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SuperKEKB Accelerator
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• Electron(7GeV) – positron(4GeV) double-ring collider
• Successor project of KEKB B factory
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Collision Scheme  - Nano Beam Scheme -
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- Collision with a large crossing angle in the horizontal plane.
- Realize narrow overlap region to realize small by* while avoiding hourglass effect.
- It is equivalent to head-on collision with small bunch length

Top view Seeing from a different coordinate system
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Crab Waist Scheme with FCC-ee Style
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Oide, K., et al., 2016,
Phys. Rev. Accel. Beams 19, 111005.

- Vertical local chromaticity correction (Y-LCC ) consists of 2 pairs of sextupole magnets.  
- Crab waist scheme introduced by applying different strength of sextupole field to these magnets. 
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Operation Summary
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LER
= Positron ring

HER
= Electron ring

Peak luminosity L = 3.12⇥ 1034 cm�2s�1
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Machine Parameters
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Y. Ohnishi
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Specific Luminosity and Bunch Current
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- CW enables collision operation at high-bunch-current region.
- Currently, bunch intensity in LER is limited by transverse-mode-coupling instability (TMCI) due 

to impedance of narrow beam collimators.
- We are now trying to increase luminosity by increasing number of bunches
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Luminosity Tuning
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Overview
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- Many trials were performed to improve machine performance.
- Vertical offset at IP 
- Vertical crossing angle
- Waist position 
- Betarton-coupling at IP
- Chromatic Betarton-coupling at IP
- Vertical dispersion at IP
- Bunch by bunch feedback
- Betatron tunes
- Collimator aperture
- etc.

Example: Luminosity scan with vertical waist position

- Some of them are routinely changed to keep the performance during physics run. 
- Some important parameters is shown in the following slides.  
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Vertical Crossing Angle
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- Importance of vertical angle was recognized June 20, 2019. (by*=3mm)
- We applied vertical orbit bump to control vertical crossing angle at IP in LER.
- After the optimization specific luminosity was improved by ~20%. 
- It also reduces beam background.

Vertical orbit bump at IP in LER

IP
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Vertical Beam Size at IP
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- R1-4 parameters characterize Betatron(XY)-coupling as,
Coupled coordinateDecoupled coordinate

- Ds represents vertical waist shift. 
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- Exact values of R1-4 and Ds can not be well determined by beam measurement. 

- Tuning of these parameters mainly relies on luminosity or beam size monitors.
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Luminosity Scan with XY-Coupling Knobs
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Corrector: X-Y Coupling and Vertical Dispersion

5

Skew Q-like corrector coils are installed for each 
sextupole (SD).N

N

N
S

S
N Skew Q generates X-Y couplings. 

X-Y couplings can be corrected independent of physical 
vertical dispersion (vice versa). 

X-Y coupling corrector Dispersion corrector

-I' -I'-I' -I'
SD SD SD SDSF SF SF SF
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physical ηy
physical ηy

same sign of K1 opposite sign of K1

SF SFSF SF

R1,R4

R2

R3R3

R2

R1,R4

K1s K1s

+ K1s

- K1s

- R1-4 parameters and vertical dispersion are controlled by skew quadrupole coils of 
sextupole magnets.

- These parameters are routinely adjusted by observing machine performance.

Knob Setting Panel Scan History Panel
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XY-coupling Correction with QCS Skew Quadrupole Coils
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- In the early stage of luminosity tuning, the R2 knob hits hardware limit of the correctors.
- We suspected that there is large XY-coupling error localized in the vicinity of IP.
- Global optics correction can not seem to detect this localized error.
- We changed R2 at IP with skew quadrupole correctors of final focusing quadrupoles (QCS).
- Asymmetrical excitation of left- and right- sides of QCS correctors is applied 

so that degradation of global optics can be correctable by global optics correction.  
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XY-coupling Correction and Beta-Squeezing

