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Abstract

Beam losses caused by interactions between the circulat-
ing beam and dust grains have been observed at many particle
accelerators, leading to premature beam dumps, quenches of
superconducting magnets, and vacuum pressure bursts. At
some facilities, these events have a significant impact on the
overall accelerator performance. The mechanisms by which
dust grains detach from vacuum-chamber surfaces and enter
the beam are not yet fully understood; one possible process
is charge build-up on the grain followed by lofting due to
the beam potential. We present an experimental study of
the charging and mobilisation of silica dust on accelerator-
relevant surfaces: Cu, co-laminated Cu, laser-treated Cu,
NEG-coated substrates and samples treated with VacSeal, a
silicone-based resin widely used to seal vacuum leaks. The
observations provide input for dust-dynamics simulations
and studies of beam losses.

INTRODUCTION

Dust particles mobilised from vacuum-chamber surfaces
have caused beam losses at numerous particle accelerators,
including the LHC [1-3] and SuperKEKB [4-7]. Such
events can trigger premature beam dumps, quench super-
conducting magnets, and cause vacuum pressure bursts, sig-
nificantly impacting accelerator performance.

The mechanisms leading to dust detachment and sub-
sequent beam interaction remain poorly understood. One
proposed process involves negative charging of dust grains
due to interaction with synchrotron radiation or electron
clouds and subsequent electrostatic lofting. This process
was demonstrated in Refs. [8—10] using UV light to mimic
the effects of synchrotron radiation.

This study presents experimental results on dust charging
and mobilisation from accelerator-relevant surfaces. Dust
is deposited onto grounded substrates in a vacuum chamber
and exposed to a homogeneous electric field. Grains were
charged using UV light and their motion was recorded with
a high-speed camera. The trajectories are reconstructed to
extract charge-to-mass ratios and launch velocities. Differ-
ent behaviours were observed on conductive and insulating
surfaces. In addition, the insulating VacSeal layer exhib-
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ited discharge events. VacSeal is of interest because it was
found inside the SuperKEKB beam pipe and is believed to
be correlated with sudden beam losses [6].

EXPERIMENTAL SETUP

The experiments were performed in a cylindrical vacuum
chamber 30 cm high and 30 cm in diameter at a pressure of
~1.2x107> mbar (see Fig. 1). The electric field was oriented
toward the substrate to mimic positively charged beams, and
reversed (toward the mesh) to represent negatively charged
beams.
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Figure 1: Schematics of the experimental setup. Dust grains
are deposited on the grounded substrate. A Programmable
Logic Controller (PLC) allows control of the high voltage
(HV), the UV source [11] and of the triggering of the high-
speed camera.

A conductive mesh with radius R, = 5 cm was placed
at a distance d = 1.7cm above an electrically grounded
sample (substrate). A bias voltage ® = +2kV was applied.

All substrates used oxygen-free (OFE) copper [12] as
base material. The surface properties and the dust-lofting
results are summarised in Table 1. They include bare Cu-,
co-laminated Cu (75 pm) on stainless steel (representative of
the LHC beam screen [13]) and laser-treated Cu in cleaned
(LESS 1) and non-cleaned (LESS 2) states, both with groove
depths of [15—-25] um [14]. Additionally, 70 nm Ti, 250 nm
non-evaporable getter (NEG), and 50 nm amorphous car-
bon (a-C.) [15] coating as well as an insulating 71 um-thick
Kapton tape [16] and a thin film of VacSeal (VS), a silicone-
resin-based vacuum sealant [17], were used.

For LESS 1 and LESS 2, the values in Table 1 are ef-
fective conductivities derived from measured surface resis-
tances. They describe the laser-treated surface rather than
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Table 1: Overview of Samples and Experimental Results

Sample o Y med(Yyax) med(Aty,) med(g/m), med(qg/m), Num.

(MS/m) (mm) (ms) (mC/kg) (mC/kg) Traj.
Cu 58-59.6 [18] 10~% [19]*/0.03 [20]* 5.3 10.8 -0.84 1.55 26
Co-lam. Cu 58-59.6 [18] 0.07 [20]* 5.5 9.1 -1.34 1.82 381
LESS 1 37-47 [14] 0.05 [20]* 4.6 9.4 -1.05 1.40 1152
LESS 2 53.5[14] - 6.1 10.3 -0.77 1.09 2836
Cu-Ti 2.4 [15] 0.11-0.15 [21]* 5.8 12.7 -0.73 0.89 31
Cu-NEG 0.05-1 [15,22] 0.04 2317 5.9 12.4 -0.90 1.11 670
a-C. 0.001-0.01 [15,24] 0.01 2377 6.2 8.6 -1.26 1.38 18
Kapton ~0 ~107*[25]* 5.5 4.5 -1.01 2.36 45
VS1 ~0 - 6.7 12.4 -0.88 1.14 197
VS2 =0 - - 1.5 -17.5 - 5

