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The operation of the SuperKEKB has been ongoing since 2016. The vacuum systems of the main ring
(MR) which consists of a 7-GeV electron ring (HER) and a 4-GeV positron ring (LER), the damping ring
(DR) for 1.1 GeV positrons in the middle of the injector linac have been working well as a whole. As of
June 2022, the maximum stored beam currents of MR are 1.46 and 1.14 A for the LER and the HER,
respectively, and approximately 30 mA for the DR. The pressure increase per unit beam current is steadily
decreasing and the new vacuum components developed for the SuperKEKB have been working as
expected. No significant electron cloud effect has been observed in the LER after installing solenoids in
drift spaces in 2017 which apply magnetic fields in the beam direction. The recent pressure behavior of the
LER with increased beam current is explained by considering thermal gas desorption induced by the beam
as well as photon-stimulated gas desorption. Currently, the beam lifetime is primarily limited by the
Touschek effect rather than the vacuum pressure, and their degrees of contribution are evaluated. The
challenges associated with high beam currents, such as damage to beam-collimator heads and excess
heating of beam pipes at wiggler sections have become more apparent as beam currents are increased. The
status of the SuperKEKB vacuum system and the experiences during the past 6 years of operation are
presented here.
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I. INTRODUCTION

The SuperKEKB is an electron-positron collider with
asymmetric energies operating at KEK in search of a new
physics in the B-meson regime with an unprecedented high
luminosity utilizing a “nanobeam collision scheme”
(Fig. 1) [1–3]. The main ring (MR) consists of a high-
energy ring (HER) for 7 GeV electrons and a low energy
ring (LER) for 4 GeV positrons each having a circum-
ference of approximately 3 km (Fig. 2). Beam operations
for the facility started in 2016. Following the installation
and commissioning of the damping ring (DR) for 1.1 GeV
positrons at the injector linac, the full-scale physics experi-
ment using the complete Belle II detector has been in
operation since 2019. Moreover, the SuperKEKB has been
breaking the world record for luminosity every year since
2020 [3]. During this time, the vacuum systems of the LER,
HER, and DR have been working well [4–7]. Figure 3

shows the layout of the LER and HER beam pipes as well
as the bellows chambers in the MR tunnel. As of June 2022,
the maximum stored beam currents for the LER and HER
are 1.46 and 1.14 A, and approximately 30 mA for the DR.
The various vacuum components which have been

developed for SuperKEKB [8–10] have been operating
as expected. Pressure increases per unit of beam current

FIG. 1. SuperKEKB at KEK Tsukuba campus.
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(ΔP=ΔI) in the arc sections have been steadily decreasing
with integrated beam currents (beam dose) in each ring
[11]. These pressure increases are mainly the photon
desorption caused by synchrotron radiation (SR). In addi-
tion to this, the pressure increases by thermal desorption
from the beam induced heating due to higher beam
currents, especially in LER. Currently, beam lifetimes
are primarily determined by the Touschek effect rather
than by scattering due to residual gases in the vacuum
chamber. Strong electron cloud effects (ECE) in the LER
have not been observed in normal operations after magnetic
fields in the beam direction were applied in drift spaces
[12,13]. In this article, we provide a global presentation of

the SuperKEKB vacuum system and the experiences from
the past 6 years of operation.

II. OPERATION HISTORY

To achieve the unprecedented high luminosity in the
SuperKEKB, the existing KEKB vacuum system has
undergone a series of upgrades [2] during a 6-year period
starting in 2010. Newly fabricated beam pipes and vacuum
components have been installed in approximately 93% of
the LER and 20% of the HER [8–10].
The first commissioning phase (Phase 1), was dedicated

to tuning the accelerator and was conducted between
February and June of 2016 [14]. Beam currents of up to
1 A were used to study the vacuum scrubbing of beam
pipes, the electron cloud effect (ECE) in the LER, and the
stability of the new vacuum components [4,5,11]. The
Belle II particle detector [15] and its related vacuum
components, new beam pipes for the LER injection region,
and beam collimators [16] were installed during the
subsequent long shutdown period between July 2016
and June 2018. During this time, various countermeasures
were also implemented to overcome the challenging
problems encountered during the Phase-1 commissioning
period [14,17]. The main objective of the second commis-
sioning phase (Phase 2) was beam collision tuning, which
took place between March and July of 2018 [18,19].
Starting in March 2019, Phase-3 commissioning began
with a full-scale physics run including the complete Belle II
detector and newly installed DR in the middle of the linac
[20]. To date, Phase-3 commissioning is still running with
continuous performance improvement efforts [3].
Trends of the average vacuum pressures and beam

currents for the LER and HER, from the start of Phase
3 till June 2022, are presented in Figs. 4(a) and 4(b),
respectively. Here, the suffix “ab” refers to the spring
operation (usually from February to June) until the summer
shutdown and the suffix “c” refers to autumn operation
(usually from October to December). Pressures measure-
ments show a steady decrease during this period while
gradually increasing beam currents. The observed pressure
spikes correspond to periods of operations just after long
shutdowns where interventions, including the exposure of
vacuum components to air, were required or to periods
where the NEG (non-evaporable getter) pumps (main
pumps in SuperKEKB) [21] were activated. It should be
noted that the pressure values shown in Fig. 4 correspond to
3 times the actual reading (nitrogen equivalent) of the CCG
(cold cathode gauge) which is located just above a
sputtering ion pump. This factor of “3” was estimated
from a simulation taking into the conductance of rf-shield
screen between the beam channel and the pumping port and
that of the pumping port itself. These gauges are located
approximately every 10 m along the ring (Fig. 3) to
measure the pressure in the beam pipe. The measurement
limit of the CCG controllers (1 × 10−8 Pa) imposes a

FIG. 2. Layout of the SuperKEKB Main Ring (MR). One ring
consists of four arc sections, four straight sections, and one
collision point at Tsukuba (Belle II).

FIG. 3. Layout of the beam pipes, bellows chambers, ion
pumps, and CCGs for LER and HER in the MR tunnel.
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minimum pressure measurement limit of 3 × 10−8 Pa.
Given this limit, measured pressures in this range are
not very reliable. In June 2022, the average pressure with
beams was 2.0 × 10−7 Pa (1.46 A, 2249 bunches) for the
LER and 4.9 × 10−8 Pa (1.14 A, 2249 bunches) for the
HER. The longitudinal rms bunch length was approxi-
mately 10 mm and each bunch contains approximately
1011 charged particles. Without stored beams, the base
pressures in both the LER and HER are near the meas-
urement limit of approximately 3 × 10−8 Pa.
The DR vacuum system has been working well since the

start of its operation in 2019 [6,22]. The trends of the
average vacuum pressure and beam currents from the start
of operation in 2019 till July 2022 are presented in Fig. 4(c).
The maximum stored beam current is approximately
30 mA. As of July 2022, the total beam dose has reached

approximately 67.6 A h. The base pressure and the pressure
with the maximum beam current stored are approximately
1 × 10−8 and 1 × 10−7 Pa, respectively. The DR vacuum
pressure is estimated using the discharge current of sput-
tering ion pumps [6]. The base pressure is close to the
measurement limit as in the case of MR.
Figure 5 shows the total operation time during the three

commissioning phases as well as the number of faults for
each year. The total number of faults includes those related
to the vacuum system, which is shown in red. Vacuum
faults include repairs of air leaks and exchanges of
damaged vacuum components. Faults related to the vacuum
system were less than 4% each year during all 6 years of
operations.
For the SuperKEKB upgrade, various new vacuum

components were installed to mitigate the expected chal-
lenges due to high beam currents such as beam instabilities
due to beam impedances and electron cloud effects in the
positron ring (LER). Examples of newly installed compo-
nents are bellows chambers and gate valves with a comb-
type rf-shield [23], step-less Matsumoto-Ohtsuka type
flanges to reduce beam impedances [24] and beam pipes
with antechambers [25]. To counter ECE [12,13], TiN
(Titanium Nitride) film coatings [26], clearing electrodes
[27], and groove structures [28] were also installed. A new
style of beam collimator was also installed to suppress the
Belle-II detector background [16,29]. Most of these com-
ponents have been working as expected. The temperatures
during beam operations for bellow chambers and gate
valves with comb-type rf shields are shown in Figs. 6(a)
and 6(b), respectively. The temperatures of these compo-
nents at the wiggler sections are higher than in other
sections and are attributed to Synchrotron Radiation (SR).
The SR power is highest at the wiggler section leading to
the higher temperature of components. The status of ECE
and beam collimators will be discussed later.

