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Dust grains interacting with the beam of particle accelerators are believed to be the cause of several
detrimental effects such as beam losses, emittance growth, pressure bursts, and even quenches of
superconducting magnets. Experimental observations suggest that these grains are positively charged in
electron storage rings and negatively charged in the Large Hadron Collider (LHC). In this paper, the
charging mechanisms for dust grains in the LHC are discussed and a possible explanation for the observed
polarity is presented. Electron collection, secondary electron emission, and photoelectric emission are
considered because of the presence of electron clouds and synchrotron radiation. It is found that the same
mechanisms can explain both the positive grain polarity observed in electron storage rings and the negative
polarity in the LHC. As a consequence of the charge acquired, the possibility of grains orbiting the beam is
discussed. The orbital dynamics in a logarithmic potential is analyzed and critical parameters for describing
such orbits are introduced. Finally, LHC beam losses attributed to beam-dust interactions with multiple loss
peaks are presented. It is shown that they have an amplitude and a peak separation consistent with what can

be expected for orbiting grains.
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I. INTRODUCTION

Micrometer-sized dust particulates, made of fine grains
of solid matter, are known to have caused intensity drops in
electron storage rings (TRISTAN, CESR, HERA, and
DORIS) [1-3], pressure bursts in the SuperKEKB positron
storage ring [4], and sporadic beam losses as well as
quenches of superconducting magnets in the LHC [5-7].
The presence of contaminants in the vacuum chamber of
modern accelerators is not fully understood and seems
unavoidable, even with careful cleaning measures [8]. It is
possible that solid dust grains are created by the flaking or
sputtering of the inner walls of the chamber with time.

However, in the case of the LHC, experimental observa-
tions suggest that dust was introduced during the assembly of
the LHC. Since it is likely that dust contamination will also
occur in the High Luminosity upgrade of the LHC (HL-LHC)
and future accelerators such as the Future Circular Collider
(FCCQ), the conditions leading to the interaction of dust grains
with the beam, and more precisely the charging of dust
grains, need to be investigated.
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Recent studies on the dynamics of beam-dust inter-
actions in the LHC reported strong evidence that the grains
that interact with the LHC beam are generally negatively
charged [9,10]. This observation is the main motivation for
this paper, where a first model for dust charging mecha-
nisms in particle accelerators is proposed.

In the first half of this paper, the net charge of dust grains
subject to several charging and discharging currents is
discussed. It is found that dust grains in the LHC are
expected to acquire a negative charge and that dust grains in
negative-particle accelerators can acquire a negative or
positive charge. As a consequence of this accumulated
charge, dust grains can be attracted by the beam and
interact with it or orbit around it.

The second half of this paper proposes a theoretical
description of the dynamics of such a system, where
charged grains orbit a beam of particles. Following up
on several theoretical studies on the dynamics of charged
dust grains in the LHC [9,11-13], their interaction with the
beam and the resulting beam losses are also discussed.
Simulations of the expected beam losses are compared to
measurements in the LHC.

II. DUST IN THE LHC

Throughout LHC Run I (2009-2013) and Run II (2015-
2018), tens of thousands of beam loss events have been
attributed to isolated dust grains interacting with the LHC
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proton beam. These events, referred to as unidentified
falling objects (UFOs) in the LHC, are characterized by
beam losses lasting up to a few milliseconds with an
asymmetric Gaussian profile.

The prevailing hypothesis to explain this phenomenon
is that dust grains fall from the top of the beam screen
and enter the vicinity of the beam, where they are ionized
and eventually repelled [5,6,11]. These events happen
at a rate of a few occurrences per hour of stable beams
[14], all along the accelerator, with no known release
mechanism.

From energy deposition studies [15] and dust collection
in sections of the accelerator [7,16], the size of the grains
leading to observable beam losses is believed to be in the
order of 1-100 ym. The precise composition of the con-
taminants is not known, although metallic and ceramic
components have been found. To explain the time profile of
beam losses, in particular, the fast rise times of the beam
losses observed with beam loss monitors, it has been shown
that an initial charge is required on the grains [9,10].
Charging mechanisms to explain this observation are
discussed in the coming sections.

III. CHARGING OF DUST GRAINS

Outside of accelerators, the interaction of dust grains
with free charges or ionized gases is the subject of a field of
its own, generally referred to as Dusty Plasma. Since the
observation of the so-called Lunar Horizon-Glow on the
surface of the Moon in 1974, it is known that dust grains
can accumulate a charge sufficient to be lifted by electric
fields in the order of a few kV/m [17]. Later on, dust
dynamics and dust charging have been the subject of
numerous studies to understand the formation of planet
surfaces [18,19], the formation of cosmic plasmas [20], and
to mitigate the undesirable effect of dust in vacuum
environments and clean rooms (e.g., in the microelectronics
industry). Exhaustive reviews on the status of the field can
be found in Mendis [21] or Piel [22].

Despite the variety of environments where dust is found
to be charged, the processes responsible for the charging
are similar. These processes are driven by an electric
contact between different surfaces, the presence of free
charges, the presence of high energy photons, and/or the
presence of electromagnetic fields. In this regard, particle
accelerators offer favorable conditions for the dust to
become charged. The main charging mechanisms acting
on a single dust grain are [21,23]:

Induction and contact charging, where electrons move
between a conductive surface and the dust grain when a
physical contact is established. The direction of the
charging current depends on the background electric field
and the electron affinity of both materials.

Electron collection, where incoming low energy elec-
trons are captured in the bulk of the grain. This mechanism
leads to a negative charging current.

Secondary electron emission (SEE), where particles, typi-
cally other electrons, deposit energy in the bulk of the grain
and excite secondary electrons which then escape the dust
grain. This mechanism leads to a positive charging current.

Photoelectric emission, where photons excite electrons
that escape the grain due to the photoelectric effect. This
mechanism leads to a positive charging current.

Thermionic emission, where electrons spontaneously
leave the grain due to their high thermal energy. This
mechanism is generally considered for temperatures above
1000 K and leads to a positive charging current.

Field emission, where electrons spontaneously leave the
grain due to a high negative potential inside of it. This
mechanism leads to a positive charging current and dictates
the maximum charge that can be carried by a dust grain.

In general, the total charging current on a single dust
grain is the sum of several currents from the list presented.
All the charging mechanisms scale with the surface
potential of the grain, @, since it eventually prevents
charges from entering or exiting the dust grain. For a
spherical grain, the potential is

Q

=—— 1
47[80R ( )

where g, is the vacuum permittivity, Q is the total charge
carried by the grain, and R, its radius.

For positive and negative charging currents, the magnitude
of the current tends to decrease as the accumulated charge
becomes more positive or negative, respectively. As such,
there is a surface potential for which there is no net current,
called the equilibrium surface potential, ®.,. In practice,
micrometer-sized dust grains in diverse environments (from
laboratory plasmas to the rings of Saturn [19,21]) are found to
carry charges of 10% to 10%, where e is the elementary
charge. This leads to surface potentials of 107> V to 10° V
and charge-to-mass ratios, Q/m, of 107! to 10' C/kg.