Note: The table lists the reported conductivity o, quantum efficiency Y, median lofting height y,,,, median dust rise time At , median charge-to-mass
ratio ¢/m during upward (1) and downward (J) motion, and the number of analysed trajectories after filtering. Estimates for ¥ are marked as follows: *
172 nm, * white light, T LHC injection synchrotron radiation, and ¥ KEKB positron-beam synchrotron radiation.

the DC bulk conductivity of the OFE copper substrate. Here,
‘cleaned’ denotes a passivated surface without nanoparticu-
lates, while ‘non-cleaned’ denotes a nanoparticulate layer
mainly composed of Cu and CuO. For Cu-Ti and Cu-NEG,
the listed conductivities correspond to the Ti and NEG coat-
ings, respectively, not to the full multilayer system.

Monolayers of pure silica dust grains with diameters be-
low 50 um and density p = 2.196g/cm? [26] were dis-
persed on the substrate. A 172nm UV source with an
intensity of 35 mW/cm? [11] corresponding to a flux of
®,p = 3.0x 1029 photons/ (m? s) was placed above the mesh
and illuminated the substrate.

A programmable logic controller (PLC) [27] synchro-
nized the high voltage, UV illumination, and triggering of a
high-speed camera operating at up to 5300 frames per sec-
ond. To ensure steady conditions, the UV illumination and
camera trigger were delayed by 5 s after the high voltage was
switched on. The local electric potential above the substrate
was measured with an emissive probe [28], limited to mesh
voltages up to 100 V. Currents from both the emissive probe
and power supply were recorded with a 2 ms sampling time.

Dust detection and trajectory reconstruction were per-
formed in Fiji [29] using the TrackMate plugin [30, 31].
Trajectories were filtered to include only the ones spanning
at least 20 frames (= 6 ms with 3300 frames-per-second) and
reaching a vertical distance greater than 1 mm, and smoothed
using a constant--acceleration Kalman filter [32].

RESULTS
Dust charge

On all substrates, the dust was observed to move. When
applying ® = —2kV to the mesh and illuminating the sam-
ple with UV light, some dust grains were lofted and then
accelerated by the electrical field directly towards the mesh.
In this case, dust needs to be positively charged. With +2kV
applied to the mesh and active UV illumination, dust grains
were lofted but returned to the surface, following parabolic
trajectories as observed in [9]. The following analysis of dust
trajectories is focussed on measurements with ® = +2kV.

Detailed analysis showed that the acceleration of the dust
grains is not constant. Dust grains follow a parabolic trajec-
tory with a median rise time (med(Az;.)), i. e. time from
substrate to the highest point, of approximately 10 ms and a
fall time, i. e. time from the highest point down to substrate,
of approximately 5 ms. Here, the median of all analysed dust
trajectories per video is taken. The number of trajectories
ranges between 18 —2836 (see Table 1).

The motion can be split into three phases. Phase 1 de-
scribes the initial negative charging of the dust grain. This
is consistent with the Patched Charge Model (PCM) [33,34].
In the PCM, photoelectrons emitted from the substrate are
absorbed within micro-cavities at the grain—surface contact,
resulting in negative net grain charge.

Since the exact size of the dust grain is not well known,
the charge-to-mass ratios are analysed, given by:

q

0 —
m

may = —qE, — mg = —%(ay+g), D
where g is the gravitational acceleration, E, = ¢/d the ver-
tical electric field, and a, denotes the vertical acceleration
obtained from the videos. From the reconstructed trajecto-
ries obtained by high-speed imaging, initial g/m values of
about —0.15 mC/kg are derived for individual grains and
are similar across all substrates.

In phase 2, the grains are lofted and accelerated towards
the +2 kV-biased mesh after overcoming adhesion, gravity,
and the image force, i. e. the force between the dust grain and
its induced mirror charge. The rising grain continues to in-
teract with photoelectrons emitted from the substrate, which
are accelerated by the electric field and therefore impact the
grain with increasing energy. The median of the maximum
med(q/m), values per trajectory is given in Table 1.