(a) LER

(b) HER

(c) DR

FIG. 4. Trends of pressures and beam currents since Phase-1
commissioning in 2016 for (a) LER, (b) HER, and (c) DR.

FIG. 5. Total operation time and the number of faults by year.
The number of faults related to the vacuum system is
indicated in red.
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III. PRESSURE RISE DURING OPERATION

A. Pressure rises per unit beam current
(vacuum scrubbing)

The pressure increase per unit beam current (ΔP=ΔI)
compared to the beam dose [integrated beam currents
(A h)] in the arc sections of the LER and HER is shown
in Figs. 7(a) and 7(b), respectively. These values are also
plotted using the photon-stimulated gas desorption rates (η
[molecules photon−1]) and the photon doses (integrated
numbers of photons per unit length [photons m−1]) on the
same plots.ΔP=ΔI and η are representative figures of merit
for evaluating the performance of the accelerator vacuum
system. The pressures indicated in these figures are the
average values for the arc sections in the ring and
correspond to 3 times the reading values of the CCGs,
as explained above. In these areas, the pumping speed per
unit length is 0.06 and 0.03 m3 s−1m−1 is assumed for the
LER and HER, respectively [5]. In the calculation of ΔP, a
base pressure of 3 × 10−8 Pa is used, and only pressure
values at beam currents higher than 40% of the maximum
stored current were considered to avoid uncertainty near the
base pressure. Spikes in ΔP=ΔI correspond to times just
after long shutdowns, as described above. ΔP=ΔI for the

arc sections in the LER ring is 6.5 × 10−8 PaA−1 and η is
3 × 10−7 molecules photon−1 as of June 2022. This is after
a beam dose of 7310 A h which corresponds to a photon
dose of 3.87 × 1025 photonsm−1. For comparison, ΔP=ΔI

(a) Bellows chambers 

(b) Gate valves 

FIG. 6. Typical temperatures of (a) bellows chambers and
(b) gate valves at wiggler and arc sections during a recent
operation.

FIG. 7. Pressure increase per unit beam current (ΔP=ΔI) of the
whole rings and arc sections as a function of the beam dose, and η
of arc sections as a function of photon dose for (a) LER, (b) HER,
and (c) DR from 2016.

Y. SUETSUGU et al. PHYS. REV. ACCEL. BEAMS 26, 013201 (2023)

013201-4



in the HER ring is 1.1 × 10−8 PaA−1 and η is 2 ×
10−8 molecules photon−1 after a beam dose is 6200 A h
which is a photon dose of 5.74 × 1025 photonsm−1. The
values of ΔP=ΔI and η for the HER are lower than those of
the LER because most of the beam pipes and components
in the HER arc sections were reused from the existing
KEKB accelerator. The surfaces of these components were
already conditioned by SR and exhibit the so-called
“Memory effect” [30,31].
Figure 7(c) shows the values of ΔP=ΔI and η for the

DR. These values are steadily decreasing with beam
conditioning time and the resulting photon doses. As of
July 2022, ΔP=ΔI was 3.5 × 10−6 PaA−1 and η is 1.8 ×
10−6 molecules photon−1 with a beam dose of 67.6 A h
and a photon dose of 3.47 × 1024 photonsm−1. In the DR,
values of pressure with beam currents higher than 1 mA
were considered for the calculation, and the pumping
speed was assumed to be 0.04–0.05 m3 s−1 at the inlets of
the pumping ports [6]. The values of pressure were
estimated from the discharge currents of sputtering ion
pumps.

B. Beam current dependence on pressures

As shown in Figs. 7(a) and 7(b), the recent values of
ΔP=ΔI for the MR at high beam doses are scattered
compared to those at lower beam doses. This implies that
the pressure rise is not simply proportional to the beam
current or, put another way, that the pressure rise is not
solely a result of the photon desorption due to SR.
Figure 8(a) shows the dependence of the pressure on the

total beam current for the LER between the 16th of March
to the 25th of April 2022. Here pressure values above 6 ×
10−8 Pa (twice the base pressure) are plotted using different
colors. (These values were used in a multiple regression
analysis (MRA) described later.) The different colors
correspond to a different number of bunches (Nb) in the
beam. The change in Nb is accomplished by adjusting the
interval of bunches, that is, the bunch spacing. The pressure
values shown were taken when the stored beam current was
greater than 100 mA and stable for over 1 min. It can be
seen in this figure that the pressure increase is not linear
with the current, and the rate of pressure increase becomes
higher with increasing current. Furthermore, the pressure
behavior depends on Nb and not just the current being
stored.
We aim to explain the behaviors of pressure versus

current in the LER by including the effects of thermal gas
desorption due to the heating of the beam pipes and other
vacuum components as well as the photon desorption due
to the SR. Here we assume a constant pumping speed,
ignoring the beam scrubbing effects, electron-stimulated

(a) Measurement.

(b) Calculation assuming �Pt (�T)2

(c) Calculation assuming �Pt (�T)3

FIG. 8. Dependences of P on I (a) measured, (b) calculated
using the regression curve derived assuming ΔPt ∝ ðΔTÞ2, and
(c) those derived assuming ΔPt ∝ ðΔTÞ3 for several Nb of 393–
1662 for LER, where the P values higher than 6 × 10−8 Pa from
the 16th of March to 25th of April 2022 were used for the MRA.
Gray points represent all data.
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gas desorption, and beam-size blowup due to the ECE
during the period in question [5].
For the photon desorption, the pressure rise (ΔPp)

should be proportional to the number of photons irradiated
onto the surface. Therefore, at constant beam energy, ΔPp

is proportional to the current,

ΔPp ∝ I: ð1Þ

For thermal desorption, we assume that an equilibrium is
almost established between molecules in the vacuum space
and molecules on the surface [32]. Under this assumption,
the following equation holds:

cs
Ptffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2πmkBT
p ¼ σ

τ
¼ σ

τ0
exp

�
− Ed

RT

�
; ð2Þ

where cs is the adsorption probability, Pt is the pressure
(Pa), m is the molecular mass (kg), kB is Boltzmann
constant (1.381 × 10−23 J K−1), T is the temperature (K),
σ is the adsorbed amount on the surface, τ is the mean
residence time for adsorption, τ0 is a constant around
10−13 sec, Ed is the adsorption energy of gas molecules
(Jmol−1), and R is the gas constant (8.314 Jmol−1K−1).
The order of the desorption process is assumed to be 1.
Considering that the temperature range in question is
narrow and near room temperature, that is, 293–323 K
(20–50 °C), the dependence of Pt on T can be written as
follows:

Pt ∝ exp

�
− Ed

RT

�
: ð3Þ

Here the dependences of σ, the velocity of molecules
(∝

ffiffiffiffi
T

p
), and cs on T are much smaller than the exponential

dependence of τ, and thus are neglected in Eq. (3).
Therefore, the pressure rise (ΔPt), when T increased to
T þ ΔT, is the difference between Pt at T þ ΔT and T in
Eq. (3);

