure 12 shows an integration of the complete dBLM
signal in bins of 80 us and compares it with the local
ICBLM measurement. Both signals are scaled to the same
peak value. The long falling edge is due to delayed losses,
that is, losses being captured by the collimators over
multiple turns, following the betatron oscillations. Since

1.0
_ — dBLM at collimators
208 — ICBLM at UFO
5
£ 06
=
)
= 04
=
=
M 0.2

0 10 20 30 40

time [80 us]

FIG. 12. Comparison of the dBLM measurement, integrated in
80 us bins, and the local ICBLM measurement. It shows that the
rising edge agrees well, but that the dBLM signal has a slower
falling edge due to delayed losses in the collimators.

delayed losses are proportional to the measured losses on
the preceding turns, the rising part agrees between the two
measurements, but the falling edge is slower in the dBLM
measurement. For this reason, only the rising part, up to the
turn of peak losses, is used in the analysis.

XI. RESULTS

Out of the events detected by the dBLMs, one was of
significantly better quality, with sufficient length and
signal-to-noise ratio to perform a detailed analysis of the
dynamics of the dust particle. In this event, shown in
Fig. 13, the horizontally blown-up bunch shows a signifi-
cantly larger signal than the other bunches. This preference
for the horizontally blown-up bunch, of about a factor of
two, is seen consistently throughout the event, meaning that
the dust particle was offset horizontally from the center of
the beam. This event is analyzed in detail in two ways, one
using the simulation tool explained in Sec. VI, and one
using the ratio of bunches method discussed in Sec. VIII.

A. Dust particle positions

The result of the ratio of bunches method is shown, for
the rising part of the signal, in Fig. 14. The background of
the plot shows the reference bunch distribution, with the
white dashed ellipses showing the 1, 2, 3, and 4o lines.
The cyan line shows the contour where the horizontal and
the vertical bunch densities are equal, meaning that a dust
particle on this line should give equal beam losses from the
blown-up bunches.

The filled ellipses show 90% confidence regions for the
estimated dust particle position, with turn 4 corresponding
to the turn with peak losses. For comparison with the
simulations, the estimated positions are placed in the first
quadrant, but due to the symmetry of the method, any
quadrant is equally possible. A typical simulated trajectory

1.0
— normal
— — horizontal
% 08 — vertical
=
g 06
=
5
= 0.4
=
—
M 0.2
0.0 =
5 10 15 20
time [LHC turn]
FIG. 13. Integrated signal for the 12 bunch train, each bunch

individually. The horizontally blown-up bunch (black) shows a
significantly larger signal throughout, and is also detected earlier
than the other bunches.
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FIG. 14. Trajectory of the best fitting event from the simulations, compared to the estimated UFO position on a turn-by-turn basis.

is shown as white dots. The orange part indicates the four
turns up to and including the peak of the simulated losses.
The simulated trajectory corresponds to the best fit to the
local ICBLM measurement that could be found using the
Monte-Carlo simulations with input parameters as sum-
marized in Table II. The reason for using the local ICBLM
is their superior precision and lack of delayed losses as
compared to the dBLMs. A comparison of the ICBLM
measurement with the simulated losses is shown in Fig. 15,
and the best fit was determined by minimizing the errors in
amplitude, skewness and duration.

The estimated positions from the measurements show
that it is unlikely that the dust particle was in the region
where the vertically blown-up bunch should have pro-
vided more losses, for each of the four turns. This,
together with the fact that the losses were rising, meaning

lell

40 —— FLUKA-ICBLM
.f" UFO dynamics simulation
u35
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Time (ms)
FIG. 15. Comparison between the measured beam losses by the

local ICBLM and the simulated losses showing the best agree-
ment. The total number of inelastic collisions was 5.2 x 107.

that the dust particle penetrated deeper into the beam, is
not consistent with a dust particle simply falling by the
act of gravity. This supports the conclusion from the rise-
time analysis of the ICBLMs presented in Sec. VII, that
the dust particles must have an initial negative charge, or
by some other means receive a large speed before their
interaction with the beam.

The position estimate for turns 2 to 4 are grouped
closely together, and cannot be distinguished from each
other with the given precision. However, turn 1 lies
further out, showing that there is indeed a horizontal
movement. These four turns are consistent with the
qualitative understanding of UFO dynamics. The dust
particle has a large speed just as it enters the beam, and it
is quickly slowed down due to the increasing proton
density once it reaches a certain depth into the beam,
because it acquires a positive charge. Since it is slowed
down, the dust particle positions around the peak of the
losses will be close to each other, whereas the turn-by-
turn movement of the dust is larger as it gets further away
from the turn with the peak losses.

