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The first (Phase-1) commissioning of SuperKEKB, an asymmetric-energy electron-positron collider at
KEK, began in February 2016, after more than five years of upgradation work on KEKB and successfully
ended in June 2016. A major task of the Phase-1 commissioning was the vacuum scrubbing of new beam
pipes in anticipation of a sufficiently long beam lifetime and low background noise in the next
commissioning, prior to which a new particle detector will be installed. The pressure rise per unit beam
current decreased steadily with increasing beam dose, as expected. Another important task was to check
the stabilities of various new vacuum components at high beam currents of approximately 1 A. The
temperature increases of the bellows chambers, gate valves, connection flanges, and so on were less than
several degrees at 1 A, and no serious problems were found. The effectiveness of the antechambers and TiN
coating in suppressing the electron-cloud effect (ECE) in the positron ring was also confirmed. However,
the ECE in the Al-alloy bellows chambers was observed where TiN had not been coated. The use of
permanent magnets to create an axial magnetic field of approximately 100 G successfully suppressed this
effect. Pressure bursts accompanying beam losses were also frequently observed in the positron ring. This
phenomenon is still under investigation, but it is likely caused by collisions between the circulating beams
and dust particles, especially in the dipole magnet beam pipes.
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I. INTRODUCTION

SuperKEKB is an asymmetric-energy electron-positron
collider at KEK, Japan, and is a successor to the former
KEKB (KEKB B-factory) [1–4]. SuperKEKB consists of
an injector, a positron damping ring, a main ring (MR), and
the Belle II particle detector (Fig. 1). The MR is composed
of two rings, each with a circumference of 3016 m. The
high energy ring (HER) and low energy ring (LER) are for
7.0 GeV electrons and 4.0 GeV positrons, respectively.
Table I lists the key MR design parameters that are relevant
to the vacuum system. The designed beam currents
are 2.6 and 3.6 A for the HER and LER, respectively,
and the maximum bunch number of both of rings is 2500.
The beams have very low emittances (8.6–11.5 pm in the
vertical direction), and the vertical beam sizes at the
collision point are reduced to approximately 50–60 nm.
The designed luminosity is 8 × 1035 cm−2 s−1, which is
approximately 40 times that achieved in KEKB [4].
The upgradation of the MR vacuum system, as one of the

key components of SuperKEKB, began in 2010 [5,6].
Approximately 93% of the beam pipes and vacuum com-
ponents of the LER were replaced with new ones. On the
other hand, approximately 80% of the components in the
HER were reused because the layout of the magnets did not

change significantly. Note that the components ofHERwere
left undisturbed in the tunnel during the upgradation work
keeping vacuum inside although all vacuum pumps were
turned off. However, these components were sometimes
exposed to air temporarily when broken bellows chambers
or ion pumps were replaced with new ones [5].
The MR vacuum system was newly designed based on

various experiences with the KEKB vacuum system, and
leading-edge concepts were introduced [5–8]. Beam pipes
with antechambers were adopted to reduce the beam

FIG. 1. Layout of SuperKEKB at the KEK Tsukuba campus.
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impedance and to relax the irradiation power density of the
synchrotron radiation (SR) [9–11]. The antechambers also
effectively suppress the electron-cloud effect (ECE) [11–
13], which had been a serious problem in the positron ring
[14–18]. In the arc sections of the LER, for reference, the
typical beam-channel diameter was 90 mm, the total width
including antechambers was 220 mm (i.e., the depth of
each antechamber was 65 mm), and the height of each
antechamber was 14 mm. Approximately 1230 new beam
pipes with various lengths were fabricated. As a radio-
frequency (rf) shielding structure in the bellows chambers
and gate valves, a comb-type rf shield was developed and
adopted on a large scale for the first time [19,20].
Approximately 1240 bellows chambers and 40 gate valves
were installed in the LER and HER. Matsumoto-Ohtsuka
(MO)-type flanges, which can provide small steps at the
connection part inside and accommodate the cross sections
of the antechambers, were also adopted on a large scale for
the first time [21,22]. Approximately 5000 flanges were
installed in the new beam pipes and bellows chambers.
Nonevaporable getter (NEG) strips (St707, SAES Getters
Co. Ltd.) were used as a main pump. They were installed in
one of the antechambers and generate a uniformly distrib-
uted pumping system along the beam pipes at arc sections
[23,24]. To counteract the ECE in the LER, antechamber
structures were adopted as described above to suppress the
effects of photoelectrons [11–13]. A TiN film was coated
onto most of the new Al-alloy and Cu beam pipes, since it
can effectively reduce the secondary electron yield (SEY),
that is, the multipacting of electrons [25–29]. Furthermore,
longitudinal grooves and clearing electrodes were prepared
in the dipole magnets and wiggler magnets, respectively
[29–34]. Axial magnetic fields (solenoidal magnetic fields)
will be applied along the beam pipes in the drift spaces in
the future [35–37], but these were not prepared for the first
(Phase-1) commissioning.
The upgradation of the vacuum system had almost been