Whereas @ is the critical quantity driving most charging
mechanisms, the charge-to-mass ratio is the critical quan-
tity driving the dynamics of charged grains and will be
important in the second half of this paper. The former
varies following ® o« R~! and the latter varies following
Q/m o R73. Table I shows a cross-reference comparison of
the order of magnitude to expect for each quantity.

TABLE L. Comparison of the order of magnitude for the charge
0, the surface potential @, and the charge-to-mass ratio Q/m of a
copper grain.

D (V) Q/m (C/kg)
Q€ R=5um R=50um R=5puym R =50um
le 20x107% 29x1075  34x10% 34x107!
100¢  29x107' 29%x102 34x10°5 3.4x10°8
10%¢ 2.9 x 102 2.9 x 10! 34x1072 34x107°
10%  29x10°5 29x10* 34x 10" 34x1072
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In almost all natural conditions, dust is found to carry a
negative charge [19,21-23]. In principle, secondary electron
emission, photoelectric emission, and thermionic emission
could all lead to a positively charged grain. However, unless
the grain is perfectly isolated in space with no neighboring
surfaces in its vicinity [24,25], electrons emitted from the
surroundings are collected by the grain and, in most cases,
lead to a net negative charge at equilibrium. This was
confirmed experimentally by illuminating an accumulation
of dust grains with UV light, which resulted in negatively
charged grains on the top layer [18,19].

For submicron grain sizes, the conditions to obtain
positively charged dust grains are made easier by a
significant increase in the secondary electron yield due
to geometrical reasons [26]. However, in presence of low
temperature plasma, dust grains are always found to carry a
negative charge [21]. Finally, if contact charging is the only
mechanism at play, the polarity can either be positive or
negative, depending on the materials and the orientation of
the background electric field.

In the following sections, the charging mechanisms listed
above are applied to the case of the LHC and numerical
calculations for the equilibrium potential are presented. The
case of electron storage rings is also discussed. Thermionic
emission is omitted from the discussion, as it is negligible at
low temperatures. Field emission is also omitted, as it
becomes important for surface potentials of —108V/m x
Rto—10°V/m x R [23] which is higher than the equilibrium
surface potential found in the coming sections.

A. Induction and contact with the beam screen

When a dust grain is lying on a conductive substrate,
charges can move from the substrate to the grain and vice
versa. Assuming a perfectly conductive contact, the grain
would discharge into the substrate, overcoming all other
charging currents and eventually reaching an electrically
neutral state. If an additional background electric field Exg
is present, the dust grain charges to a nonzero surface
potential, ®;,4, due to electric induction. The induced
surface potential follows [27]:

[ 3e,
BT < >R X Epg (2)

D,y =
ind €r+2

3e,

&42
relative permittivity of the dust grain. Epg is positive when
the electric field is oriented from the dust grain toward the
conductive surface and negative otherwise.

In the LHC, the beam screen acts as the conductive
substrate, and the direction of the beam’s electric field is
such that electrons are pulled from the beam screen into the
grain. For the nominal beam intensity of the LHC, 2808 x
1.15 x 10! protons, Egg is in the order of a few kV/m and
the expected @;,y4 for micrometer-sized grains is in the

where is the Pauthenier’s coefficient and &, is the

order of —1 to —200 mV. Hence, in the limit of a perfectly
conductive contact with the beam screen, the net charge
acquired by a dust grain in a particle accelerator is fixed by
the background electric field and the polarity is opposite to
the one of the beam.

However, the electrical contact between dust grains and a
planar surface is rarely perfect and one can assume that a
capacitance, e.g., coming from an oxide layer, separates the
grain from the substrate. The time constant for such a
system to reach an equilibrium is generally in the order of
ms [28] and depends on the precise nature of the electrical
contact, which can be described by an effective charging
resistance R, and an effective capacitance C.. With these
assumptions, the charging or discharging current density
due to the contact with the beam screen follows [28]:

1 4rmegR
Jina(®) = WC—I(; [@q — D]
1 1 0. A
= — X ¢ q) - @ 3
e () om0l O

where A, is the contact area between the surfaces, o, is the
conductivity of the oxide layer, £, is the thickness of the
oxide layer, and ¢, . is its relative permittivity.

The current density in Eq. (3) is averaged over the cross
section of the grain (1/zR?) to be consistent with the
current densities presented in the following sections. Due to
the low contact area between a spherical dust grain and a
planar surface, the charging resistance R, = £/ (00xA.)
can be in the order of several thousands of GCQ.

Assuming a 1-nm alumina layer with a conductivity
between 107! and 107'2 S/m, a relative permittivity of
10, and a contact area of about 1% of the cross section of the
grain [28], one finds a current density between J;4 ~
100e" s 'm2and J;g ~ 10" e~ s !m2atd = —100 V.

As will be seen in the following sections, this discharg-
ing current is many orders of magnitude smaller than
the charging currents coming from the interaction of the
grain with electron clouds and synchrotron radiation
(~10'" e~ s7'm2). Hence, assuming that the electrical
contact between the dust grain and the beam screen is not
perfectly conductive, the discharging current in the beam
screen can be neglected.

B. Charging from electron clouds

Observations at the positron ring of SuperKEKb [29]
showed that dust grains entering the beam caused very
intense beam losses leading to collimator damage. It was
demonstrated that an attractive force increases the proba-
bility of interaction between dust grains and the beam,
which indicates that dust grains are likely to be negatively
charged. Terui et al. [29] argue that the charging occurs
when a free-falling dust grain passes through the electron
cloud of SuperKEKb. It is believed that a similar effect
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takes place in the LHC, where the electron cloud plays an
important role in the charging of dust grains, as dis-
cussed below.

1. Electron cloud formation

The beam parameters of the LHC, specifically the
number of bunches, the bunch intensity, and the bunch
spacing offer conditions that allow for the buildup of
electron clouds. Electrons can primarily be generated in
the beam chamber by a number of processes, e.g., ioniza-
tion of residual gas and photoelectric emission from
synchrotron radiation. Their number, however, can expo-
nentially increase via a beam-induced multipacting mecha-
nism and lead to the formation of the so-called electron
clouds.

Beam-induced multipacting, driven by the electric field
of successive bunches (first observed in the ISR proton-
proton storage ring [30]) arises from the resonant motion of
electrons bouncing back and forth between opposite walls
of the vacuum chamber [31]. The number of secondary
electrons released after the impact of one electron on the
chamber wall, called the secondary electron yield (SEY), is
a function of the energy of the impacting electrons. Since
the SEY is larger than unity for most electrons involved in
the multipacting mechanism, the secondary electrons out-
number the primaries, and a cloud builds up.