ΔPt ∝ exp

�
− Ed

RðT þ ΔTÞ
�
− exp

�
− Ed

RT

�
: ð4Þ

However, since the dependence of ΔPt on ΔT in Eq. (4)
is exponential and complicated, the MRA using ΔT due to
the beam current as an explanatory variable is difficult.
Considering that the range of T in question is relatively
narrow around room temperature, we approximate the
exponential function of ΔT in Eq. (4) by a power function
of ΔT. Because the main desorbed gas at these low
temperatures (293–323 K) is water with an adsorption
energy (Ed) of 50–100 kJmol−1 [33], from a simple
calculation, ΔPt is found to be well approximated by
ðΔTÞ2 or ðΔTÞ3;

ΔPt ∝ ðΔTÞ2∼3: ð5Þ

To confirm this approximation, the pressure rise due to a
temperature increase was experimentally measured using a
test chamber made of Al alloy and a low temperature baking
process. The experimental setup is shown in Fig. 9(a). The
volume and inner surface area of the test chamber [including
themanifolds upstream of the turbomolecular pump (TMP)]
are approximately 0.0142 m3 and 1.793 m2, respectively.
The room temperature during themeasurements was 24.5 °C
and the base pressure was 6.4 × 10−7 Pa. The test chamber
was not baked out before this measurement. The temperature
of the chamber was raised at a rate of approximately 1 °C per
5 min up to ∼60 °C. The temperatures reported are the
average of three K-type thermocouples which were attached
to the surface of the test chamber. The results are shown in
Fig. 9(b) along with the regression curves derived from
Eqs. (4) and (5). Themeasured dependence ofΔP versusΔT
agreedwell with these regression curves.Ed calculated using
Eq. (4) was 66 kJmol−1 and within the expected range.
Based on these results, we assume that ΔPt is proportional
to ðΔTÞ2.
SR produced by the beam is considered as one possible

source of heating. However, this does not depend on Nb
and water cooling is applied near or behind any of the

(a) Experimental setup

(b) Results

FIG. 9. (a) Experimental setup to measure the dependence of
ΔPt on ΔT, and (b) the measured results and calculated ΔPt
using the regression curves derived assuming Eqs. (4) and (5).
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irradiated surfaces. Therefore, the thermal desorption due
to SR can be neglected. Other possible sources are the Joule
losses due to wall currents and those from higher order
modes (HOM) excited by the beams. For both cases, the
input power is proportional to the product of the number of
bunches (Nb) and the square of current per bunch (I=Nb)
[34]. From these considerations, ΔPt can be expressed as
follows:

ΔPt ∝ ðΔTÞ2 ∝
�
I2

Nb

�
2

: ð6Þ

Finally, ΔP and P can be written as follows:

ΔP ¼ ΔPp þ ΔPt ¼ CpI þ Ct

�
I2

Nb

�
2

: ð7Þ

∴ P ¼ P0 þ CpI þ Ct

�
I2

Nb

�
2

; ð8Þ

here P0 is the base pressure and Cp and Ct are constants.
These constants were determined by MRA from the
measured pressures in Fig. 8(a) using I and ðI2=NbÞ2 as
the explanatory variables. Pressures higher than 6 ×
10−8 Pa were used to exclude the effect of the CCG
measurement limit of 3 × 10−8 Pa mentioned earlier. The
number of data points used in the MRAwas 42,254 and the
obtained regression curve was

P¼2.42×10−8þ7.64×10−11Iþ7.8×10−14
�
I2

Nb

�
2

ðPaÞ:

ð9Þ

Here the unit of current (I) is mA. Note that the coefficient
of determination (R2) of the regression curve was 0.977.
The pressures calculated using the regression curve are
plotted in Fig. 8(b), and they agree well with the measured
values shown in Fig. 8(a). The observed behavior of
pressure versus current is well explained by the photon
desorption and thermal gas desorption due to the heating by
beams. However, as indicated by Eq. (9), the pressure rise is
dominated by photon desorption which is given by the
second term on the right-hand side of the equation.
A similar analysis was conducted using the same data but

assuming that ΔPt is proportional to ðΔTÞ3 instead of
ðΔTÞ2 in Eq. (6) since the experimental data indicated
ΔPt ∝ ðΔTÞ2.2 [Fig. 9(b)]. The result is shown in Fig. 8(c).
The coefficient of determination (R2) of the regression
curve was 0.977, which is similar to the previous case. A
very similar result to that in Fig. 8(b) was obtained up to a
current value of ∼1200 mA. The difference between the
two curves starts to become clear at higher values of current
and the actual pressure response will be checked in the
future as higher currents are stored.

As for the HER, the maximum pressure during the
operation was approximately 5 × 10−8 Pa as shown in
Fig. 10. A similar analysis was applied using all available
data points (pressure values higher than 3 × 10−8 Pa)
during the period in question. Some dependence on the
bunch charge as well as the current was observed similar to
the case of the LER. However, since the pressure values are
near the measurement limit of the CCGs (3 × 10−8 Pa), the
results are not quantitatively reliable. Qualitatively, the
thermal desorption seems to affect ΔP in the HER at higher
beam currents similar to the LER (see Fig. 10).

IV. BEAM LIFETIME

It is well known that the major factors which limit the
beam lifetime (τ) related to the vacuum pressure of an
electron or positron storage ring, are bremsstrahlung,
Rutherford scattering, and Møller scattering [35]. If the
physical aperture of beam pipes is sufficiently large, τ is
mainly limited by the bremsstrahlung. In SuperKEKB, the
physical aperture at beam collimators is very narrow
(∼1 mm) in order to suppress the background at the
Belle II detector [29,36]. In this case, the effect of the
Rutherford scattering can be a major limitation. In the early
stage of operation, the vacuum pressure was still high and τ
was mostly determined by the interaction between the beam
and residual gas molecules, especially for the LER. With
beam conditioning, ΔP=ΔI has continued to decrease as
was shown in Figs. 4 and 7. On the other hand, since the
bunch length of the MR is typically 5–6 mm and the beam
emittance is small (∼20 pm in the vertical direction), τ is
now limited by the Touschek effect.
If τ is determined only by pressure, that is, the gas source

is mainly due to the photon-desorption, 1=τ can be written
as follows:

FIG. 10. Dependences of P on I for Nb of 393–2249 for the
HER from the 19th of May to the 22nd of June 2022.
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1

τ
∝ P ¼ ΔP

ΔI
I ∴

ΔP
ΔI

× Iτ ¼ const: ð10Þ

Figures 11(a) and 11(b) show ΔP=ΔI for the whole ring
and Iτ for the LER and HER, respectively, as a function of
the beam dose. In both cases, Iτ steadily increased with
increasing beam dose during the Phase-1 commissioning
along with a corresponding decrease in ΔP=ΔI. The values
of Iτ were approximately 70 Amin for the LER and 300 A
min for the HER at the end of Phase-1 commissioning.
However, Iτ became much smaller after Phase-2 commis-
sioning for both the LER and HER even though ΔP=ΔI
continued to decrease. This can be explained by two
primary factors. First, the Belle II detector was installed
and the beam size was squeezed to achieve the small β� s
(beta function values at the collision point) required for
collision experiments. Second, the beam collimators were
installed, and the physical aperture was decreased in order
to protect the final focusing magnets and sensitive detector
components. Given these two factors, τ is no longer limited
by the vacuum pressure in the storage rings.

Here, we estimate the beam lifetimes determined by the
vacuum pressure and Touschek effect during operation
using a similar approach as how ΔP was analyzed in the
previous section. We estimate τ only during the single beam
mode (i.e., no collision) because there are other mecha-
nisms, such as the change in dynamic aperture and beam
emittances due to beam-beam effects during collisions
which affect τ in complex ways.
Beam current (I), τ, and Nb are used for the MRA in the

LER and are presented in Fig. 12(a). The vertical beta
function at the collision point (β�y) was 1 mm during this
period. The data points used in the MRA are when the
values of current were larger than 100 mA and decreasing
steadily for at least 1 min and the values of τ were longer
than 3 min. Pressure values were higher than 6 × 10−8 Pa,
similar to the previous section to avoid the uncertainty of
the CCG measurement limit (i.e., 3 × 10−8 Pa). Values of
Nb were 978–2346, and the bunch currents were in the
range of 0.1–0.7 mA per bunch. The number of data points
used in the analysis was 1159.
The dependences of τ on beam current for different Nb

and different pressure ranges are shown in Figs. 13(a) and
14(a), respectively. τ depends on Nb as well as beam
current and is longer for more bunches with the same
current stored (smaller I=Nb) as can be seen in Fig. 13(a).