completed by the end of 2015 [38]. Figure 2 shows the

current configuration of the beam pipes and magnets in an
arc section of the MR tunnel. After the final tuning of the
complete system, the Phase-1 commissioning started in
February 2016 and ended in June [1]. In the Phase-1
commissioning, which was dedicated to accelerator tuning,
no particle detector for high energy physics was installed.
The Phase-1 commissioning had three main tasks: the first
was vacuum scrubbing in anticipation of a sufficiently long
beam lifetime and background-noise reduction for the
particle detector in the next (Phase-2) commissioning
planned for 2017, the second was the starting of various
components in the ring and checks of stability and
effectiveness of these components at high beam currents
around 1 A and the third was the establishment of beam-
operation tools such as those for beam optics and closed-
orbit distortion corrections.
In the following, observations of the primary MR

vacuum system obtained during the Phase-1 commission-
ing, including the vacuum scrubbing status, temperature
rises of the main vacuum components, and effectiveness of
ECE countermeasures, are presented. Subsequently, two
major problems experienced during the commissioning,
that is, the ECE in the Al-alloy bellows chambers and the
frequent pressure bursts accompanying beam losses in the
LER, are reported.

II. MAIN RESULTS

A. Operation summary

The beam injection into the LER and HER started on
February 8 and 22, respectively, in 2016 [1]. The beams
were successfully stored after several days of tuning in both
cases. The vacuum system worked well and experienced no
serious problems during the Phase-1 commissioning [38].
For the LER and HER, Figs. 3(a) and 3(b), respectively,

present the histories of the average pressure in the whole

TABLE I. Main design parameters of the SuperKEKB MR.

LER HER Units

Beam energy 4.0 7.0 GeV
Beam current 3.6 2.6 A
Circumference 3016 m
Bunch numbers 2500
Bunch length 6.0 5.0 Mm
εx=εy 3.2=8.64 4.6=11.5 nm=pm
βx=βy (at collision point) 32=0.27 25=0.3 mm
Luminosity 8 × 1035 cm−1 s−1
SR parameters in arc
(design current)

Total power 1.1 5.3 MW
Critical energy 1.9 7.3 keV
Average photon
density

5.3×1018 6.7×1018 photons s−1 m−1

FIG. 2. Present view of the SuperKEKB tunnel.
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ring (red circles), including in the straight sections (such as
the wiggler sections, beam injection sections, and accel-
erating cavity sections), the average pressure in only the arc
sections (blue squares), and the stored beam current from
February to June. Until the end of June, the integrated beam
currents (i.e., the beam doses) were 780 and 660 Ah, and
the maximum stored beam currents were 1.01 and 0.87 A
for the LER and HER, respectively. It should be noted that
high beam currents of approximately 1 Awere achieved in
less than five months. For most of the operation, the bunch
fill pattern consisted of a single train of 1576 bunches with
a spacing of approximately 6 ns (hereafter, this fill pattern is
denoted as 1=1576=6n). For the whole LER, the base
pressure (Pbase) and average pressure at the maximum beam
current (Pmax) were measured to be 5 × 10−8 and
1 × 10−6 Pa, respectively. The Pmax of the whole ring
and that of the arc sections, where most of the beam pipes
were newly fabricated, were found to be almost the same.
The beam lifetime at the maximum beam current was
approximately 70 min when using an emittance control
knob (ECK). The ECK intentionally increases the beam
emittances by adjusting sextuple magnets and relaxes the
Touschek lifetime effect. On the other hand, Pbase and Pmax

of the whole HER were found to be 3 × 10−8 and
2 × 10−7 Pa, respectively. Note that Pmax was measured
to be 6 × 10−8 Pa in the arc sections, where most beam
pipes were reused from KEKB (see the next section). The
beam lifetime at the maximum beam current was

approximately 400 min. The arrows and dates at the tops
of Figs. 3(a) and 3(b) indicate the NEG conditioning times.
Note that the pressures presented here and hereafter are 3
times the values displayed by the vacuum gauges, taking
into account the conductance between the beam channels,
where the circulating beams pass, and the vacuum gauge
ports located above the sputter ion pumps [7].