Because of internal repulsive forces, the electron density
eventually reaches a saturation point. Under stable con-
ditions, the electron density in the beam pipe of the LHC
can be in the order of 10'? e~/m? [31,32]. Most electrons
are concentrated near the surface of the beam screen, rather
than in the center of the pipe. During the passage of a
bunch, electrons can either receive a single kick or oscillate
around the bunch, depending on their position. As a result,
most of the electrons accelerated by the beam are sent to the
beam screen, after the passage of the bunch, with an energy
of kgT, ~0-2000 eV [33], where T, is their temperature
and kjp is the Boltzmann constant.

All of these electrons are then either absorbed or
contribute to new secondaries, which leave the surface
of the beam screen with a low energy of about kg7, ~
1-10 eV [33], independently of the energy of the primaries.
For this reason, close to the surface of the beam screen,
the energy spectrum of the cloud is dominated by low
energy electrons [34]. This observation is important for the
numerical evaluation of the net charge acquired by a dust
grain under those conditions, as will be seen in the
following sections.

2. Secondary electron yield

As mentioned, when electrons impact a surface (be it the
chamber wall or a dust grain), the secondary electron yield,
S(E), is a function of the energy of the incoming electrons.
In general, the yield also depends on the surface roughness,
the surface temperature, and the incoming incidence angle,

Secondary electron yield, 6(E)

04— . . . . . . . .
0 250 500 750 1000 1250 1500 1750 2000
Primary electron energy (eV)
FIG. 1. Secondary electron yield curves of copper with &,

1.7 at E,, = 332 eV and alumina with ., = 4.7 at E,x =
600 eV [35].

but these small corrections are neglected in the context of
this paper.

An example of the total secondary electron yield as
a function of the primary electron energy is shown in
Fig. 1 for Cu and Al,O5 grains. For primary electrons of
low energy, all materials have §(E) < 1 and tend to either
collect the electrons or elastically reflect them. With
increasing energy, 5(E) values exceed 1 over a certain
range of energies, depending on the material. The total
effect can be expressed as the sum of the true electron
yield and the yield of elastically reflected electrons:
8(E) = Sirue(E) + Setas(E)-

The true SEY follows an almost universal curve [26]
characterized by two material parameters, the maximum
yield o, and the energy at which this maximum occurs,
EIHB.X:

S5(Efax)

Otrue(E) = Opax X ———F 5~
[t'll( ) S5_1+(E£ax)s{$

(4)

where s5; = 1.35 is an empirical value [36]. The contribu-
tion of elastically scattered electrons is mainly noticeable at
low energy and follows:

S _ (ﬁ_ VE+Eelas>2
elas 0 \/E—f— m s

where E,,, and R, are two other material parameters. For
the numerical estimates of Sec. III D, Ry = 0.7 and E,, =
150 eV will be used, assuming that dust grains in the LHC
have the same composition as the beam screen surface
[36,37] and are made of copper.

(5)

3. Collection and secondary electron current

Consider a dust grain lying on the surface or in the
vicinity of the beam screen of the LHC, as illustrated in
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— kT.=1-10eV
— k,T,=200eV

~~ Photon

FIG. 2. Representation of a dust grain on the surface of the
beam screen. The grain is bombarded by electrons from the
surrounding electron cloud. Electrons with an energy of a few eV
remain in the dust grain (negative charging current density J,).
Electrons with an energy of a few 100 eV excite secondary
electrons leaving the dust grain (positive charging current density
J,). The grain is also bombarded by photons from the synchro-
tron radiation, leading to the positive photoelectric emission
current density Jj,.

Fig. 2. Due to the surrounding electron cloud, the grain is
constantly bombarded by electrons. Low energy electrons
entering the bulk of the grain will be absorbed, contributing
to a negative charging current due to the collection current
density J,.

On the other hand, by the same mechanism responsible
for the formation of electron clouds, electrons of a few
hundred eV will excite secondaries in the grain and
contribute to a positive charging current from the SEE
current density J,. Analytical expressions for the charging
current densities can be obtained assuming that the incom-
ing electrons follow a Maxwellian energy distribution with
a characteristic temperature 7,. The resulting current
densities have been previously calculated by Meyer-
Vernet [38] and Chow [26]. Their results are summarized
below for completeness. The collection current density and
secondary electron current density scale with a common
amplitude parameter, J,, are given by

T 1/2
JO(”@’ Te) = en, (@) ’ (6)

2zm,

where 7, is the number of electrons per unit volume and m,
is the electron mass. The collection current density J, on a
dust grain with a surface potential @ is

exp(F) for ® <0
Je(é’neaTe) :_JOX e (7)
(1+555) for @ >0.

For the secondary electron current density J,, the SEY
6(E) has to be taken into account, which leads to

exp(E7.)
J(®,n,,T,)=Jy —25n(® 8
S( n ) 0 (kBTe)Z ’7( ) ( )
where:
15(0) for ® <0
@ =
n( {L;(e@) exp (=) (1 +¢F) for @ >0
with:
o0 E
I5(e®) :/ ES(E) exp | — dE,  (10)
ed kBTe

where T is the characteristic temperature of secondary
electrons emitted from the dust grain. For a Maxwellian
distribution, kzT; &~ 3 eV gives an appropriate distribution
for secondary electrons of most materials [26].

The balance of these currents mainly depends on the
SEY of the grain. For submicrometer-sized grains, the SEY
can be many times higher than the one of the materials itself
due to geometrical reasons. However, for grain radii above
~1 pm, this effect can be neglected and the SEY of the
grain follows the one of an infinite planar slab [26] shown
in Fig. 1.

C. Photoelectric emission

As illustrated in Fig. 2, photons are also present in the
beam pipe of storage rings due to synchrotron radiation.
Photons impinging on a dust grain with an energy above the
work function W of the material will release photoelec-
trons, leading to an additional positive charging current.
For most materials, W ~ 5 eV, which is lower than the
typical energy of synchrotron radiation (0-1000 eV for the
LHC at 6.5 TeV).

The total power P, of synchrotron radiation produced
in a length L of the bending magnets of a storage ring

follows [39]:
L [ e* [2cp*
Ph=—|—|—51]|N,, 11
T 2ap [4”50(3/’2)} ! (1)

where c is the speed of light in vacuum, y is the Lorentz
factor of the accelerated particles, p is the bending radius,
and N, is the number of particles in the beam. The average
energy (hv) of these photons is given by

() =23 (3—},3>h (12)

45 2p

where i = % is the reduced Planck constant and v is the
photon frequency. As a result, the total rate of photons per
unit area [',; collected on a surface S of the beam screen is
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- 1 Ptot
Tt = = . 13
tot S <,’ll/> ( )

In the LHC, there is an azimuthal dependence on the
distribution of synchrotron radiation irradiating the beam
screen because of the presence of sawtooth absorbers on the
outer side of the bent sections [40]. To remain general, this
azimuthal dependence will be neglected for the moment
and the synchrotron radiation will be assumed to uniformly
irradiate the surface of the beam screen.