(a) LER

(b) HER

FIG. 12. Trends of I, τ, and Nb used for the MRA to estimate
the influence of the pressure and Touschek effect on τ from the
15th of May to the 21st of June 2022 for (a) LER and (b) HER
(single-beam mode).

FIG. 11. Behaviors of pressure increase per unit beam current
(ΔP=ΔI) and Iτ as a function of beam dose from 2016 for
(a) LER and (b) HER.
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In contrast, the dependence of τ on pressure is weak, as
indicated in Fig. 14(a).
The beam lifetime (τp) determined by the pressure (P) is

expressed here as follows:

1

τp
∝ P: ð11Þ

τp depends on the gas species as well as their partial
pressures remaining in the vacuum system [35,37]. If the
main component of τp is the Rutherford scattering, then τp
should be a function of the product of the beta functions
and the pressure at the point in question [Eq. (15)]. In
order to see the first order effects of τp, we simply
assumed Eq. (11) here. The value of P is 3 times the
average of all CCG readings in the ring, and it is the
nitrogen-equivalent value.

The Touschek lifetime (τt) is expressed here as follows:

1

τt
∝

I
Nbσz

: ð12Þ

Here σz is the bunch length. Since τt is proportional to
the beam size in principle [35,38], 1=τt should be basically
proportional to I=ðNbσz

ffiffiffiffiffiffiffiffi
εxεy

p Þ instead of Eq. (12), where
εx and εy are the horizontal and vertical beam emittance,
respectively. However, it was found that the measured beam
emittances at different operating modes during the period in
question (from the 15th of March to the 22nd of June 2022)
changed from time to time even with the same beam
current, Nb, τ, and P. Beam emittances were measured by
x-ray beam size monitors [39], and the bunch length values
(σz) were calculated as a function of the bunch current
(I=Nb) using the approximate formula obtained from a
separate experiment [40]. The origin of the changes in
emittances has not been fully understood as of yet.

(a) Measurement

(b) Calculation

FIG. 13. Dependence of τ on I (a) measured and (b) calculated
using the regression curve for several Nb of 978–2249 for LER,
where the P values higher than 6 × 10−8 Pa, from the 15th of
May to the 21st of June 2022, were used for the MRA. Gray
points correspond to all measured data.

(a) Measurement

(b) Calculation

FIG. 14. Dependence of τ on I (a) measured and (b) calculated
using the regression curve for several pressure ranges of 6 ×
10−8–1.6 × 10−7 Pa for the LER, where the data from the 15th of
May to the 21st of June 2022, were used for the MRA. Gray
points represent all measured data.

SUPERKEKB VACUUM SYSTEM OPERATION IN … PHYS. REV. ACCEL. BEAMS 26, 013201 (2023)

013201-9



Consequently, the measured 1=τt was well expressed by
I=ðNbσzÞ rather than I=ðNbσz

ffiffiffiffiffiffiffiffi
εxεy

p Þ for the same pressure
values as is shown in Fig. 15. For this reason, we use
Eq. (12) here to express τt.
Finally, we assume that τ is determined by the sum of τp

and τt in Eqs. (11) and (12) and can be written as

1

τ
¼ 1

τp
þ 1

τt
¼ CpPþ Ct

I
Nbσz

; ð13Þ

where Cp and Ct are constants. These constants depend on
the physical and dynamic apertures of the ring as well as the
gas species and their partial pressures around the ring. Here
we tried to find these constants using the MRA from the
measured pressure, τ, and Nb during the period in question,
assuming that the residual gas is only one species, the
pressure distribution in the ring is uniform, and there are no
changes in the physical and dynamical apertures for the
single beam mode during this period.
The MRAwas performed under the conditions that 1=τ is

zero when P ¼ 0 Pa and I ¼ 0 mA. The obtained regres-
sion curve was

1

τ
¼ 2.61 × 105Pþ 0.979

I
Nbσz

½min−1�; ð14Þ

where the units of P, I, and σz are Pa, mA, and mm,
respectively. The coefficient of determination (R2) of the
regression curve was 0.993. The dependence of τ calculated
from Eq. (14) for currents with different Nb and pressure is
presented in Figs. 13(b) and 14(b), respectively. The
obtained regression curve is well correlated with the
measured τ as shown in these figures.
The contribution of τp and τt to τ can be estimated by

comparing the first and second terms on the right-hand side
of Eq. (14). The ratio of the effect of τp and τt, or
ð1=τpÞ=ð1=τtÞ, are plotted in Fig. 16 as a function of the
bunch current (I=Nb) for different pressure ranges. In the
range of I=Nb between 0.2 and 0.7 mA, the ratio was 0.4–
0.2. At present, it was found that approximately 60%–80%
of τ was determined by the Touschek lifetime (τt).
The lifetime determined by the Rutherford scattering, τr,

is roughly estimated. τr is given by [37,41]

1

τr
¼ 2πr2ec

kBTγ2
βym
α2ym

X

i

hPiðsÞβyðsÞiZ2
i : ð15Þ

Here re is the classical electron radius (2.82 × 10−15 m), c
is the speed of light (2.998 × 108 ms−1), kB is Boltzmann
constant (1.381 × 10−23 J K−1), T is the temperature [K], γ
is the Lorentz factor, βym is the minimum vertical beta
function and αym is the minimum vertical aperture, PiðsÞ is
the partial pressure of the gas species i at the location s in
the ring, βyðsÞ is the vertical beta function at the location s,
and Zi is the atomic number of the gas species i.
Furthermore, the bracket represents an average along the

FIG. 15. Dependence of 1=τ on (a) I=ðNbσz
ffiffiffiffiffiffiffiffi
εxεy

p Þ and
(b) I=ðNbσzÞ at P ¼ 6–8 × 10−8 Pa for the LER.

FIG. 16. Ratio of the first term (1=τp) to the second term (1=τt)
of the right-hand side of Eq. (14) for the several pressure ranges
of 6 × 10−8–1.6 × 10−7 Pa for the LER.
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ring. As described above, the pressure is close to the
measurement limit of the CCGs, so the value of each CCG
reading could include large errors and is not reliable.
Therefore, the average pressures at five representative
sections in the ring were used where multiple CCGs
values were included in each section. Table I shows the
five sections, their lengths, ratios to the total length,
average βy, and average pressure in each section. The
average pressure in the whole ring (except for those in the
rf accelerating cavity section) was approximately 6 ×
10−8 Pa in May 2022 (I ¼ 370 mA, Nb ¼ 1662).
Assuming that the residual gas is completely CO (carbon
monoxide), βym ¼ 12 m and αym ¼ 1 mm (at the vertical
collimator), hPβyi ¼ 3.23 × 10−6 Pam, the calculated τr
was 72 min. The reciprocal of the first term on the right-
hand side of Eq. (14) (τp) at P ¼ 6.5 × 10−8 Pa is 59 min.
The estimated τr is shorter than that calculated, but in
agreement within a factor of 2.
For reference, the beam lifetimes determined by the

Bremsstrahlung (τb) and Møller scattering (τm) were also
estimated using the following equations [35,42]:

1

τb
¼ 4αr2ec

kBT

X

i

hPiiZiðZi þ 1Þ
�
4

3
ln

γ

γc
− 5

6

�

× ln ð183Z−1
3

i Þ: ð16Þ

1

τm
¼ 2πr2ec

kBT
1

γc

X

i

hPiiZi: ð17Þ

Here α is the fine structure constant (1=137), γc ¼
γ × ΔE=E, and ΔE=E is the rf-bucket height (0.5%).
Assuming that the residual gas is CO and P ¼ 6.5×
10−8 Pa, the calculated values of τb and τm are approx-
imately 85 and 3500 h, respectively, which are much longer
than τr.
As for the HER, pressures are much lower than those of

the LER, as shown in Figs. 4, 7, and 10. It is expected that τ
is almost completely determined by the Touschek effect.
Since the pressure is close to the measurement limit, a

similar analysis using Eq. (13) is not reliable. Although the
influence of pressure will be overestimated, we conducted
a similar analysis to that of the LER using the data in
Fig. 12(b) for the HER. Data points used are those when the
values of current were larger than 100 mA, the values of τ
were longer than 3 min, and the beam current was steadily
decreasing for at least 1 min. No restriction was applied to
the pressure, even when readings were close to the
measurement limit (3 × 10−8 Pa) of the gauges. Nb were
783–2346 and I=Nb were in the range of 0.1–0.5 mA per
bunch. The number of data points used was 1534.
The dependences of τ versus beam current for differentNb

are shown in Fig. 17(a). τ depends on Nb as well as the total
beam current and is longer with more bunches and the same
beam current stored (smaller I=Nb), similar to the LER. The
MRA was performed under the conditions that 1=τ is zero
when P ¼ 0 Pa and I ¼ 0 mA. The obtained regression
curve for the HER was

1

τ
¼ 6.64 × 104 Pþ 0.390

I
Nbσz

½min−1�: ð18Þ

Here the units of P and σz are Pa and mm, respectively. The
coefficient of determination (R2) of the regression curvewas
0.980. The dependence of τ calculated from Eq. (18) versus
beam current for different Nb is shown in Fig. 17(b). The
obtained regression curve iswell correlated to themeasured τ
in these figures. Compared to the case shown in Fig. 16, the
dependence of τ on pressure is very small.
The contribution of τp and τt to the τ can be estimated by

comparing the first and second terms on the right-hand side
of Eq. (18). The ratio of the effect of τp and τt, or
ð1=τpÞ=ð1=τtÞ, are plotted in Fig. 18 as a function of
I=Nb. In the range of the bunch current of 0.2–0.5 mA,
the ratio was 0.2–0.1. It was found that approximately 80%–
90% of the lifetimewas determined by the Touschek lifetime
(τt) for the HER case. The influence of pressure is even
smaller than for the LER.Note that the influence of 1=τp will
be overestimated at low bunch currents where the measured
pressure is near the measurement limit of the CCGs.

TABLE I. Sections and parameters used for the estimation of τ determined by the Rutherford scattering.

Sections Length (m) Ratio of section Average βy (m) Average P (Pa) Note

Interaction region (IR) 10 0.00332 265 1.90 × 10−6 10 times of measured
pressures just near IR

Local chromaticity correction
section (Tsukuba)

316 0.105 82 6.25 × 10−8

Wiggler section (Nikko, Oho) 366 0.121 19 8.81 × 10−8
ARES cavity section
(Fuji, Oho)

116 0.0385 18 3.10 × 10−7 2 times of measured
pressures in the storage cavities.

Arc section and others 2208 0.732 20 4.1 × 10−8
Average (3016 in total) (1.0 in total) 27 6.5 × 10−8
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V. ELECTRON CLOUD EFFECT IN LER

The electron cloud effect (ECE) is one of the most critical
issues for high-intensity positron or proton storage rings, and
the LER is no exception [43,44]. Here, the electron cloud
effect (ECE) includes beam instabilities (oscillations), beam-
size blowup, nonlinear pressure riseswith increasing current,
to name a few. All of these are caused by the formation of
electron clouds (EC), which are high-density areas of
electrons around the beam. Countermeasures adopted in
the LER against the ECE are summarized in Table II, and the
typical views of each countermeasure are shown in Fig. 19.
Before starting Phase-1 commissioning, most of the counter-
measures except for magnetic fields in the beam direction
(Bz) had been installed.
Despite these various countermeasures, ECE was first

observed during Phase-1 commissioning with a stored
beam current of ∼600 mA and a bunch filling pattern of
1/1576/3.06rf [4,5]. Here “1/1576/3.06rf” means a bunch
filling pattern of one train with 1576 bunches and a bunch
spacing of 3.06 rf buckets on average. One rf bucket is
approximately 2 ns. The vertical beam size began to blow
up once approximately 600 mA was being stored. At the
same time, ΔP=ΔI increased nonlinearly with increasing
beam current due to multipacting of electrons [30,45]. The
threshold of the linear current density (Id th) at which the
beam size began to blow up was approximately 0.1–
0.12 mA per bunch per rf bucket. This was observed with
the different bunch filling patterns of 4/150/2rf, 4/150/3rf,
4/150/4rf, and 4/150/6rf and is shown in Fig. 20(a). Here,
the linear current density (Id) is the bunch current divided
by the bunch spacing in the rf bucket. Although this Id th is
much higher than that during the initial stages of the KEKB
era (∼0.04 mAbunch−1 rf bucket−1) [46], it was smaller
than expected. It was finally determined that this ECE was
caused by EC in the Al-alloy bellows chambers without
TiN-film coating on the inside.
To counteract the ECE, two units of permanent magnets

(PMs) creating a magnetic field in the beam direction (Bz)
of approximately 100 G were placed at the top and bottom
of each Al-alloy bellows chamber (Fig. 21). This has
considerably reduced the ECE.
The beam-size blowup began to appear again at I ∼

900 mA with a bunch filling pattern of 1/1576/3.06rf. The
value of Id th was approximately 0.2 mA per bunch per rf
bucket, as shown in Fig. 20(b). It was observed that the
electron density (ne) around the beam was close to the
anticipated threshold of electron density (ne th) where ECE
would appear, that is, approximately 3 × 1011 m−3 [47],
even in a region with TiN-film coating and antechambers.
Transverse coupled bunch instabilities, with modes caused
by electrons at drift spaces, were also detected [48]. The
drift spaces refer to the spaces between electromagnets.
From these observations, EC was considered to exist in the
beam pipes in drift spaces, even though they have ante-
chambers and TiN-film coating.

FIG. 18. Ratio of the first term (1=τp) to the second term (1=τt)
of the right-hand side of Eq. (18) for the HER.

(a) Measurement

(b) Calculation

FIG. 17. Dependence of τ on I (a) measured and (b) calculated
using the regression curve for several Nb of 783–2346 from the
15th of March to the 22nd of June 2022 for the HER. Gray points
correspond to all measured data.
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As additional countermeasures, PM units and solenoids
were attached to most of the beam pipes in drift spaces after
Phase-1 commissioning. The PM units with C-shaped Fe
yokes (Type-1 PM units), and those consisting of Al-alloy
cylinders with PMs inside (Type-2 PM units), were placed
in series around the beam pipe as shown in Fig. 21 and

produced Bz ∼ 60 and 100 G, respectively. A simulation
using the CLOUDLAND code [49] showed that ne around the
beam inside of the PM units is reduced to approximately
1=10 of ne th, even with the designed beam parameters.
Before starting Phase-2 commissioning, approximately 86%
of the total drift space (approximately 2 km) was covered
with Bz higher than 20 G, which value was found to be
enough to reduce ne below ne th based on simulations [13].
Figure 20(c) shows the dependence of the vertical beam

size on Id for different bunch filling patterns of 4/120/2rf,
4/120/3rf, and 4/120/4rf during Phase-2 commissioning.
The beam size blowup was not observed until Id ¼
0.4 mAper bunch per rf bucket [7]. Note that this Id value
is the maximum value that can be stored stably at this time
in single-beam mode. Id th increased by at least twofold
relative to that during Phase-1 commissioning [Fig. 20(b)].
The modes excited by electrons trapped by Bz near the
inner wall were detected instead of those excited by the
electrons around the beam [50]. The additional of Bz along
the beam direction produced by the PM units and solenoids
before Phase-22 commissioning began was found to
effectively suppress the ECE.
Since ECE was observed at Id th lower than expected in

Phase-1 commissioning, the effectiveness of the antecham-
bers to suppress photoelectrons and the TiN-film coating to
decrease the secondary electron yield (δmax) in the beam
pipes was reevaluated. This was donewith different methods
using simulations and experiments during Phase-2 commis-
sioning [13]. Although the results were relatively scattered, it
was found that the effectiveness of the antechamber with
regard to the suppression of photoelectrons is smaller than

TABLE II. Countermeasures used to minimize the ECE in the SuperKEKB LER. The circular dots indicate the countermeasures
applied for each main section in the ring.