B. Vacuum scrubbing

Figures 4(a) and 4(b) present the average pressures
normalized by a unit beam current [i.e., the pressure rise
dP=dI (Pa mA−1)] for the LER and HER, respectively, as
functions of the beam dose. In the calculation of dP=dI, the
average pressure was used instead of the pressure increase
(i.e., the difference between the average pressure and the

FIG. 3. Histories of the average pressure in the whole ring (red
circles), average pressure in the arc sections (blue squares), and
stored beam currents for (a) the LER and (b) the HER. Arrows
indicate the NEG conditioning times; here, “T” and “W” mean
that the NEG was conditioned only at the “Tsukuba straight
section” and “Wiggler sections,” respectively.

FIG. 4. dP=dI (PaA−1) and η (molecules photon−1) in the arc
sections as functions of the beam dose (Ah) andD (photons m−1)
in the arc sections for (a) the LER and (b) the HER.
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base pressure) for simplicity and convenience. The base
pressure gradually changes with time and is sensitive to
the temperature of beam pipes. Therefore, to minimize the
influence of the base pressure in the calculation, the
average pressures used in the calculation were the values
observed when the beam currents were greater than 60% of
the maximum beam currents at that time (Imax). The circles
(red) and squares (blue) correspond to the dP=dI of the
whole ring and of only the arc sections, respectively. The
total pressures were measured with approximately 300 cold
cathode gauges (CCG, Model C-5, DIAVAC Ltd Japan) in
each ring at pump ports located every 10 m on average. The
average pressures in the arc sections were calculated using
approximately 100 CCGs. Again, the arrows indicate the
NEG conditioning times. In each graph, the upper axis
represents the photon dose [i.e., the integrated numbers of
photons per unit length (photons m−1)] in the arc sections,
and the right axis indicates the photon stimulated desorp-
tion (PSD) rate η (molecules photon−1) in the arc section,
evaluated by assuming linear pumping speeds of 0.06 and
0.03 m3 s−1m−1 for the LER and HER, respectively, and
by considering the saturation of NEG pumping speed [24].
The stepwise patterns at the NEG conditioning timings
shown in Figs. 3(a) and 4(a) indicate the saturation of NEG
pumping speeds.
For the LER, dP=dI steadily decreases with increasing

beam dose, as shown in Fig. 4(a). In the arc sections,
the beam pipes of all of which were newly fabricated,
dP=dI is approximately 8 × 10−7 PaA−1 at a beam dose of
780Ah. η is approximately 7 × 10−6 molecules photon−1 at
a photon dose (D) of approximately 4 × 1024 photonsm−1.
The beam pipes were constructed from an Al alloy,
and their inner surfaces were coated with TiN to
counteract the ECE as described In Sec. I [27]. During
the initial stage (D ∼1019moleculesphoton−1), η
(1×10−2moleculesphoton−1) is several times lower than
its value in KEKB (4 × 10−2 molecules photon−1), in
which circular Cu beam pipes without any coating were
used [7]. At D ¼ 4 × 1024 photonsm−1, however, η
(7 × 10−6 molecules photon−1) has almost the value as in
KEKB at the same photon dose. η decreases with D as
η ∝ D−0.5 and η ∝ D−0.8 at D values of approximately
1 × 1022 and 1 × 1024 photonsm−1, respectively. The slope
η gradually increases with increasingD. Note that η slightly
increased when D > 6 × 1023 photonsm−1, as shown in
Fig. 4(a). The main cause of this increase was the nonlinear
pressure increase with increasing beam current due to the
gas desorption from electron multipacting in the Al-alloy
bellows chambers without TiN coating, as described in
Sec. III A. Therefore, the η values in this region do not
reflect the real PSD rate.
dP=dI for HER also decreases steadily with increasing

beam dose, as shown in Fig. 4(b). In the arc sections,
dP=dI was approximately 4 × 10−8 PaA−1 at a beam dose

of 660 Ah. η is approximately 1×10−7 moleculesphoton−1
at D ¼ 5 × 1024 photonsm−1, and decreases with D as
η ∝ D−0.8 from D¼ 1×1022 photonsm−1 to D¼ 1×
1024 photonsm−1. η is lower and shows a steeper decrease
in the early stage in the HER compared to that in the
LER. Furthermore, η decreases less rapidly at D > 1×
1024 photonsm−1, but this change occurs because the
effect of the base pressure is not negligible in the dP=dI
calculations described above.
It is interesting to note that η in the HER is lower than