As mentioned, only photons with an energy higher than
the work function of the material can lead to photoelec-
trons. By numerically integrating the synchrotron radiation
spectrum [39,41], one can show that the fraction of photons
with sufficient energy (hv > 5 eV) is Iy ~ 0.331, for
the LHC.

When bombarding a dust grain, these photons are the
ones responsible for the photoelectric emission current
density J,, (®). If the grain is positively charged, photo-
electrons have to overcome an additional coulomb potential
and J,,(®) is reduced. For neutral or negatively charged
dust grains, the charging current reaches a saturation value:

J?ﬁf = et:fohﬁhw (14)

which scales with the photoelectric yield d;,, the photon
absorption efficiency Q;,, and the photon rate. The photo-
electric yield is taken to be §,, = 0.3 as it is generally in the
range of 10%-30% for micrometer-sized grains of most
materials [23,42]. For the absorption efficiency, Q,, ~ 1 for
2zRv/c > 1, which is always the case for micrometer-
sized grains and photons above the work function of the
material.

Following Shukla and Mamun [43], the photoelectric
emission current density can be written as

o for ® <0

T (@) = {Jsat

, (15
w exp(—¢7o) for ®>0 (15)

where kT, is the average energy of the photoelectrons,
given by kpT), = (hv) — W, ~ 5.8 eV for the case of the
LHC at 6.5 TeV.

D. Numerical evaluation of the surface potential
1. LHC

In order to numerically evaluate the charging currents
presented in the two previous subsections, the operational
LHC parameters are used, namely beam energy of 6.5 TeV
and beam intensity of N, = 2808 x 1.15 x 10'" protons.

From Eq. (13), one finds an average photon rate of Iy, ~
1 x 10'® photons s™! m~2 distributed over the full surface
of the LHC beam screen, assuming that the photons
originate from the eight arc sections of the LHC with a
bending radius of p = 2804 m.

0.04
(@) k,T.=10eV -
0.02 1
0.00 ‘

o 0.02
= —0.041
T

~0.06 1
" — ot
= 008
S 0.60
Z (b) k, T, =300 eV
2 04| —mmmmmmmmm T .
5 \\
T 020 .
£ N
E goofe—emememe e AN
QO : \

=0201 ..

—0.40

—40 -30 -20 -10 0 10
Surface potential, @ (V)

FIG. 3. Charging currents in the LHC for electrons impinging

on a Cu dust grain with an energy of (a) 10 eV (b) 300 eV. The

photoelectric emission current is independent of the electron

cloud and is computed assuming I'(hv >5eV)=0.33 x

10"® s~ m~2 photons. The equilibrium potential corresponds to
the potential where the net current is J, + J, + J,,, = 0.

Figure 3 shows the three charging current densities
discussed in the previous sections as well as the net total
current density J, + J, + J,, for two-electron distributions
with k3T, = 10 eV and k3T, = 300 eV. The dust grain is
assumed to be made of copper, with SEY parameters
identical to the ones of the beam screen [37]. The stationary
condition J, + J; + J;, = 0, where the total current den-
sity crosses the axis, is of particular interest since it
corresponds to the equilibrium potential @, acquired by
a dust grain in those conditions. Because of the high
mobility of electrons, this equilibrium state can be reached
in the order of nanoseconds for small ®.,. As one can see,
with a fixed photoelectric emission current density, the
equilibrium potential varies substantially with the energy of
incoming electrons and can either be negative [Fig. 3(a)] or
positive [Fig. 3(b)].

The dependence of ®., on the energy of incoming
electrons, the electron cloud density, and the beam intensity
is shown in Fig. 4 for a Cu grain. As one can see, a positive
equilibrium potential is found for electron energies above
40 eV, where the SEY of the grain is close to or larger than 1
(see Fig. 1). For electrons of lower energy, which are
predominant near the surface of the beam screen, the
equilibrium potential becomes negative in conditions where
the photoelectric effect is reduced, i.e., for a lower beam
intensity. As a general conclusion, when §(E) < 1, the
equilibrium potential becomes more negative with increas-
ing n, and more positive with increasing ftot xN,.
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FIG. 4. Equilibrium potential of a Cu grain for beam intensities

ranging from 1 x 10" p* to 6 x 10'* p*, as a function of the

energy of the incoming electrons. The results are shown for two-

electron cloud densities. The collection and secondary electron

currents increase with n,, whereas the photoelectric current
increases with N ,.

In fact, by combining Eqgs. (7), (8), and (15) in the
equilibrium condition J, + J; + J;,, = 0, one can see that
the ratio of the number of impinging electrons to the
number of impinging photons is of particular interest in
order to determine the equilibrium potential at low electron
energy [where §(E) < 1]. Figure 5 shows the dependence
of the equilibrium potential on the dimensionless density

ratio 1._"“/6 for a Cu grain. For a high ratio, electron
eff.

collection dominates and ®., is negative, whereas for a
low ratio, the photoelectric emission dominates and @ is
positive.

In the LHC, with n, in the order of 10'2 ¢~/m? and ',
in the order of 0.33 x 10'® s m=2 photons, the density
ratio is in the order of f"/”c ~ 1 x 103. Based on Fig. 5, for an
electron spectrum dominated by low energy electrons, the
equilibrium potential is in the order of —10 V. However, as
mentioned previously, the photon rate considered for this
calculation ignores the sawtooth pattern on the side of the

LHC beam screen, which can reduce I’ by a factor of 10*
[40]. In that case, the density ratio can go up to

g~ 1x 107, which leads to an equilibrium potential in

the order of —100 V.

Since the SEY is material-independent for low energy
electrons, the equilibrium potential shown in Fig. 5 remains
valid for grain materials other than Cu. These results are
summarized in Table II, along with the corresponding
charge-to-mass ratio of the grain. Given the LHC density
ratio, the expected charge-to-mass ratio is in the order of
—1072 to =103 C/kg for Cu dust grains of 5 ym radius.
This result is consistent with previous studies comparing
simulated and measured beam losses in the LHC, where the

— 108
101 4
. 107
2 10°4
g 106
’e‘ o {
=l F10°
N £
- 104 o~
5 =
E 100 10° §
5 A
% —10'3 102
o
=107 10!
—103 10°

0 10 20 30 40 50 60 70 80
Electron Energy, kg7 (eV)

FIG. 5. Equilibrium potential of a Cu grain as a function of the

energy of the incoming electrons. The color gradient shows the

results for several density ratios. The black dashed lines identify
the region corresponding to LHC conditions.

best agreement for Cu grains was found for —107! <
Q/m < —1073 and R <22 um [10].

The equilibrium potential of a dust grain depends on a
number of parameters. A range of equilibrium potential
was computed to account for the fact that the exact
conditions inside the beam chamber are not homo-
geneous. The density of the electron cloud depends on
the longitudinal and transversal position on the beam
screen, as well as on the magnetic fields present.
Additionally, the photon rate from the synchrotron
radiation also depends on the local geometry of the
beam chamber. Moreover, the material parameters con-
sidered can also be changed, since the exact composition
of the grains is not precisely known.