15

- Before XY-coupling correction at IP, specific luminosity was not improved by beta-squeezing.
- Specific luminosity is basically inversely proportional to by* if nano-beam scheme can truly 

avoids the hourglass effect.
Vertical beam size

obtained with vertical offset scan

�⇤
y = 1.2 µm
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XY-coupling Correction and Beta-Squeezing

16

- Specific luminosity was improved and inversely proportional to by* after correction of localized
error in the interaction region (IR) such as a waist shift, local XY coupling at the IP and so on.
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Specific luminosity and by*
with low bunch current

Bunch length �z ⇠ 6 mm
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History of Knob Values

17

- R1 and R2 are effective to 
luminosity performance.

- Vertical dispersion is also effective for 
beam size control.

- The optimum R1 and R2 values are 
almost constant if QCS skew 
quadrupole correctors are fixed.

- R3 and R4 are not so effective to 
luminosity performance, but these 
parameters affect beam background.

QCS corrector strength was changed.
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Y. Suetsugu

Chromatic XY-Coupling Correction (Ch-XYCC)

18

- Numerical simulations indicate Ch-XYCC will effectively suppress beam blow up.
- We tried Ch-XYCC in two different ways,

(a) Rotatable sextupole magnets (We can change their angles remotely)
(b) Adjusting  skew quadrpole coils of sextupole magnets during luminosity run.

- Effect on luminosity performance is still not clear.  K. Oide

Table 2: IR Magnet Tolerances Evaluated at r = 50 mm 
Magnet Mag. B or B’ B3/B1, or B6/B2 

Dipole 0.112/0.223 T 1%@50mm 
Quadrupole 2.04 T/m 0.5%@50mm 

 

FIELD MEASUREMENT RESULTS 
The field strength and uniformity of the magnetic field 

are evaluated using long flip-flop coil and harmonic coil 
measurements.  The effective lengths and longitudinal 
field profiles are evaluated using a small flip-flop coil, 
which moves along the longitudinal direction.  The mag-
netic field evaluation was carried out on the recycled 
magnets, which are operated at higher currents than at 
KEKB, and also for the new magnets. The field strength 
variation among the magnets connected to the same pow-
er supply must be small.  Figures 3 and 4 show the inte-
grated field strength variation among the LER dipole 
magnets and the wiggler magnets. The standard devia-
tions are measured to be 2u10-4 for the LER dipoles, 
which is sufficiently small.  The wigglers vary more in 
strength, with a standard deviation of ~1u10-3.  This larg-
er variation was expected as the wigglers are much short-
er than the dipoles, as seen in Table 1. This variation is 
not a problem, since the errors can be compensated for by 
optical correction during beam operation. 

 
Figure 3: Field strength variation of the LER dipole mag-
nets. 

 
Figure 4: Field strength variation of the wiggler magnets. 

 

Higher order multipole components were measured with 
the harmonic coil system and found to satisfy the re-
quirements. As an example, the higher order components 
of the new IR quadrupole magnets are shown in Fig. 5. 
 

 
Figure 5: The measured higher order multipole compo-

nents of the IR quadrupole magnets are plotted against the 
multipole order.  Blue and red solid circles correspond to 
I=300 A and 500 A, respectively.  The tolerance is indi-

cated by the red dotted line. 

 The magnet fabrication and field measurements went 
smoothly for the most part, though there was a water leak 
caused by bad silver alloy brazing.  The magnet data, the 
excitation curves and the effective lengths obtained from 
the field measurements were installed in the database in 
time for beam commissioning. 

TILTING SEXTUPOLES 
Skew sextupole magnets were found to be very effec-

tive in controlling the X-Y coupling at the IP during 
KEKB operation [5]. At SuperKEKB, the ratio of the 
skew and normal sextupole field will be controlled by 
tilting the sextupole magnets.  The required range of the 
tilt is r30 degree (~523 mrad), corresponding to 0~100% 
skew field. 