that in the HER of KEKB from the beginning [7]. The η at
D ¼ 5 × 1024 photonsm−1 (1 × 10−7 molecules photon−1)
is much lower than that in the case of KEKB
(2 × 10−6 molecules photon−1) at the sameD, and its value
is almost the same as that in the final stage of KEKB [7].
Since most of the beam pipes in the arc sections of the HER
were reused from KEKB, their surfaces “remember” the
conditions in KEKB after sufficient vacuum scrubbing
(memory effect), even though they were sometimes
exposed to air for the vacuum work. Note that the critical
energy in the HER (7.3 keV) is actually lower than that
in the HER of KEKB (12 keV), but the large difference
of η cannot be solely explained by this difference in the
critical energy.
During the commissioning, the residual gases were

monitored using a quadrupole mass analyzer (QMA,
MicroVision, MKS Instruments) in an arc section of the
LER, in which new beam pipes were installed. The QMA
was located just above a sputter ion pump. Figure 5(a)
presents the ion current changes normalized by the beam
current as functions of the beam dose for the primary
residual gases, namely H2 (m=z ¼ 2), CO (m=z ¼ 28),
CH4 (m=z ¼ 16), H2O (m=z ¼ 18), and CO2 (m=z ¼ 44)
in order of decreasing abundance. The high partial pressure
of methane should be due to the pumping system using
NEG as a main pump, because NEG pumps do not absorb
inert gases such as methane and argon. Because the beam
pipes were not baked in the tunnel, water vapor remains in
the beam pipe [39]. The stepwise pattern, which is also
observable in the total pressure [Fig. 4(a)], represents the
NEG conditioning timing. For reference, Fig. 5(b) shows
the mass spectra before and after the activation of a NEG at
a beam dose of approximately 180 Ah and a beam current
of 510 mA.

C. Status of the new vacuum components

SuperKEKB is the first machine to adopt, on large scale,
novel vacuum components developed in the KEKB era,
such as stepless MO-type flanges and comb-type rf shields
for the bellows chambers and gate valves. Another major
task of the Phase-1 commissioning was to confirm the
stability of these components. Overall, no overheating,
discharging, or abnormal pressure increases were observed
in these components during the commissioning. For exam-
ple, the temperature rises in the MO-type connection
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flanges (Al alloy) as functions of the beam current are
presented in Fig. 6(a). The average temperature increase is
less than 4 °C in at 1 A (1=1576=6n). No air leaks occurred
in the connection flanges. Examples of the temperature
increases in the bellows chambers are shown in Fig. 6(b).
These bellows chambers were located near the beam
collimators where the extra higher-order modes (HOMs)
are easily excited [40–43]. The overheating of bellows
chambers with conventional finger-type rf shields was
frequently observed in KEKB [8]. In this case, however,
the temperature increases are less than 2 °C as shown in
Fig. 6(b), and are 1 °C at most for the bellows chambers at
other locations. The temperature increases of the gate
valves were also measured and found to be less than 2 °C.
The NEG pumps in the LER and HER were activated 8

and 7 times, as indicated in Figs. 3 and 4, respectively,

during the Phase-1 commissioning, which lasted for
approximately five months. In the activation process, the
NEG strips were heated up to approximately 400 °C by
sheath heaters [23]. The maximum temperatures on the
outside surfaces of the antechambers were approximately
80 °C and 28 °C with and without water flowing in the
cooling channels of the beam pipes, respectively. During the
activation, the beam pipes were usually evacuated only by
sputter ion pumps [6]. No problems were reported in these
processes. dP=dI decreases in a stepwise pattern after the
NEG activation in each ring, as shown in Figs. 3 and 4. Note
that the NEG pumps for the HER were sometimes activated
only in the regions of the ring in which new beam pipes had
been installed, since dP=dI was already sufficiently low in
the arc sections, as described in Sec. II B. Since the NEG

FIG. 5. (a) Ion currents for typical gases normalized by beam
current (A mA−1) measured by a residual gas analyzer in an arc
section of LER as functions of the beam dose (Ah). (b) Mass
spectra before and after the activation of NEG at a beam dose of
approximately 180 Ah and a beam current of 510 mA.