As observed in other experiments [18,19], photons
hitting surfaces in the vicinity of the dust grain lead to
the emission of low energy electrons that will impinge on
the grain and contribute to its charging. In that situation, the
numerical example presented above shows that for a wide
range of parameters, dust grains in the LHC are expected to
be negatively charged.

TABLE II. Equilibrium potential and charge-mass-ratio for
three density ratios and kg7, = 10 eV. Cu grains with radii of
5-50 ym are considered. The last two rows correspond to the
density ratios expected in the LHC.

Q/m (C/kg)
i Deq (V) R=5um R =50 um
10! +1x 10! +1x1073 +1x 1073
10° —1x 10! —1x1073 —1x1075
107 —1x10? —1x1072 —1x10™*
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2. Electron storage rings

Besides their impact in the LHC and positron storage
rings, dust grains are known to become trapped by electron
[1,44] and antiproton [45] beams. In negative-particle
accelerators, dust grains can remain in the vicinity of the
beam for a long period, causing important intensity loss or
emittance growth. Direct [1,46,47] and indirect [2] obser-
vations have shown that dust grains can be lifted from the
surface of the beam pipe before being trapped. From these
observations, it is apparent that dust in electron storage
rings can acquire an initial positive charge. This is contrary
to the LHC, where the initial charge is negative, as
shown above.

For negative-particle beams, a repulsive coulomb force
keeps free electrons near the wall of the chamber, where they
are reabsorbed without triggering a significant number of
secondary electrons. As a result, the electron cloud densities
are several orders of magnitude lower than what is found in
positive-particle accelerators [48]. This consideration reveals
how the charging mechanisms presented in this paper can
equally be applied to the case of electron storage rings to
explain most historical dust trapping phenomena. Based on
experimental measurements of electron cloud densities in the
CESR electron-positron storage ring [49], one can compute
that the density ratio from the positron beam is around ~10.
For the electron beam, subject to the same conditions, the
density ratio is much lower due to an important reduction in
the electron cloud density. As can be seen from Fig. 5 and
Table II, the equilibrium potential of a dust grain under these
conditions is expected to be positive and could therefore
become trapped by the electron beam. The general con-
clusion for electron storage rings is that photoelectric
emission is expected to dominate [50], which leads to a
low density ratio and the accumulation of a net positive
charge on dust grains.

IV. ORBITING DUST GRAINS IN THE LHC

As shown in previous sections, dust grains in particle
accelerators tend to acquire a net charge with opposite
polarity to the one of the beam: negative in the LHC and
positive in electron storage rings. The resulting attractive
force was historically observed in electron storage rings and
just recently confirmed in the LHC [9,10]. However, the
general description of the dynamics of charged dust grains
in an attractive logarithmic potential like the one of a beam
of particles is yet to be done. The focus of the following
sections is to give a physical and mathematical framework
to describe such dynamics. A similar applied case was
discussed for the Orbitron of the University of Wisconsin,
where electrons are injected between two concentric
cylinders [51] and provides insightful results for the present
paper. Grains directly attracted toward the center of the
beam, as observed in the LHC (see Sec. II), are in fact a
particular case of the more general solution to this problem,
which is that charged grains orbit the beam. To simplify the

problem, the orbiting grains and the beam will be assumed
to lie in free space, neglecting the effect of image charges
on the beam screen. This approximation is valid for most
transverse positions, up to a few millimeters away from the
surface of the beam screen. Additionally, since the release
mechanism of dust grains in the LHC is not yet understood,
the grains will be assumed to conserve their original
charge-to-mass ratio (107> C/kg < |Q/m| <1072 C/kg,
for 5 um < R <50 um) when leaving the beam screen.
The case of time-dependant charge-to-mass ratios will be
discussed later, in Sec. V.

A. Logarithmic potential dynamics

The problem under study is the one of a charged body in
a central potential, where the electric field comes from a
beam of protons or electrons. With the range of possible
charge-to-mass ratios for the grains, the expected speed is
in the order of 1 m/s and the beam can be considered
continuous, neglecting any bunching. For a Gaussian beam,
the electric field in free space is given by the Bassetti-
Erskine formula [52]. For the cylindrically symmetric case,
the field can also be found from Gauss’s law as follows:

E.(r)= 4 (]_6_2,-_22) (16)

 2meyr

where r is the radial position from the center of the beam, 4
is the linear charge density of the beam, and o is the
standard deviation of the particle distribution. For the LHC,
A = N,e/C with C being the LHC circumference and N, is
the number of protons in the beam. One can show that the
corresponding electric potential is

V(r) =V, BE] (—%) - ln(r/rB)} (17)

~—=Vyln(r/rg) for r> o, (18)
where Ei(x) = — ff;%_'dt is the exponential integral, rp is
the position of zero potential (generally set at the boundary)

and Vy = #60 When r reaches a few o, only the logarithmic

term remains in the potential and the beam can be
approximated by an infinitely long charge-carrying wire.
At 20, the error from this approximation is already below
0.5%. If stable orbits for a charged grain exist, they have to
be located at r > ¢ to avoid any interaction with the high
energy particles from the beam, which directly satisfies the
approximation. In the following sections, only the loga-
rithmic approximation of the beam potential Eq. (18) will
be used.

Consider a dust grain of mass m carrying a charge Q,
subject to the central electric potential V(r) and a potential

vector A, coming from the magnetic field of the accelerator
magnets. The Hamiltonian of the system is
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1 - -
H =5 |P~QA] +QV(r) + mgy.  (19)

where P is the momentum and g 1s the gravitational
constant. For small magnetic (Hp) and gravitational
(H,) contributions to the Hamiltonian, one can write H =
Hoy+Hp +H, and treat them as a perturbation to the
central Hamiltonian H,, which is written in cylindrical
coordinates (r, ¢, z) as

2
_p P
2m  2mr?

Ho + oV (r). (20)

From the Lagrangian L, one can show that P, =

0L/0¢p = mrig = L is the angular momentum and that

» = 0L/0F = mr is the radial momentum. In the follow-
ing sections, characteristic quantities and equations relevant
to the study of orbits in a logarithmic potential are derived.
In a first approximation, the magnetic and gravitational
contributions are neglected. In a second approximation, the
effect of gravity is added to the Hamiltonian. The effect of
the magnetic field is not considered in this work, due to the
expected small grain velocity.

B. Case of charge-carrying wire without gravity

Neglecting the effect of the gravitational and magnetic
fields as in Eq. (20), Hamilton’s equations take the form:

. P, . P
r:—’ ¢:%
m mr
i _od :
P, =—7-0— P,=0. 21
=LV, By @)

Due to the logarithmic potential, the equations of motion
r(t) and ¢(¢) cannot be expressed analytically [51] and the
Eq. (21) is integrated numerically. Since the potential leads
to a central force field, one can show that the solution for
any logarithmic potential yields orbiting motion, where the
orbits are always bounded, but not necessarily closed [53].