Countermeasures

Sections
Length
(m)

ne (circular)
(m−3)

Antechamber
(1=5)

TiN coating
(3=5)

Solenoid
(Bz;1=50)

a
Groove
(1=2)

Electrode
(1=100)

ne (expected
m−3)

Drift space (arc) 1629 8 × 1012 • • • 2 × 1010

Corrector magnets 316 8 × 1012 • • • 2 × 1010

Bending magnets 519 1 × 1012 • • • 6 × 1010

Wiggler magnets 154 4 × 1012 • •b • 5 × 109

Quadrupole and
Sextupole magnets

254 4 × 1010 • • 5 × 109

rf cavity section 124 1 × 1011 • • 1 × 109

IR 20 5 × 1011 • • 6 × 109

Total 3016
Average 5.5 × 1012 2.4 × 1010

aUniform magnetic fields in the beam direction are assumed.
bExcept for beam pipes with clearing electrodes.

Abbreviations: rf cavity section: Beam pipes around rf cavities, IR: Interaction region.
ne (circular): Density of electrons expected for circular beam pipe (copper).
ne (expected): Density of electrons expected after applying countermeasures.
Antechamber: Antechamber scheme, Solenoid: Solenoid winding, but actually applying a magnetic field in the beam direction (Bz).
Groove: Beam pipe with grooves, Electrode: Beam pipe with clearing electrodes.

FIG. 19. Typical views of countermeasures adopted to the
SuperKEKB LER: (a) beam pipes with antechambers, (b) TiN-
film coating, (c) clearing electrode, (d) groove structure, magnetic
fields in the beam direction by (e) permanent magnets and
(f) solenoids.
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that expected from the KEKB experiments [25]. This
discrepancy can be explained as follows. More photons
from SR generated by upstream bending magnets hit the
beamchannel due to thevertical opening angle and scattering
in the real machine than in the experimental setup from
KEKB. This indicates the importance of carefully estimating
the effect of photoelectrons on ECE in the real machine
[51,52]. For δmax of the TiN-film coating, the estimated
valueswere close to, or somewhat better than, those obtained
in the laboratory [26]. The TiN-film coating seems to be
working as expected with regard to reducing the emission of
secondary electrons.
Before starting Phase-3 commissioning, additional PM

units were added in the drift spaces, increasing the coverage
from 86% to approximately 91% of the total drift space. In
June 2019, vertical beam sizes and modes of instabilities
were measured with a single stored beam. The change in
the vertical beam sizes against Id of 2–4 rf bucket spacing is
shown in Fig. 20(d). No beam size blowup was observed
until an Id value of 0.53 mA per bunch per rf bucket, which
was approximately 2.6 times higher than that during Phase-
1 commissioning [Fig. 20(b)]. Note that this Id value is the
maximum value that can be stored stably in single-beam
mode at that time. Coupled-bunch instabilities related to
EC around the beam were not observed. The Id value of

0.53 mA per bunch per rf bucket corresponds to approx-
imately 2.6 A with a bunch filling pattern of 1/2400/2rf.
As supporting evidence of the absence of a beam-size

blowup caused by ECE during a physics run (colliding
beam mode), the luminosity of each bunch was measured
by the Zero Degree Luminosity Monitor (ZDLM) [53].
This measurement was made with a bunch filling pattern of
2/1173/2.04rf and a beam current of 1250 mA in June 2022
(Fig. 22). This corresponds to the Id value of approximately
0.26 mA per bunch per rf bucket. Almost all parts of the
trains have two rf bucket spacing. As seen in Fig. 22, the

FIG. 20. Vertical beam sizes as a function of the current line density (Id) for several bunch filling patterns measured (a) before and
(b) after attaching PM units to Al-alloy bellows chambers in Phase-1 commissioning, (c) Phase-2 commissioning, and (d) Phase-3
commissioning.

FIG. 21. PM units attached to an Al-alloy bellows chamber, and
Type-1 and Type-2 PM units for beam pipes at drift spaces.

FIG. 22. Bunch-by-bunch luminosity for a bunch filling pattern
of 2/1173/2.04rf on the 13th of June 2022. The vertical axis
shows the number of hits at each ZDLM channel.
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bunch luminosity is almost constant along the train, with no
apparent “long-term” change in either train. One explan-
ation of the high hit rate at the beginning of each train (i.e.,
bunch number 1–15 and 2561–2575) is due to the effects of
the dead time and pile up of the detector circuit, nonun-
iformity of the bunch current, and beam-beam effect.
Proving this explanation will require further analysis
[54]. As indicated in Fig. 22, there is no degradation in
the luminosity along the train, which would result from a
beam-size blow-up caused by ECE.
In a recent single-beam mode operation, a vertical beam-

size blowup was observed at a bunch current of approx-
imately 0.8 mA per bunch, independent of the bunch filling
pattern [3,55]. The frequency corresponding to νy − νs,
where νy is the vertical betatron tune and νs is the
synchrotron tune, was observed. This instability was called
“−1mode instability.” The instability is not caused by ECE
but is related to beam impedance, primarily due to the beam
collimators. Further investigation to understand the mecha-
nism of this instability is required.

VI. PRESSURE BURSTS ACCOMPANIED BY
BEAM LOSS

One concern that has been recognized since Phase-1
commissioning is the localized pressure bursts (typically on
the order of 10−7 Pa) accompanied by beam losses, which
are typically observed in the LER. Beam loss monitors
detect these losses and trigger a beam abort each time this
occurs [4,5,56]. A typical pressure burst is shown in
Fig. 23. Figures 24(a) and 24(b) show operational infor-
mation until the 22nd of June 2022 for the LER and HER,
respectively. The plots show the numbers of bursts occur-
ring per 50 h of operation time (red bars) and the beam
currents (I) at which the pressure bursts occurred (blue and
green squares). The maximum current each day (Imax, pink
dots), and locations of the pressure bursts along the ring as
a function of the integrated operation time (duration
time when I > 50 mA) are also shown. During Phase-1

commissioning, most of the pressure bursts occurred near
or inside new beam pipes installed during the upgrade
period. In the LER, pressure bursts were frequently
observed near or inside the Al-alloy beam pipes with
grooved surfaces in dipole magnets. The beam current at
which the bursts occurred increased gradually with Imax.
The most probable cause of these pressure bursts is the

collision between the circulating beams and small dust
particles in the beam pipes. Longitudinal grooves in the
beam pipes of the LER for dipole magnets, which were
added to counteract ECE, are likely to trap dust particles
during the manufacturing process. These pressure bursts
and simultaneous beam losses at I ∼ 800 mA were artifi-
cially reproduced several times by “knocking” a beam pipe
in a dipole magnet, which caused dust particles to drop
from the upper area of the beam pipes [56]. Similar beam-
loss phenomena have been observed at the Large Hadron
Collider (LHC) at CERN and are referred to as the
unidentified falling object problem [57,58].
During the shutdownperiod after Phase-1 commissioning,