FIG. 6. Typical temperature changes (°C) of (a) five MO-type
flanges and (b) five bellows chambers near the beam collimators
versus the beam current (A), where the bunch fill pattern was
1=1576=6n.
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pumps for the LER were installed in an antechamber along
the beam pipes, it is necessary to switch off the currents of
the quadrupole, sextupole and bending magnets to avoid
oscillation of the heaters andNEG strips due to the ac current
of the heaters. The change of the heater current from ac to dc
is planned before the next commissioning.
Two beam collimators, which cut off the beam halo at

the arc sections and then reduce the background noise
of the particle detector, were installed in the LER for
testing. The conceptual structure and first test model
installed in the tunnel are presented in Figs. 7(a) and 7(b),
respectively. These collimators were newly designed for
SuperKEKB based on those used in PEP II at SLAC with
the objective of minimizing the impedance [42,43]. The
operability, heating, and collimator head positioning accuracy
were checked using high beam currents. The collimator head
position was remotely controlled successfully. The temper-
atures of the bellows behind the moving collimator head,
where the excited HOM easily leaks through the coaxial
waveguide structure, were several degrees at 1 A. The
effectiveness of the background noise reduction was also
confirmed by a preliminary detector installed near the
collision point [1]. Mass production will start soon in
preparation for the next beam commissioning.

The vacuum chambers for the beam-size monitors using
the SR or x rays emitted by the circulating beams were also
newly fabricated to accommodate the new beam pipes with
antechambers [44,45]. A beam-size monitor using SR
consists of a vacuum chamber with a mirror located in an
antechamber. To guide the x rays emitted by the circulating
beams to the x-ray line for the beam-size monitor, a special
vacuum chamber was fabricated, a crotch absorber of which
is installed in an antechamber. These structures contribute to
the decrease of beam impedance since the mirror or crotch
absorber is placed in an antechamber. No serious heating
was observed in these vacuum chambers, and these beam-
size monitors were useful for investigating the properties of
stored beams.
Most of the hardware controlling the various vacuum

components in the MR was reused, but the old components,
such as the computer automated measurement and control
system, were replaced with new ones [5]. All the vacuum
components are monitored and controlled through a
graphical user interface based on Control System Studio.
The status of various components such as the vacuum
pressures along the ring and the temperatures of the
components can be checked at a glance. Although unex-
pected input-output controller shutdowns were occasion-
ally observed in particular subcontrol rooms, the control
system functioned properly during the Phase-1 commis-
sioning. The interlock and beam-abort logic based on a
ladder-sequence program also worked well and contributed
to the steady operation of the machine.

D. Effects of ECE countermeasures

The ECE is a key issue in the LER of SuperKEKB
[14–18]. Various ECE countermeasures were prepared
based on studies in numerous laboratories, such as
CERN [46,47], Cornell University [48,49], and SLAC
[50,51]. The countermeasures listed in Sec. I of this paper
were also recommended for the positron damping ring of
the International Linear Collider [52]. Thus, the counter-
measure results obtained using SuperKEKB are applicable
to future colliders as well.
The numbers of electrons around the circulating positron

beam in a new Al-alloy beam pipe with antechambers were
measured with the same electron current monitors that were
used in previous KEKB experiments [53]. These electron
monitors and the test beam pipe are shown in Fig. 8. The
electron monitors were set at the bottom of the beam
channel. The voltage applied to the electron collector was
100 V, while that applied to the grid (repeller), which
functions as an energy filter, was varied from 0 to −500 V.
Two electron monitors were attached to the same beam
pipe, as shown in Fig. 8: one in the region with TiN coating
([Al Anteþ TiN] in Fig. 8), which is also present in the
other typical beam pipes in the ring, and one in the region
without TiN coating ([Al_Ante] in Fig. 8). In other words,
the electron currents at the locations with and without TiN

FIG. 7. (a) Conceptual structure and (b) test model of the new
beam collimator installed in the LER arc sections.
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coating were measured simultaneously under the same
beam conditions.
Figure 9 presents typical electron currents measured

for the bunch fill pattern of 1=1576=6n. The measured
electron currents approximately reflect the electron den-
sity around the beam path. The plots in Fig. 9 include the
electron currents obtained in the KEKB experiments for a
circular Cu beam pipe without ([Cu Cir]) and with
([Cu Cir þ TiN]) TiN coating for almost the same
bunch fill pattern, 1=1500=6n. The electron currents are
plotted as functions of the stored beam current. The
numbers in parentheses represent the photon densities
(photons s−1m−1) at the measurement points. The voltages
applied to the grid and the electron collector were −30 and
þ100 V, respectively.
When the beam current is low (<0.4 A), the electrons in

the beam pipe are mainly photoelectrons emitted by SR.
Since the acceleration of the electrons by positron bunches
is low, few secondary electrons are emitted from the inner
surface of the pipe. As indicated by Fig. 9, the electron
currents in the beam pipes with antechambers ([Al_Ante]
and [Al Anteþ TiN]), regardless of the presence or