Below a height of approximately 100 um, the impacting
photoelectrons have an energy of less than 15 eV, for which
a secondary electron yield of the dust grain of § ~ 0.7 is
assumed [35]. The negative charging current of the dust due
to absorbed photoelectrons is thus given by

A
Le = (8 = Dlpe, meas. A—dus; e[-9, -11pA, (2)
mes!
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where A eqn = JTernesh is the surface area of the mesh and
Aqust = JTI"gust the cross-sectional area of the dust grain
with radius rg, € [10—-25] pm. With the measured photo-
current Ipe meqs. = 125 pA between substrate and mesh, the
derived median negative g/m value of about —0.7 mC/kg
for Cu would be reached after approximately [4—10] ms.

In phase 3, the photoelectrons have sufficiently high ener-
gies to ionise the dust through secondary electron emission.
From [35-39], the secondary electron yield § € [1, 3] at
an impact energy of [0.015—2.3]keV, causing net electron
loss and thus ionisation of the dust grain. This results in a
theoretical ionisation time At € [4—11] ms for the observed
Ag/m = 2.3 mC/kg within the observation time window
and explains the parabolic trajectories.

In general, similar dust mobility was observed for all
studied conductive substrates, except for a-C. coating, which
has a lower photoelectron yield and showed a much lower
dust mobility compared to the other substrates.

Conductive and insulating surfaces

We observed the following for dust on conductive and
insulating substrates: On insulating Kapton, lofting stopped
after about 600 ms, whereas on the conductive LHC beam
screen substrate it continued for about 3 s. This is consistent
with positive charge accumulation on the insulating sub-
strate. As the surface potential rises towards the mesh bias,
the electric field between substrate and mesh decreases and
eventually becomes too weak to lift further dust grains.

To verify this, the local potential a few mm above the
grounded co-laminated Cu (Conductor) and the Kapton (In-
sulator) substrate was measured with an emissive probe
during UV irradiation with a mesh voltage of 100V. As
shown in Fig. 2, the potential above the conductive surface
remained nearly constant, while above the insulating sur-
face it increased from about 20V to 60V within 600 ms,
decreasing the effective mesh to substrate voltage difference.
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Figure 2: Variation of the local potential above a conductive
(blue) and insulating (red) surface during UV irradiation.

Dust on VacSeal

It was hypothesised that VS could trigger sudden beam
loss events at SuperKEKB [6,40]. In the laboratory experi-
ment, liquid VS was painted onto co-laminated Cu and left
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to dry for several days (VS 1 in Table 1). A second sample
was irradiated with electrons of energy ~ 135 eV for several
days. In both cases, the VS turned white, less transparent,
and developed a sticky surface, while electron bombardment
caused no additional surface changes.

The dust motion on VS 1 was similar to that on the other
substrates. However, lofting required only = 41 kV /m, about
a factor of two lower than elsewhere. This is explained by a
reduced image force due to the finite VS thickness. After few
min of UV irradiation, another mechanism was observed:
fast, bright glowing spots appeared for less than 0.2 ms on the
surface. These spots were also detected in regions without
silica grains. Measurements of VS under prolonged UV
illumination are labelled VS 2 in Table 1.

In the consecutive frames after the bright spot had ap-
peared, several small, very fast objects moved away in all di-
rections with a speed of vy = [4—8] m/s, a factor 4 — 6 faster
than regular dust corresponding to g/m of ~ 17.5 mC/kg.

Applying the algorithm from [41] to nominal beam pa-
rameters shows that typical dust sizes and pre-charges do not
reach the beam centre. In contrast, the high v, observed for
VS 2 allows full beam penetration, since ionisation alone can-
not stop the fragments. This provides a plausible transport
mechanism for dust reaching the beam centre, as assumed
for the study of sudden beam losses in [40].

CONCLUSION

Laboratory experiments were performed to obtain a com-
prehensive picture of dust charging and release mechanisms
from different accelerator-relevant surfaces. For set-ups
mimicking positive beams it was found that dust grains ac-
quire an inhomogeneous negative charge before overcoming
gravitational, adhesive, and image forces and being released
from the surface. The charge does not remain constant, but
changes due to the continued impact of photoelectrons with
increasing energy leading to secondary electron emission.
Of all conductive substrates, Cu with a-C. coating showed
the lowest dust mobility. This is consistent with a lower
charging rate through PCM, as it has a lower photoelectron
yield. Distinct behaviour was observed with a thin VS layer
on top of a conductive substrate. Discharges at the VS sur-
face ejected fast particulates. Unlike dust grains with typical
initial charges and velocities, these ejected fragments would
be fast enough to reach the centre of a high-intensity particle
beam and could be a mechanism to explain the sudden beam
losses observed at SuperKEKB.
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