we gathered dust particles from two beam pipes in the LER
around Tsukuba section in which pressure bursts had been
frequently observed. Al and Al2O3 particles were found in
one of the beam pipes. We “knocked” 24 beam pipes in the
Tsukuba section in which pressure bursts were frequently
observed, causing dust particles to drop from their upper
surfaces prior to starting Phase-2 commissioning.
The frequency of pressure bursts was greatly reduced

during Phase-2 commissioning, as shown in Fig. 24.
However, the frequency decreased not only in the beam
pipes around the Tsukuba section but also at other locations
in the LER and HER. Therefore, it was not clear that
the “knocking” of the beam pipes was effective. During
Phase-2 commissioning, the operation time with high beam
currents was much shorter than that during Phase 1, which
may be one of the reasons for the pressure burst frequency
reduction. An aging or conditioning effect is reported,
which seems to have lowered the likelihood of a pressure
burst at currents lower than the previously stored maximum
beam current (Imax).
This phenomenon has been carefully monitored after

starting Phase-3 commissioning. As shown in Fig. 24, the
frequency of pressure bursts continues to occur at almost the
same level for both the LER and HER, gradually increasing
with Imax. In the early stage of Phase-3 commissioning (2019
and 2020), most beam pipes inside bending magnets in the
LER were “knocked,” as was performed in the Phase-1
commissioning in Tsukuba section. The effectiveness of the
knocking has not been clearly observed to date.
From Phase-3 commissioning, the locations of the pres-

sure bursts are limited to D02, D06, and D07 sections for the
LER, and D08 and D09 sections for the HER, where “D##”
refers to the name of the local control buildings along the ring
(please refer to Fig. 26 below). These positions correspond to
the location of the beam collimators. One reason is due to the

FIG. 23. Typical pressure bursts accompanied by beam loss
(beam abort) observed in Phase-1 commissioning.
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fact that the apertures of the beam collimators are small,
typically 1–2 mm for vertical-type collimators in order to
suppress the background of the Belle II detector [29,36]. The
unstable beams could likely hit the collimator blades.
Another reason is that a rapid beam abort system was
introduced by watching small pressure rises (∼1×
10−7 Pa) at the collimators. For the HER, in addition to
the locations of the beam collimator, the pressure bursts are
frequent just downstream of the interaction region (IR). The
pressure bursts are thought to be caused by SR emitted from
strong magnets near the IR due to unstable beams. This
seems likely because the pressure was sensitive to the beam
orbit and the size of the beam at the IR. The main cause of
pressure bursts after Phase-2 and Phase-3 commissioning is
due to the impact of abnormal beams or SR on beam
collimators or beam pipes rather than the collision of the
beams with dust particles in the beam pipe.
At present, one critical challenge in the operation is the

heavy beam loss that occurs within two or three turns
(20–30 μs). The beam suddenly becomes unstable and can

directly hit the vertical-type collimator heads. This has
also led to quenches of the superconducting magnets at IR
[3,59]. This event is referred to as the “sudden beam loss”
and is more frequent for the LER. The cause of the sudden
beam loss has not been identified yet. One possible cause
is the collision of the beam with dust in the beam pipe,
which could result in the energy loss of the beam. Pressure
bursts are sometimes observed at beam pipe locations
other than the beam collimators at the same time.
However, up to now, simulations cannot explain the
sudden loss due to collisions of the beam with dust
particles. In the simulations, most of the beams should
be lost at the horizontal-type collimators rather than the
vertical-type collimators [59]. The severe damage to
vacuum components such as the rf-shield bellows chamber
can be another cause of beam loss [60]. No indication of
deterioration, such as the increase in temperature or
pressure in these areas has been observed. Further inves-
tigation into this sudden beam loss will be pursued in the
future.

(a) Frequency of pressure bursts

(b) Location of pressure bursts

FIG. 24. (a) Number of bursts occurring per 50 h of operation time (red bars), the beam currents at which pressure bursts occurred
(blue and green squares), Imax (pink dots), and (b) locations of the pressure bursts along the ring versus the operation time from 2016 for
the LER (left) and HER (right). Green solid squares and light-blue solid squares in (b) are the locations at beam collimators and at just
downstream of IR, respectively.
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VII. OTHER MAJOR CHALLENGES

A. Damages due to sudden beam losses and high
impedances of beam collimators

The beam collimator is a special vacuum component
used to reduce the background noise of the Belle II detector
by removing the halo of the storage beam and removing
particles with a large oscillation amplitude just after the
injection to the MR [16,29]. New collimators were
designed and installed for the LER and the Tsukuba section
of the HER. The original collimators from KEKB were
reused [61,62] for the arc sections of the HER. The
structure of a vertical-type collimator and installation
pictures for LER and HER are shown in Figs. 25(a) and
25(b), respectively. The collimator head is located within a
few mm of the beam orbit and the position is controlled
remotely with an accuracy of approximately 0.1 mm. The
position was adjusted carefully while observing the beam
orbit, background levels, and beam injection efficiency.
The heads of the LER collimator were initially made of
tungsten with a length of 10 mm but were gradually
replaced by tantalum, as described later. The heads of
the HER collimators for arc sections were made of titanium
with a length of 40 mm. The locations of the collimators in
the LER and HER are summarized in Fig. 26. The beam
collimators have been successful at suppressing the back-
ground noise of the Belle II detector and preventing the
superconducting magnets at the IR from quenching.
Quenching of the superconducting magnets can be caused
by the penetration of particles that have deviated from their
ideal orbits [36].
One significant challenge for the beam collimator is the

damage to the head as a result of a “sudden beam loss”
event as described above. If enough energy is deposited on

the head of the collimator, significant damage such as deep
grooves and metal projections can result as shown in
Fig. 27. The width of the groove was approximately
1 mm, which widened gradually in the beam direction
(along the beam path). When a collimator head with this
type of damage is brought close to the beam, the back-
ground noise in the Belle-II detector increases. As a
temporary measure to mitigate this problem, the entire
collimator chamber was moved approximately 2–3 mm in
the horizontal direction to provide an undamaged surface
in-line with the beam. This type of damage also indicates
the brittleness of tungsten when high energy particles
impact the surface. To reduce this risk, the head material
of the LER collimators has been gradually exchanged for
tantalum. The length of the collimator heads in the arc
sections, where the tip scattering is less critical, was also

FIG. 26. Location of collimators in the MR, where “H” and “V”
in the collimator names refer to the horizontal and vertical
collimators, respectively.

(a) LER

(b) HER

FIG. 25. Schematic of beam collimator structures and those
installed in the tunnel for (a) LER and (b) HER.

FIG. 27. Typical damaged head in a vertical collimator, where
the traveling direction of the beam is from left to right.
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shortened to reduce the risk of damage. The damaged heads
were eventually replaced during the subsequent shutdown
period. As an alternative solution to this problem, a new
collimator head made of carbon (graphite) has been
developed [63]. Carbon has a high melting point compared
to metals but, the radiation length is longer and the electric
resistivity is higher, which leads to a higher impedance.
Bonding to the base metal is also difficult. The R&D
efforts, such as the copper coating on the beam-facing
surfaces and brazing to copper using many narrow grooves,
are currently ongoing.
Another challenge of the collimator is its high impedance

to the beam. The collimator head is designed to have low
geometric impedance by tapering the side walls (as shown
in Fig. 25) and rf shielding to avoid trapped HOM [16].
Since the collimator head position is close to the beam
orbit, it has a higher beam impedance than other compo-
nents and contributes a major part of the total impedance
budget of the ring. The high impedance leads to large tune
shifts and excites beam instabilities, such as transverse
mode coupling instability (TMCI) [55]. The threshold of
the TMCI instability is very sensitive to the position of the
collimator head as well as the operating point of tunes.
During the long shutdown period in 2022 and 2023, a new
collimator system, called a “nonlinear collimator,” will be
installed in the LER [3,64,65]. In this system, the aperture of
the vertical collimator can be larger than in other locations by
using a nonlinear kick in a local skew-sextupole magnet.
With a larger gap, an impedance reduction is expected.