absence of TiN coating, are smaller than those in the pipes
without antechambers that were used in KEKB ([Cu_Cir]
and [Cu Cir þ TiN]). The results clearly indicate the
effectiveness of the antechambers in suppressing the photo-
electrons in the beam channel.
When the beam current is high (>0.6 A), the contribu-

tion of the secondary electrons should increase the electron
cloud formation in the beam pipe. Figure 9 shows that the
electron current in the Al-alloy beam pipe without TiN
coating ([Al_Ante]) increases rapidly with increasing beam
current. On the other hand, the electron current in the Al-
alloy beam pipe with TiN coating ([Al Anteþ TiN])
remains low. This result indicates that the TiN coating
on the Al surface effectively reduces the SEYof the surface.
Furthermore, the electron current in the Al-alloy beam pipe
without TiN coating ([Al Ante]) exceeds those in the Cu
beam pipes ([Cu_Cir] and [Cu Cir þ TiN]). Thus, the SEY
of a bare Al surface is higher than that of a bare or TiN-
coated Cu surface. In fact, the SEYs of the TiN-coated
surfaces are almost the same regardless of whether the
substrate is Cu or Al alloy [5]. The difference between the
electron currents in the TiN-coated Cu beam pipe without
antechambers (Cu Cir þ TiN) and the TiN-coated Al beam
pipe with antechambers (Al Anteþ TiN) should be due to
the existence of antechambers, as well as the difference
between the photon densities at the measurement points.
The photoelectrons are still seeds of electron clouds in the

FIG. 8. Electron monitors attached to a test chamber with
antechambers in an arc section of the LER. Here, [Al_Ante] and
[Al Anteþ TiN] denote the Al region without and with TiN
coating, respectively.

FIG. 9. Measured electron currents for four types of beam pipes
for bunch fill patterns consisting of one train of 1500–1576
bunches with 6 ns bunch spacing. Here, [Cu Cir þ TiN] and
[Cu Cir] present the data obtained from Cu beam pipes having
circular cross sections with and without TiN coating, respectively,
which were measured in KEKB. [Al Anteþ TiN] and [Al_Ante]
denote the data from Al-alloy beam pipes having antechambers
with and without TiN coating, respectively. Note that the inte-
grated beam doses achieved when the data of [Cu Cir þ TiN],
[Cu_Cir], [Al Anteþ TiN] and [Al Ante] were measured were
approximately 3200, 3900, 760, and 760 Ah, respectively.
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beam pipe, even if the secondary electrons are the main
cause of electron cloud formation when the beam current
is high.
The clearing electrodes were prepared in wiggler mag-

nets in two wiggler sections of the LER. In total, 116
clearing electrodes each 1.6 m long were installed. The
clearing electrodes attract the electrons in the beam pipe by
creating an electrostatic field [54]. During the Phase-1
commissioning, the maximum voltage of þ500 V was
continuously applied at the maximum beam current of
approximately 1 A. No discharge, abnormal pressure rises,
or overheating of the connectors was observed during the
commissioning. The electron current flowing into the
electrodes is a measure of the numbers of electrons in
the beam pipes. The measured electron current increased
almost linearly with increasing beam current when the
applied voltage was constant. No difference was observed
between the pressures near the electrodes that were
measured when the applied voltage was 0 and 500 V.
These findings indicate that electron multipacting did not
occur in the beam pipe. On the other hand, when the beam
current is constant, the measured electron current increased
with the applied voltage, but became saturated when the
applied voltage reached approximately 100 V. This result
demonstrates that the electrodes absorbed the electrons in
the beam pipe when the applied voltage was greater than
100 V. However, the measured electron currents were lower
than those expected based on the results of previous
research and development at KEKB [31]. The electron
density in the wiggler magnets during the Phase-1 com-
missioning might still have been low, and further obser-
vations and investigations at higher beam currents will be
required in the future.
The effectiveness of grooves was not investigated during

the Phase-1 commissioning. We plan to install another test
beam pipe with grooves in an arc section. The electron
density in this beam pipe will be measured during the next
commissioning.
No axial magnetic fields generated by solenoids or

permanent magnets were applied to the beam pipes during
the Phase-1 commissioning. However, the axial magnetic
fields in the Al-alloy bellows chambers were found to
suppress the ECE very effectively, as described in
Sec. III A.