In order to reach an understanding of the resulting orbits,
a conserved quantity that scales with the angular momen-
tum of the orbiting grain as well as its charge-to-mass ratio
is introduced. The orbital stiffness, S, is defined as

hZ
S= ,
Q/m

(22)

where £ is the specific angular momentum 42 = L/m. S has
units of Vm?2. One can show that S = - Vor?, where a, is

the necessary centripetal acceleration for circular motion at
a given radius and ag is the central acceleration due to the
electric field. Hence, S describes the balance between the
centripetal and electric forces. Over the course of an orbital
period, the different contributions oscillate, but S remains

constant. With this definition, the central Hamiltonian in the
logarithmic approximation of the beam can be written as

P
Ho —%
2

P
:%‘F QV(r), (23)

+ Q{%— Voln(”/”B)}

where V(r) is the effective potential of H,,, which is the sum
of the angular kinetic energy and the potential energy. For a
given total energy E, the point of closest approach r,,;, and
the point of furthest approach r,,, from the origin can be
found by setting the radial momentum P, = 0 since they
correspond to turning points. These extrema are, therefore,
the roots of the following expression:

)
E—W—FVOIH(T’/T’B):O, (24)
which leads to ry;, = vf,/ 1‘2‘5 and 7. = vf/{) XEO) where

W, is nth branch of the Lambert W function and

&= vfr 5 exp(Qz—go). For a given orbital stiffness, there is
B

precise energy for which 7, = 7max = 7, in Which case
the orbit is circular. This energy corresponds to the extremum
of the effective potential and is found at

re =+/-=8/V, (25)

which is real when S and 4 are of opposing signs. In the LHC,
S is negative due to the negative charge carried by dust grains
and 4 is positive. Figure 6 shows the effective potential for
different orbital stiffnesses as a function of the radial position

0
S =-1.0x10"*Vm?
S —201 — §=-10x107°Vm®
2 — §=-1.0x10"%Vm?
=~
N —40 1
<
= —60
=
8
£ —80
g
5 Tmin
—100 A
=
m
—120 e

00 05 10 15 20 25 30
r (mm)

FIG. 6. Effective potential as a function of r with
N, =25x10"p", O = —le, and rp = 23.25 mm. rp is set
to be the horizontal distance between the beam and the beam
screen. r, is shown for a given S and r;,, 'max are shown for a
given E.
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FIG. 7. Example of orbits in the logarithmic potential of the LHC beam for distinct shape parameters. As k — 0, the orbit becomes
circular and for k — oo, the orbit degenerates into a straight line going through the beam. S makes the orbit scale radially but does not
change the shape. The beam screen has a width of 46.5 mm and a height of 36.9 mm.

for the case of the LHC. From the solutions of Eq. (24), one
can show that an orbital stiffness between —3 x 107® and
—10~* Vm? allows r,;, to lie inside the LHC beam (between
lo and 60, with an rms beam size of ¢ = 150 um) for any
grain while r,, remains smaller than the distance to the
beam screen. Experimentally, these are the stiffness values
that can lead to measurable beam losses following beam-dust
interactions. For stiffnesses above 10~ Vm? in amplitude,
T'min 18 always outside of the beam.

For the particular case of a circular orbit with energy E,
the angular kinetic energy depends only on the charge of
the dust grain, K;,=E.+ QVyln(r./rgz) =—-10V,.
This allows for the definition of a dimensionless shape
parameter, k(E,S), which quantifies the deviation of a
given orbit from the circular one:

E-E. E 1 -S
SR 2 liam(=2)] (26
“ 2Ky, oVy 2{ " H(Vo”%ﬂ 26)

Kk is similar to the orbit eccentricity in planetary motion.
Since the circular orbit energy is, by definition, the minimal
energy allowed for a given S, « is positive and increases
with the difference in energy from the circular orbit. Based
on the work from Hooverman [51], one can show that x
uniquely defines the shape of the orbit. For k = 0, the orbit
is circular, and for x — oo, the orbit degenerates into a
straight line going through the center of the beam. After
Kk~ 2.5, the orbit is already significantly elongated and
approaches the beam screen up to a few mm for the range of
orbital stiffnesses mentioned previously. Figure 7 shows
examples of orbits in the logarithmic potential of the LHC
beam for different shape parameters. The effect of varying
the stiffness is to scale the orbits radially, but the shape is
preserved for equal «.

1. Period of radial oscillation

Because of the cylindrical symmetry, the angular posi-
tion ¢ is of little interest for this problem. On the other
hand, the evolution of the radial position is critical as beam-
dust interactions cause beam losses to arise for small radial
positions and because orbiting grains are stopped by the
chamber’s walls for large radial positions. As shown in

Fig. 7, the position oscillates between r,,;, and r,,,, over the
course of an orbit. The period of radial oscillation, 7',, can
be obtained from the Hamiltonian following:

rmax d
T, =vom | ™ (27)

run VE = 0OVo(r)

Except for the limit cases of xk = 0 and k — oo, this
integral cannot be solved analytically and must be evalu-
ated numerically [51]. The general result with the two limit
cases can be written in the compact form:

T, = e F/(@V0) f(x)  with

m

20V,
function of x only. Based on the numerical integration
of Eq. (27) shown in Fig. 8, one can see that f (k) decreases
monotonically as k increases and asymptotically reaches its
limit of 1/4/z. To allow for efficient analytic calculations,
the following approximation for f(k) is proposed:

where 7 =2z rg and f(x) is a dimensionless

1/Ve \ Numerical integration
\ - - - Approximation
0.60 “ PP
A
A
\
A
0.591 \
= \
S~ \
\
0.58 1 \
\
\
\
\
N\
0.571 \\\
WEl o —
0 1 2 3 4 5
K
FIG. 8. Comparison of the dimensionless function f(x) ob-

tained from numerical integration and from the approximation
Eq. (29). The error from the approximation is below 0.014% for
any k.
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FIG. 9. Period of the radial oscillation for dust grains orbiting
the LHC beam as a function of the charge-to-mass ratio. The
period is smaller for quasicircular orbits (k = 0.1) than for
elongated orbits (xk = 2.5) but also scales with S.

where A =6.1125x 1072 and B = —19.8135 are two
dimensionless fitting parameters. The error from this
approximation is below 0.014% for any «.