B. Heating of beam pipes and flanges in wiggler sections

The heating of several beam pipes and connection
flanges in the LER wiggler sections [Fig. 28(a)] has been
observed since Phase-1 commissioning [4,5]. A typical
temperature is approximately 50 °C with a stored beam
current of approximately 1 A. It was found that the
temperature of these components is sensitive to the vertical
beam orbit upstream of these locations as shown in Fig. 29.
The vertical positions of the beam pipes themselves are also
critical. From these observations, it was concluded that the
heating was due to the SR emitted from the wiggler
magnets located upstream from the beam pipes in question.
The beam pipes and connection flanges in the wiggler
sections have a 14-mm high antechamber, (same as arc
sections) through which most of the SR can pass. However,
the antechamber cannot completely accommodate all of the
SR emitted from the long wiggler sections when including
small vertical misalignments of components and the ver-
tical opening angle of the SR. This results in the upper and
lower surfaces of the antechambers being irradiated. Since
SR masks are typically located at the sides of the ante-
chambers, they cannot fully shadow the connection flanges
from the SR. Air leaks due to the excess heating were
observed at vacuum flange joints while storing high beam
currents in the 2022ab run (Fig. 30).

To mitigate these issues, several countermeasures have
been implemented. First, the beam pipes in these areas were
realigned in the vertical direction. Second, the vertical
beam orbit in the wiggler sections was adjusted to reduce

FIG. 28. (a) Wiggler section in the LER (Oho) and (b) bellows
chamber with cooling blowers.

(a) Vertical orbit adjustment at wiggler section. 

(b) Temperatures of beam pipes and beam current

FIG. 29. (a) Adjustment of the vertical orbit at a wiggler
section, where blue dots are the horizontal and vertical positions
of the beam measured by beam position monitors placed almost
every 10 m. The vertical orbit was adjusted from the dashed blue
line to the green line by correction magnets. (b) Change in
temperatures of several beam pipes in the wiggler section at the
timing of the vertical orbit adjustment shown in (a).
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the heating as much as possible. Third, the cooling water
flow rate through the overheated beam pipes was increased.
Finally, air blowers were installed around the beam pipes
and flanges which displayed excessive heating to provide
additional cooling [Fig. 28(b)].
In addition to the countermeasures mentioned above,

new bellows chambers with SR masks at the top and
bottom of the antechambers were designed and fabricated.
These redesigned components will protect the flanges and
gaskets from vertical misalignment and the widening SR
fan. The inside of the bellows chamber is shown in Fig. 31.
The new bellows chamber has functioned as expected and
the temperatures of the flanges on the downstream side
have decreased while the temperature of the bellow
chamber increased as expected. Additional upgraded bel-
lows chambers will be installed in these sections to relax
the SR power on the masks. The cooling water flow rate
will also be increased during the 2022 long shutdown
period to remove the additional heat in these new bellows
chambers.

C. Water leak from cooling channels

Unusual pressure behavior has been observed down-
stream of the OHO wiggler section during the past couple
of years, as shown in Fig. 32. The pressure increased
gradually over several months even without the beam in the
ring but decreased after every NEG conditioning cycle.
Although helium leak checks have been performed several
times, no air leak was observed from the outside of the
suspicious beam pipe [Fig. 33(a)]. In November 2021, the
pressure decreased suddenly when the cooling channel of
the beam pipe was drained but, the elevated pressure
returned after several months. In April 2022, the pressure
increased abruptly to an unprecedented level, as shown in
Fig. 32. A careful He leak check was performed from the
outside of the beam pipe and from the inside of the cooling
channel. The pressure decreased rapidly when the cooling
channel was drained. Finally, a leak was detected between
the cooling channel and the beam channel after drying the
cooling channels and pressurizing them with approximately
60 kPa of helium. It was not possible to locate the exact

FIG. 31. Inside of a bellows chamber with SR masks at
antechambers developed for wiggler sections.

FIG. 32. Trends of beam current and pressures around a beam
pipe at the downstream of Oho wiggler section from 2022.

FIG. 33. (a) Beam pipe at the downstream of Oho wiggler
section and (b) spray of liquid sealant into the cooling channel.

FIG. 30. Behaviors of pressures and beam currents when air
leak occurred at flanges in a wiggler section. The pressure
increased at the time of beam aborts. The leaks were finally
repaired by a liquid sealant (i.e., VACSEAL).
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location of the leak inside the cooling channel. A liquid
sealant (VACSEAL, PASCAL Co. Ltd.) was sprayed from
the inlets into the cooling channel while blowing dry
nitrogen [Fig. 33(b)]. The leak was successfully sealed,
and the pressure in the vacuum chamber decreased as
shown in Fig. 32. To date, no increase in pressure has been
observed but this area will be carefully monitored in the
future.

D. Curious behaviors of pressure

While increasing the beam currents, curious behavior of
the pressure has been observed at various times around the
ring. One example is shown in Fig. 34, where the pressure
of a vacuum gauge began to increase rapidly with constant
beam current. The measured temperature of a nearby gate
valve was also increasing during the same time. In this area,
the beam pipe near the gate valve and vacuum gauge has a
taper structure. Therefore, it was suspected that an excited
HOM resonance due to the taper section began to heat the
gate valve which led to higher thermal desorption and a
rapid increase in pressure. It has been planned to move this
gate valve far from the taper section during the long
shutdown in 2022. Similar pressure behavior was also
observed at another vacuum gauge and gate valve location
in the ring.
Another example of unexpected pressure behavior is

near one of the vertical-type beam collimators of the HER.
This collimator is one of the preexisting KEKB-type
collimators. The pressure rise became significant while
storing higher beam currents. Since the pressure is very
sensitive to the position of the collimator head, a HOM
excited by the collimator can be a source of the heating or
discharging resulting in an abnormal pressure rise. This
condition does not differ from other vertical-type collima-
tors and the actual cause has not been clearly understood
yet. The inside of this particular collimator will be checked
during the long shutdown in 2022.

VIII. CONCLUSION

SuperKEKB is the first high-current accelerator to adopt
several novel vacuum components on a large scale. Since
the start of the Phase-1 commissioning in 2016, the vacuum
system and newly adopted components have performed as
expected. The pressure of both rings has decreased steadily,
although the pressure in the LER is still higher than that of
the HER. The recent high-current operation has started
revealing the effect of thermal gas desorption due to the
heating by wall currents and HOMs. The beam lifetimes are
primarily determined by the Touschek effect for both rings
in single-beam mode. The electron cloud effect (ECE)
observed during Phase-1 commissioning was caused by EC
in the Al-alloy bellows chambers which do not have TiN-
film coating and in the beam pipes through drift spaces with
TiN-film coating and antechambers. Countermeasures,
such as the installation of PM units and solenoids after
the Phase-1 commissioning have been working well, and
no indication of ECE has been observed so far during
operating conditions. After Phase 1, the frequency of
pressure bursts has generally decreased, although they
continue to be observed primarily at beam collimator
locations. Damage to beam collimators caused by the
sudden beam losses constitutes a serious challenge to the
operation of the SuperKEKB. Research and development
efforts are currently underway to develop robust collimator
blades which can withstand these beam losses events. A
new nonlinear collimator system is being prepared for
installation with the expectation of reducing the impedance
due to collimators. Countermeasures against the heating
problems of the beam pipes at wiggler sections are also in
progress. Curious pressure behaviors, which are suspected
to be caused by HOMs, are becoming more noticeable as
the beam currents increase. More careful monitoring of the
vacuum system will be required in the future as the beam
currents are increased toward the full design values.
The experiences of the vacuum system in the

SuperKEKB provide valuable information to scientists
and engineers in the accelerator vacuum field and provide
insight for designing vacuum systems for future cutting-
edge high-intensity accelerators.
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