III. MAJOR PROBLEMS

A. Electron cloud effect

A nonlinear pressure rise with increasing beam current
was observed when the beam current was greater than 0.6 A
throughout the LER and the usual bunch fill pattern,
1=1576=6n was used. The typical behavior of the average
pressure in an arc section is presented in Fig. 10(a) (without
permanent magnets) and is similar to that shown in Fig. 9
([Al_Ante]) for the electron current in the bare Al beam

pipe region. It was suspected that the pressure rise was due
to electron multipacting somewhere in the ring, that is,
electron-stimulated desorption [55]. Furthermore, the beam
begins to blow up vertically at almost the same beam
current at which the nonlinear pressure increase begins as
shown in Fig. 10(b) (without permanent magnets). Note
here that the ECK is active in this case, but the behavior of
the vertical beam size when the beam current is greater than
0.6 A does not depend on whether the ECK is switched on
or off. It was also found in a machine study that the
threshold beam current at which blowup began to develop
depended on the bunch fill pattern. That is, the threshold
current was lower for bunch fill patterns with shorter bunch
spacing, and vice versa. In other words, the vertical beam
size blowup started from almost the same bunch-charge
density (i.e., bunch current divided by bunch spacing)
irrespective of the bunch fill pattern [56]. These phenomena

FIG. 10. Behaviors of (a) average pressure in an arc section and
(b) vertical beam size versus beam current without and with
permanent magnets on Al-alloy bellows chambers for the
1=1576=6n bunch fill pattern.
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indicate ECE excitation in the ring. However, the electron
density in the TiN-coated beam pipe ([Al Anteþ TiN] in
Fig. 9) was still low at these beam currents. One possibility
is that the ECE was excited by the electron clouds in the
Al-alloy bellows chambers, which had no TiN coating. The
Al-alloy bellows chambers are 200 mm long and are
located every 3 m on average around the ring, as shown
in Fig. 11(a). There are ∼830 bellows chambers in total,
and their combined length is ∼5% of the total length of the
LER (∼3 km). Therefore, if the electron density in the A
l-alloy bellows chambers is 20 times that in the other
regions, the ECE is likely to be excited in this ring. In fact,
the electron current measured in the Al-alloy beam pipe
without TiN coating ([Al_Ante]) is 50 times larger than that
of the pipe with TiN coating ([Al Anteþ TiN]) at a beam
current of 0.8 A, as shown in Fig. 9.
To counteract the ECE, permanent magnets attached to

C-shaped iron plates (yokes) were placed at the top and
bottom of each Al-alloy bellows chamber, as shown in
Fig. 11(b). The axial (z-direction) and vertical (y-direction)
magnetic fields measured at the top of the beam channel

(point U in the figure) in a yoke are presented in Fig. 12
together with a schematic structure of a yoke. An axial
magnetic field of approximately 100 G is evident in most
regions, although the polarity reverses near the magnets.
After application of the permanent magnets, the nonlinear
pressure rise relaxes substantially, as shown in Fig. 10(a)
(with permanent magnets), and vertical beam size blowup
is not evident until the beam current reaches approximately
0.8 A, as shown in Fig. 10(b) (with permanent magnets).
Thus, the ECE was successfully suppressed by applying
an axial magnetic field using permanent magnets on the Al-
bellows chambers.
However, as the beam current increases further to

approximately 1 A, vertical beam size blowup appears
again for the same bunch fill pattern (1=1576=6n). The
nonlinear pressure rise with increasing beam current also
becomes prominent at beam currents between 0.8 and 1 A.
It seems that the ECE was again excited in a part of the ring,
possibly in the drift space where the Al-beam pipes with
TiN coating were used. In fact, the electron density in the
Al-alloy beam pipe with TiN coating ([Al Anteþ TiN] in
Fig. 9) approaches the threshold density predicted by a
simulation, which is approximately 2 × 1011 electronsm−3
[57]. These characteristics must be investigated further
during the next commissioning. Although vertical beam
size blowup is not observable up to 1 A for a 1=1600=8n
bunch fill pattern, which has a low bunch-charge density,
the ECE could still be problematic in the next commission-
ing, in which beam currents greater than 1 A are expected.

FIG. 11. (a) Al-alloy bellows chambers in the LER and
(b) permanent magnets and yokes attached to the chambers.

FIG. 12. Measured vertical (y) and axial (z) magnetic fields
inside a yoke on the upper inner wall of the beam channel (point
U in the drawing).
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It should be noted here that the threshold beam current
necessary to excite ECE (that is, in concrete terms, the beam
current at which the vertical beam size blowup begins) is
much higher for SuperKEKB than for KEKB [56]. For
example, the threshold bunch-charge density is approxi-
mately 0.1 mAns−1 (∼1000=1576=6) for SuperKEKB
(after applying permanents magnets to only the Al-alloy
bellows chambers) and 0.02 mAns−1 (∼60=4=60=6) for
KEKB (without solenoids). In fact, in Fig. 9, the electron
current of the Al-alloy beam pipe with TiN coating
([Al Anteþ TiN]) at approximately 1 A is close to that
of the Cu beam pipe without TiN coating ([Cu_Cir]) at
approximately 0.2 A. This similarity indicates that the
antechambers and TiN coating of the beam pipes effectively
suppress the ECE, as was already indicated by the electron
current measurements presented in the previous section.

