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Abstract

SuperKEKB suffers sudden beam loss (SBL) during op-
eration. It causes collimator damage, QCS quench and
large beam background to the Belle-II detector. The beam
aborts due to SBL is a major obstacle to store large
beam/bunch current. Since cause of SLB is unclear, we
launched an effort to investigate it and consider measures
to be taken. In this paper, we discuss phenomena of SBL
and various hypotheses to explain SBL.

INTRODUCTION

SuperKEKB is a collider handling 7 GeV electrons
(HER) and 4 GeV positrons (LER), with a ring circumfer-
ence of 3 km. Aiming for the world's highest luminosity,
the nanobeam method was adopted. To achieve design lu-
minosity, the fy* will be narrowed down by a factor of 20
and the beam current will be doubled with respect that of
KEKB collider. Up to 2022b runs, we have achieved 4.7 X
10** cm™s™! with lower beam current than KEKB, with
By* =Imm which is much shorter than the natural bunch
length of ~6mm [1][2]. The beam currents that recorded
peak luminosity were 1.321 A for LER and 1.099 A for
HER. The number of bunches used in FY2022 ranged from
783 to 2249, depending on the operating conditions. The
primary goal of SuperKEKB is to increase luminosity more
than 103 cm2s™!. An obstacle to this goal is sudden beam
loss. The cause of sudden large beam loss is unknown, but
it can cause damage to collimators (and other accelerator
components), final focusing super conducting magnets
(QCS) quenches, and large backgrounds to Belle-II detec-
tor. Also, it is not possible to store large currents because
of beam abort. Therefore, a task force was set up to inves-
tigate and resolve the causes of the sudden beam loss.

OBSERVATION

It is necessary to protect the detectors and accelerator
hardware from damage caused by high current beams.
SuperKEKB has a fast beam abort system to abort the beam
as soon as possible in the event of an abnormal situation
[3,4,5]. The beam loss monitor system is used to trigger the
abort of the beam [6]. Ion chamber (IC), PIN photodiode,
and optical fiber are available as beam loss monitoring sen-
sors; most of the PIN photodiodes are placed to the colli-
mator of each ring to identify the ring where beam loss has
occurred. ICs, on the other hand, are installed throughout
the tunnel and cover a large space. Collimator locations in
the ring are shown in Figure 1. The Belle-II detector
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installed in the interaction region (IR) is also equipped with
a diamond sensor and scintillator-based detector as its own
abort trigger.

Looking at the loss monitor at the time of abort occur-
rence, which was probably due to beam loss, we began to
observe many instances of sudden beam loss occurring
simultaneously in the entire ring collimator section and in
the Belle-II detector. Figure 2 shows an example of the PIN
and diamond signals at LER abort. The PIN signal appears
to have a slow rise time due to the monitor circuit, but the
start timing is within one turn (10ps) on all collimators, and
the IR diamond signal is seen at the same time.

Figure 1: Overview of the collimator locations at
SuperKEKB.
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Figure 2: An example of (left)PIN and (right)diamond sig-
nals when an LER abort occurs.

In order to monitor the beam loss behaviour just before
the beam abort, bunch current monitors with 4k turns of
memory before the beam loss are used [7]. Figure 3 shows
an example of the current change per bunch for HER and
LER, where the first row shows the bunch current and the
second row shows the difference in current from the previ-
ous turn; this corresponds to the lost beam current from the
previous turn. The plot shows 6-7 turns before the abort,
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and it can be seen that the beam suddenly disappears just
before the abort. Beam loss can occur in both HER or LER,
but when loss occurs in LER, it is especially damaging to
the collimator and Belle-1I detector. We do not know if it
happens in single beam operation or low current beam be-
cause we have not operated for a long time with those con-
dition.
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Figure 3: An example of the current change at feedback
monitor position for each bunch of (top) HER and (bottom)
LER.

Bunch oscillation can be measured simultaneously with
bunch current, and the orbit can be calculated from the
data, an example of which is shown in Figure 4. Just before
the beam loss begins, the orbit appears to move, but the
value is small, on the order of 0.1 mm. Even after the beam
loss occurs, the orbit is changing by less than 1mm order at
the FB monitor position. And no oscillations were observed
that would be precursors to beam loss.
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Figure 4: An example of bunch-by-bunch beam orbit vari-
ation and beam loss.

This sudden beam loss is most likely to occur when the
beam current exceeds a certain bunch current. The first four
of the 2022 LER sudden beam losses occurred within a day
of increasing the beam current by a different number of
bunches each, at above 0.7 mA/bunch; after the collimator
(D6V1) damage on May 17, the threshold became some-
how lower. This could be due to damage to the collimator,
a change in the collimator configuration to reduce beam
background, or other causes.