Comparing the simulated trajectory with the measure-
ments, there is a good agreement on the three turns
where the signal was the highest, and consequently the
precision and the accuracy of the position estimate the
best. It should be noted that the simulations are only
based on the local ICBLM measurements, yet find a
good agreement with the measurements based on bunch-
by-bunch losses from the dBLMs. The dBLM measure-
ments provide a strong support for the validity of the
simulation tool, and additional experiments with more
blown-up bunches, providing a better precision, could
strengthen this further.
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FIG. 16. Histogram showing the most likely charge-to-mass
ratios as determined from the MC simulations. A concentration is
found around —1.20 x 10~ C/kg for this particular event.

B. Initial conditions

From the Monte-Carlo simulations it is also possible to
estimate the most likely initial conditions of the dust
particle in this particular event. In Fig. 16, a histogram
of the charge-to-mass ratios used in the MC simulation is
shown. An error of 5% is allowed for the shape parameters,
width @ and skewness «, when comparing the beam
loss time profiles of the simulations with the measurement.
This provides a distribution of the best fitting simulations.
They show a concentration around a charge-to-mass ratio
of —1.20 x 1073 C/kg. In particular, no simulated events
starting with a neutral charge-to-mass ratio were able to
reproduce the measured beam losses.

A similar histogram over the starting horizontal position
is shown in Fig. 17. It shows a concentration around
0.87 mm. There is nothing in the structure of the beam

3.01 Simulated Range |

i i

2.5 : :
2o :
£207 ]
3 1 1
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FIG. 17. Histogram showing the most likely horizontal starting

positions as determined from the MC simulations. A concen-
tration is found around 0.87 mm, for this particular UFO event.
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20 40 60
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0.00

FIG. 18. Histogram showing the most likely dust particle radii
as determined from the MC simulations. The average is 81.5 um,
for this particular UFO event.

screen to explain why this particular offset could be
interesting, however this set of starting positions appears
to be the most probable values for this event.

The dust particle radii are shown in Fig. 18. They show
a relatively large spread, but with a minimum radius of
about 40 ym. Dust particles with a larger radius are
heavier and tend to go more deeply into the beam before
being ejected.

XII. CONCLUSION

In this paper, the different types of UFOs that have
been observed in the LHC were introduced and discussed.
UFOs are believed to consist of dust particles that enter the
beam, causing beam losses which can e.g., trigger magnet
quenches and negatively impact machine availability.
While the MKI, ULO and 16L2 type UFOs have been
explained and mitigated, the issue with spurious UFOs
distributed throughout the accelerator remains, and in
particular their source and trigger mechanism remains
unknown.

A number of advances on the theoretical aspect have
been presented. The UFO charging rate due to the beam-
dust interaction, necessary for correct modeling of the
UFO dynamics, was updated and validated against FLUKA
simulations, showing a good agreement. The dynamics
simulation tool was further validated against both ICBLM
and dBLM measurements. It can correctly reproduce the
ICBLM measurements where the beam loss time profiles
are negatively skewed, including rise times, absolute signal
amplitudes, and decay times. However, events with pos-
itively skewed time profiles, accounting for roughly half of
all recordings, are to be understood.

The ratio of losses method for measuring the UFO dust
particle position in relation to the beam center was explored
during normal beam operation. This method uses the
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dBLMs, having an individual bunch resolution, and a set of
two blown-up bunches per beam with a larger beam size in
one plane each, compared to the reference bunches. A good
agreement was found for the UFO penetration depth into
the beam, comparing the measured position with the UFO
dynamics simulation tool. This provides a confirmation of
the validity of the simulation tool.

The dBLM measurements additionally indicate that the
dust particle had a horizontal component to its velocity
while approaching the beam in at least one event.
Furthermore, the Monte-Carlo simulations looking at loss
rise times cannot explain the majority of the events if the
dust particles are initially neutral. It was found that a
charge-to-mass ratio of —5 x 10™3 C/kg or smaller pro-
duces a comparable distribution of rise times. Consequently
there is a strong indication that the dust particle is initially
charged, or that it by some other means acquires a large
speed during its approach to the beam not explainable by
gravity. This has an important effect on the UFO dynamics
and must be considered when estimating their impact on
machine availability in future LHC operation, as well as for
other accelerators with positively charged beams.
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