The radial period evaluated from Eq. (28) can span
several orders of magnitude as it varies with S, , and Q/m.
Choosing once again the stiffness such that r,;, < 60
and r, < rg, one finds the oscillation periods shown
in Fig. 9. If |S| > 10™* Vm?, the grain never interacts with
the beam. In that case, the radial period is longer than 1 ms
for high |Q/m| ~ 10" C/kg and longer than 2 s for small
|Q/m| ~ 107% C/kg. For stiffnesses smaller in amplitude,
beam-dust interactions can take place and the radial period
can be as small as 107*s, assuming that the orbit is not
affected by the interaction with the beam. With the range of
charge-to-mass ratios found in previous sections, the
expected period lies between 3 and 100 ms. However, as
will be discussed in Sec. V, the charge-to-mass ratio is not
constant when the grain interacts with the beam, which can
significantly alter the orbit of the grain.

C. Charge-carrying wire with gravity
The previous results were derived assuming that the
effect of gravity could be neglected, which is the case for

large charge-to-mass ratios. Adding the contribution of
gravity to the Hamiltonian, the effective potential becomes

(¢)

Vy(r.¢) =

In(r/rg) + g sin(¢), (30)

where the grain stiffness S(r,¢) is no longer constant,
along with the angular momentum, because of the ¢
dependence of the potential. Taking the Taylor expansion
around .. for the last two terms of the potential, regrouped
as U, = =VoIn(r/rp) + Q/#mgr sin(¢), one finds

\% 1
Uy(r) =Uy(r.) + [—r—f+ Q/mgsin((p)] (r—ro)+...
Vv 1 V
= Un(r) + [0 + Q/mgsm<¢>]r+—jr +
g IV |
~Uy(r) forr—r , 31
where Uy(r) = =V In(r/rp) is the last term of the original

effective potential. The result Eq. (31) gives the formal
condition under which gravity can be neglected, in which
case the stiffness is once again constant. As an example,

of magnitude higher than ¢/(|Q|/m) when |Q|/m >
1073 C/kg and gravity can be neglected.

For a small but non-negligible gravitational contribution,
the orbits are shifted vertically downwards. One can show
that there is no inertial reference frame in which the angular
momentum of the grain is conserved since the angular
velocity is always higher in the lower half of the orbit
compared with the upper half. However, there is a reference
frame in which the variations of the angular momentum are
minimized. Consider a primed reference frame (r/,¢’),
shifted downwards by a distance d such that y' =y + d.
The radial position in that frame is > = r?/(1 +¢),
with € = (4)? —2(4)sin(¢'), and the effective potential

becomes
eff VO
V(r’ ) =50 - In(~ *(1+€)/rp)
1
+——g(¥' sin(¢’) — d), 32
5/ sin(#) ~a) (32)
where Sgq = 1( T 9), Assuming that d < r/, the approxima-
tion In(1 + €¢’) ~ ¢’ can be used to get
V. (F,¢) ~Vy(r +— 7 sin(¢’') — d).
() RV =G sin() —d)
(33)

Neglecting second order terms in d/r' and assuming that

¥ remains close to 7, = y/ =S/ V), one finds that the two
¢’ dependent terms in Eq. (33) cancel out when
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sin(¢')
Vo(Q/m) sin(¢) —

7
gre

~ g r/.z
11 T ve(Q/m) (34)

where the last result is the averaged value over a full ¢’
period. In this shifted frame, the effective potential takes the
form of the original potential with a stiffness S.. The
center of the orbit is found below the beam, shifted by an
amount Ay,:

Ay, ~ Kf)z —2<Z>}rc —d~-3d.  (35)

V. EFFECT OF BEAM-DUST INTERACTIONS

— /
d=-—r,

In the previous sections, the charge of the orbiting dust
grain was assumed to be constant in time for simplicity.
However, this is not the case for dynamic conditions where the
grain moves in the transverse plane, since it will be subject to
varying electron cloud densities and varying synchrotron
radiation distributions. Moreover, for orbits with r;, < 60,
every passage close to the center of the beam leads to beam-
dust interactions, which creates beam losses and significantly
alters the charge of the dust grain. As discussed in previous
work [9], the energy deposited by the beam in the dust grain
releases knock-on electrons and contributes to an additional
positive charging current. Hence, close to the center of the
beam, the net charging current is expected to be positive, both
in the LHC and in negative-particle accelerators. Under these
time-varying conditions, the motion of the grain can be
described by a succession of orbits with instantaneous
parameters Q(1), E(t), S(¢), and «(?).

To illustrate this effect, a simulation tool developed at
CERN [9] was used. The grain dynamics is computed by
numerically solving Hamilton’s equation (21). As the grain
interacts with the LHC beam, the charging current due to the
energy deposited by the protons is computed, as well as
the beam losses produced from the inelastic collisions with
the nuclei of the dust grain. Figure 10 shows an example
of the orbital motion for such a case as well as the resulting
beam losses. In this example, for every passage close to the
beam center, the grain is subject to a positive charging
current but remains negatively charged. As a result, x(7)
increases and the orbit becomes more elongated. Since
|Q(t)/m| decreases, |S(r)| increases and so does the
instantaneous value of 7.. When the grain leaves the vicinity
of the beam, the gravitational force dominates over the
attractive force and the grain is sent to the beam screen.

As long as the grain remains negatively charged, the
orbit is bounded and the instantaneous orbit parameters are
tied together, as seen in Eqgs. (22) and (26). Figure 11 shows
the evolution of (), |Q(r)|, and |S()| during one close
approach to the beam. Assuming that r,, lies outside of
the beam, the grain is only ionized when r — r;, and the
orbit parameters evolve in a step-wise manner. If the grain

= At i3 ms
= At 35 ms

1.251

H
Q
8
|l
Eopof ML 1
0 25 50 75 100 125 150 175 200
Time (ms)
FIG. 10. Example trajectory for a negatively charged dust grain
orbiting the LHC beam. With every passage close to the beam, the
grain is subject to a positive charging current, and the instanta-
neous shape parameter increases. The grain radius is 50 gm and
the initial stiffness is S = —1.18 x 10™> Vm?. The simulated
inelastic collision rate from the beam-dust interactions is also

shown, with peaks in the order of 10'* inelastic collisions per
second, separated by a few ms.

is too close to the center of the beam, the charging rate is
such that the orbit rapidly grows and the grain is sent to the
beam screen. On the other hand, if the grain is far from the
beam, the charging rate is small and the orbit can last for

g — Q)
— 18@)|
~ 64 — &)
S
)
5 4
=
(9]
£
S
s
&=} 0
—21 \
TI!;&X r1;1i11 Tn;ax
Time —
FIG. 11. Example of the evolution of the instantaneous orbit

parameters in the LHC during one close approach to the beam.
The grain is subject to a positive charging current, but the net
charge remains negative.
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FIG. 12. Example of the orbital motion of a positively charged
dust grain being further ionized and trapped in a negative-particle
beam. The dashed line shows the corresponding orbit for a
constant charge if no beam-dust interactions were taking place.

several seconds, with small beam losses. In the example of
Fig. 10, the radial position is 7, ~ 4.70, which leads to a
collision rate in the order of 10'* inelastic collisions per
second and the grain is sent to the beam screen
after 190 ms.