In the “sudden beam loss (SBL)” event, it appeared that
the loss started at each collimator and IR within the same
turn. To identify where the loss started first in the ring, a
loss monitor specialized for timing measurements was
placed in the ring [8]. Those loss monitors were attached to
seven collimators that mainly generate beam loss signals.
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The sensors used were Csl + photomultiplier tube (PMT)
and electron multiplier tube (EMT) and the data collection
used White Rabbit (WR) and pico-scope to identify which
collimator's sensor first signalled at the abort due to SBL.
Figure 5 shows an example of those loss monitor signals
and timing at each sensor section. Data analysis revealed
that the beam loss mainly started at the DO6V1 collimator.
This collimator is located downstream of the beam injec-
tion section and has a narrow aperture to suppress back-
ground to Belle-II detector. However, when the D6 colli-
mator was damaged and the aperture was widened, beam
loss began in the D2 collimator section near the IR, indi-
cating that the starting point of beam loss depends on the
tuning of the collimator and is not limited to a specific lo-
cation.

Time vs. location
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Figure 5: (Left) An example of the Csl and EMT, and EMT
signal. (Right) The location of each loss monitors and the
timing when the beam loss occurred.

We checked for beam size fluctuations as a cause of
beam loss. SuperKEKB uses an X-ray monitor (XRM) to
measure the beam size [9]. We have installed an ultrahigh
speed CMOS camera in this XRM to take lus data at
100kHz when the abort is triggered. There was no sign of
a significant change in beam size before the SBL.

Pressure bursts have been observed all over the place and
rarely occur in the same place except at the collimator sec-
tion as shown in Fig.7. It may be the result of abort rather
than the reason. However, as shown in Fig. 8, the pressure
of DO6H3 and H1 upstream of the D6 vertical collimator,
where the aperture is narrow and losses often start first,
shows curious behavior. Only in this collimator section is
there a rapid or nonlinear increase depending on the beam
current. The temperature near the collimator was also ex-
amined, but behavior appears normal.

Acoustic waves were detected during SBL at the colli-
mator, but only a few events were measured before shut-
down, so measurements will continue to demonstrate the
fireball effect, which will be discussed later.

CANDIDATE REASONS FOR BEAM LOSS

No precursor phenomena such as beam oscillations,
large orbital variations, size increases, or pressure bursts
have been observed to be the cause of beam loss. There is
also no evidence that the beam loss started at the same
place or near the same place in the ring as the cause of the
beam loss.
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One of the causes of beam loss seen in KEKB and other
accelerators is damage to vacuum components such as RF
fingers, in which case beam phase changes (beam energy
loss) were observed from ms to several hundred ps before
abort [10,11]. At that time, an anomalous temperature rise
in the bellows chamber was observed and catastrophic
damage to the RF fingers was observed, but such phenom-
ena were not measured in this sudden beam loss. Beam loss
due to dust was observed in the early stages of SuperKEKB
operation [12,13,14]. However, when the vacuum chamber
was cleaned and tapped to remove as much dust as possible,
these events decreased.

Beam instability is not consistent with the cause of this
sudden beam loss, since the growth time is on the order of
tens of turns.

We considered the electron cloud effect in the collimator
as a possible cause of SBL. In this case, SBL should be
measured only in LER, but in SuperKEKB it is also meas-
ured in the HER beam, although the damage is smaller. Alt-
hough no pressure bursts were observed in the SBL timing,
curious behavior of the pressure in DO6H3 may suggest
that a discharge or electron cloud is occurring. According
to simulations the electron density distribution changes
with time. Immediately after the beam passes through the
collimator, the electron density near the center is high, and
1 ns after the beam passes through, the electron density
near the wall is high. But the maximum electron density is
on the order of 1E13/m3 to 1E14 /m? and it is not sure how
this relates to SBL.

Another hypothetical cause of the beam loss in a few
turns is the "fireball" seen in RF cavities [15,16]. Particles
with a high sublimation point are heated by the beam-in-
duced field and become fireballs. When the fireball con-
tacts a metal surface with a low sublimation point, a plasma
is generated around the fireball. This plasma grows into a
macroscopic vacuum arc and can interact significantly with
the beam particles. The vacuum chamber is made of copper,
which has a low sublimation point, whereas the collimator
head is made of tungsten and tantalum, which have high
sublimation points, and thus have the potential to become
fireballs. This fireball hypothesis could explain SBL (~ps)
due to the fast plasma evolution (~100 ns at the fastest).

CONCLUSION

One of the obstacles to increasing luminosity is sudden
beam loss, the cause of which is still unknown. We have
investigated it with loss monitors etc., and have been able
to identify the point where the loss started, but have not
found any phenomena that would elucidate the cause.
DO06H3 may cause beam loss due to dust or plasma, but
there is no clear mechanism to cause SBL. Possible coun-
termeasures include replacing the damaged head with a
new one and applying an external magnetic field of 40 G
or higher if EC is affecting. So far, the fireball hypothesis
is the most promising hypothesis to explain the SBL. Fu-
ture plans should include simulations of plasma and beam
interactions. Monitoring will be enhanced to gather infor-
mation. It is expected to be observed point-like acoustic
sources in vacuum arcs by using acoustic sensors to prove
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the fireball hypothesis. Copper coating of collimator heads
to prevent fireballs is also planned.
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Figure 7: Pressure burst history at SuperKEKB HER (a)
and LER (b).
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(bottom) of the vacuum pressure in the collimator section
when SBL occurs.
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