B. Pressure bursts accompanying beam loss

Another major concern during the Phase-1 commission-
ing was the localized pressure burst phenomenon accom-
panying beam loss in the LER. The beam loss monitors
triggered beam aborts, and sometimes the pressure bursts
became obstacles during the beam commissioning. A
typical pressure burst is shown in Fig. 13. Pressure bursts
were detected by several vacuum gauges, and the position
of each burst could be deduced based on the pressure
distribution along the ring. These bursts were frequently
observed, starting from the early stage of the commission-
ing [38]. Pressure bursts were eventually observed at more
than 10 points around the ring but were observed the most
frequently in particular beam pipes. Specially, most of the
pressure bursts occurred near or inside Al-alloy beam pipes
in dipole magnets. Furthermore, the beam current at which
the bursts occurred increased gradually with increasing
maximum stored beam current (Imax). Figure 14 shows the
numbers of bursts occurring per 50 h of operation time (red
bars), the beam currents when the pressure bursts occurred
(blue circles), and Imax (black lines) versus the duration of

operation with a beam current greater than 50 mA. The
frequency increases with increasing Imax, while it tends to
decrease when Imax remains almost constant.
The causes of the pressure bursts are not yet well

understood, although the most probable cause is collisions
between the circulating beams and dusts (small particles)
in the beam pipes. In fact, in the beam pipes, we found
small dust particles composed of Al2O3, carbon oxide (i.e.,
plastic or fibers), Si (i.e., some polishing material), Vand Ti
(NEG ingredients), and so on and had a typical size of
50 μm. Furthermore, the longitudinal grooves in the beam
pipes in the dipole magnets, which counteract the ECE, are
likely to trap dust during the manufacturing process. It is
also difficult to clean the dust particles out from the bottoms
of the grooves. As further evidence, the pressure bursts and
simultaneous beam loss at a beam current of approximately
0.8 A were reproduced during a test using a knocker
attached to several beam pipes in the dipole magnets. A
similar phenomenon was reportedly observed in the LHC
[58,59]. Careful investigation and continuous observation
will be required in the next run.

IV. CONCLUSION

The SuperKEKB vacuum system functioned correctly
during the Phase-1 commissioning. Vacuum scrubbing
progressed steadily as expected. No abnormal temperature
increases or discharges were observed in the new vacuum
components up to a beam current of approximately 1 A.
The beam collimator test model also worked well. The
effectiveness of the antechambers and TiN coating of the
beam pipes in counteracting the ECE in the LER was
confirmed. However, a nonlinear pressure increase due to
the ECE, which was caused by the electron clouds in the
Al-alloy bellows chambers without TiN coating, was
observed. The use of permanent magnets forming axial
magnetic fields eliminated the ECE up to a beam current of

FIG. 13. Typical example of a pressure burst accompanying
beam loss, followed by beam abortion.

FIG. 14. Number of pressure bursts per 50 h (red bars), beam
current when each burst occurred (blue circles), and maximum
beam current (black line) as functions of the duration of operation
with a beam current greater than 50 mA.
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0.9 Awhen the usual bunch fill pattern was used. However,
the ECE began to appear around 1 A for the same bunch fill
pattern. The pressure bursts accompanying beam aborts
were also problematic in the LER; these are most likely
caused by collisions between the circulating beam and dust
particles in the beam pipe, but further investigation is
required.
The Phase-2 commissioning, which will be performed

using a new particle detector, is planned to start next year. A
stored current of more than 1 A is expected in this phase.
During the long shutdown time before the Phase-2 com-
missioning begins, new vacuum components for the par-
ticle detector will be installed in the ring, and the additional
beam collimators will be installed to suppress the back-
ground noise of the detector. The construction of a damping
ring for positron beams is ongoing. Furthermore, some
countermeasures against the ECE that occurs at high
currents, such as permanent magnets in drift regions, will
be prepared in the LER. Potential countermeasures against
the pressure bursts are now under consideration. Finally,
some components that exhibited overheating and air leaks
during the Phase-1 commissioning will be checked and
replaced if necessary.
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