The approach developed for the case of the LHC can be
extended to the case of a negative-particle accelerator. For a
positively charged grain orbiting and interacting with a
negative-particle beam, the result is the opposite: the positive
charge of the grain increases, the grain spirals inward toward
the center of the beam and it remains trapped. As the positive
charge of the grain increases, both the shape parameter and
the stiffness decrease in amplitude. The orbit evolves toward

a circular one and r, x \/3 decreases continuously. An
example of such orbital motion is shown in Fig. 12.

A. Multipeak measurement in the LHC

While the majority of beam loss events caused by dust
grains in the LHC show a single Gaussian-like signal, a
significant portion of them has more than one peak. For
LHC Run II data, about 30% of the recorded events show
more than one peak, sometimes overlapping each other
with 100 us separation, sometimes separated by several ms.
Figure 13 shows three examples of multipeak events
measured in the LHC where the peak separation is between
4 and 112 ms and Fig. 14 shows two examples of over-
lapping peaks, where the peak separation is below 2 ms.
This observation has been discussed in the past [11] but is
not yet understood.

Based on the results of this paper, the hypothesis of
having dust grains orbiting the LHC beam is proposed to
explain the multipeak events observed experimentally. The
peak separations found in the measurements of Fig. 13 are
between 4 and 112 ms, which corresponds to the radial
period of oscillation for orbiting grains of 107> C/kg <
|Q/m| <1072 C/kg according to Fig. 9. Moreover, the
amplitude of the losses, which depends on the grain size,
the grain composition, and the distance from the beam, is
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30 H Atgax 38 ms
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10 — l
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FIG. 13. Measurement of multipeaks beam loss events attrib-

uted to dust grains during LHC Run II (2015-2018). Given
the response factor of the beam loss monitors, the amplitude of
the losses is in the order of 10°-10'° inelastic collisions/s.
For each event, the shortest and longest peak separation is
identified.
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FIG. 14. Measurement of beam loss events with over-
lapping multipeaks attributed to dust grains during
LHC Run II. Given the response factor of the beam loss
monitors, the amplitude of the losses is in the order
of 10° — 10'! inelastic collisions/s.
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consistent with the numerical example given in Fig. 10.
Indeed, the response factor of the LHC beam loss monitors
is in the order of 10~!> Gy/inelastic collisions, which leads
to losses in the order of 10°~10'° inelastic collisions/s for
the multipeak measurement presented in Fig. 13. For the
shorter peak separation found in Fig. 14, a charge-to-mass
ratio of 10~! C/kg is required, which is consistent with
previous studies [10] and with the results presented in this
paper for dust grains smaller than 5 ym or density ratios
larger than 107 (see Table II).

From these observations, one can conclude that there is a
set of instantaneous orbit parameters for which the
expected orbital period and the amplitude of the beam
losses are consistent with the measurements presented.
However, since the release mechanism of dust grains in the
LHC is still to be understood, the study of the initial
conditions required to place a dust grain in such orbit is left
for future work. Because of the rapid charging of the grain
during the interaction with the beam, the instantaneous
orbit parameters change significantly between successive
orbital periods. As aresult, the global dynamics under these
time-varying conditions is chaotic and highly sensitive to
the choice of initial conditions for the dust grain.

Alternative explanations for multipeak events in the
LHC should also be considered, in particular, the possibil-
ity of having independent dust grains interacting with the
beam within a short time window. However, because of the
time scale involved (ms) and the general rate of observation
of these events (few occurrences per hour), the plausibility
of this hypothesis depends on the release mechanism of
dust grains. If the release mechanism follows a stochastic
process, the probability of observing two independent
grains on the same beam loss monitor of the LHC within
a few ms is extremely low. On the other hand, if the release
of dust grains is caused by some perturbation of the
environment around the beam screen (mechanical vibra-
tion, electromagnetic kick, etc.), this alternative hypo-
thesis is plausible. Finally, for overlapping multipeak
events separated by a few 100 us, the possibility of having
nonspherical dust grain (e.g., needle shape), interacting
sequentially with the beam due to an induced rotation or
due to the irregular shape of the grain, has to be considered.

VI. CONCLUSION

This paper presents the charging mechanisms for dust
grains in particle accelerators and the resulting dynamics in
a logarithmic potential. Principles from dusty plasma
physics were applied to the environment of particle accel-
erators, where electron clouds and synchrotron radiation
contribute to the charging of isolated dust grains. It was
found that the balance of the electron collection current, the
secondary electron current, and the photoelectric current
determines the equilibrium surface potential of spherical
dust grains. The equations presented in this paper provide
an explanation for the recent observation of negatively

charged grains in the LHC and for the historical observation
of positively charged grains in electron storage rings.

For electron clouds dominated by low energy electrons,
the ratio of the electron density to the photon density is found
to be a critical parameter for the polarity acquired by charged
grains. For high electron cloud densities like in the LHC, the
electron collection current overcomes the photoelectric
emission current and grains acquire a net negative charge.
The expected equilibrium surface potential is found to be in
the order of —10to —100 V, which corresponds to charge-to-
mass ratios between 107> C/kg < |Q/m| < 1072 C/kg for
radii between 5 yum < R < 50 pm. In electron storage rings,
the photoelectric emission current dominates, which leads to
positively charged grains. Otherwise, for grains mainly
bombarded by electrons of a few hundred eV, for which
the secondary electron yield is above unity, the net charge
acquired is positive under all conditions.

Since dust grains tend to acquire a net charge with opposite
polarity to one of the beams, the dynamics of orbiting dust
grains in the logarithmic potential of a beam of particles was
discussed. It was shown that gravity can be neglected for
sufficient charge-to-mass ratio or small enough radial posi-
tions. The orbital stiffness and the shape parameter were
introduced to describe the resulting orbits. An analytic
expression for the radial period of oscillation was also
presented. Together, these quantities allow for a complete
description of the orbits and link the charge-to-mass ratio of
an orbiting dust grain to the amplitude and temporal
separation of beam losses resulting from beam-dust inter-
actions. Experimental measurements of beam losses with
multiple peaks separated by a few hundred ms were
presented. The hypothesis of having dust grains with
charge-to-mass ratios between 107 C/kg <|Q/m| <
107! C/kg was suggested to explain the peak separation
and the amplitude from these measurements.

This paper presents new ways of explaining historical
observations of dust grain events in particle accelerators,
based on concepts from plasma physics. In the case of the
LHC, some open questions remain, in particular, concern-
ing the release mechanism of the grains. Is the release
triggered by mechanical vibrations, electrostatic levitation,
or straightforward attraction from the beam? To validate the
completeness of the theory presented in this paper, a
dedicated set of experimental investigations is required.
Suitable experiments should be based on the results of this
paper as well as on the extensive work that has been carried
out over two decades in plasma physics and on the surface
formation of airless planetary bodies. Experiments in the
LHC and other high intensity beam facilities will be critical
to understand and mitigate the impact of dust grains on the
operation of future accelerators.
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