 
Figure 6: Sextupole on the tilting table. 
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Transverse Mode Coupling Instability - TMCI -

20

- Reduction of beam background (BG) to particle physics detectors is the one of most important 
item because of short beam lifetime and extremely large beta function in the interaction region(IR) 

- Currently, bunch intensity in LER is limited by TMCI due to impedance of narrow beam collimators.LER Collimator Impedance
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= 1.6 mA > 0.9 mA (measured)

The measured threshold is much lower than expected. 
The kick factor is estimated by using GdfidL simulator. 

Transverse Mode Coupling Instability (TMCI)

collimator 
opened (for test) 

CGLOPT:SUM:BETA_KICK:V

Simple TMCI formula can not explain it.

"TMCI" threshold

Injection bunch charge : 2 nC

nb= 97 bunches

LER bunch current (mA)

2021b Run
Y. Ohnishi

Beam collimators in SuperKEKB
• In HER, 8 horizontal and 8 vertical KEKB type collimators have been reused at the same location as KEKB 

era. 3 horizontal and 1 vertical SuperKEKB type collimators have been installed in Tsukuba straight 
section.

Location of collimators in MR

KEKB type SuperKEKB type
[Y. Suetsugu et al., NIM A 513, 465 (2003)] [T. Ishibashi et al., PRAB 23, 053501 (2020)]

• In LER, 7 horizontal and 4 vertical SuperKEKB type 
collimators have been installed.
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era. 3 horizontal and 1 vertical SuperKEKB type collimators have been installed in Tsukuba straight 
section.

Location of collimators in MR

KEKB type SuperKEKB type
[Y. Suetsugu et al., NIM A 513, 465 (2003)] [T. Ishibashi et al., PRAB 23, 053501 (2020)]

• In LER, 7 horizontal and 4 vertical SuperKEKB type 
collimators have been installed.

Beam collimators in SuperKEKB
• In HER, 8 horizontal and 8 vertical KEKB type collimators have been reused at the same location as KEKB 

era. 3 horizontal and 1 vertical SuperKEKB type collimators have been installed in Tsukuba straight 
section.

Location of collimators in MR

KEKB type SuperKEKB type
[Y. Suetsugu et al., NIM A 513, 465 (2003)] [T. Ishibashi et al., PRAB 23, 053501 (2020)]

• In LER, 7 horizontal and 4 vertical SuperKEKB type 
collimators have been installed.

T. Ishibashi
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Abnormal Beam Loss and Collimator Damage
- The catastrophic beam loss events not in coincidence with injection is a very worrisome.
- These events occur very rapidly (in a few turns) making it very difficult to abort the stored beam in 

time to prevent damage to the detector and to machine equipment such as collimators.
- These also induces quench of QCS and reduces operation time.

21

Issue – Damage
• Sudden beam loss happened within 2-turn before the beam abort.
• Dose on VXD diamond sensors of Belle II were extremely high and the signal saturated (usual beam loss abort: ~50 mRad or 

less).
• The cause of the huge beam loss is unknown so far. One of the candidates is the interaction between the beam and a dust in 

the beam pipe.
• Results of simulations indicate that the beam loses at not the vertical collimators but the horizontal collimators mainly [Y. Funakoshi].

BOR(LER H)

BOR(LER V)

BCM

BCM loss

Bunch oscillation recorder (BOR) and bunch current monitor (BCM), 
BOR signal is proportional to (bunch displacement)×(bunch intensity).

Dose in VXD diamond sensors of Belle II

1st train
2nd train

a turn

9

T. Ishibashi, S.Terui
Issue – Damage
• Jaws of the collimators were damaged by beam hit.

• LER: D02V1 (2021ab), D06V1(2021ab)*, D06V1 (2020ab)*, D06V2 (2019c), D02V1 (2019ab), D02V1 (Phase-2)
• HER: D01V1 (Phase-2)

• A huge beam loss and pressure burst happened near them with a QCS quench .
• The damaged tungsten tip embrittled. For the tantalum tip, it did not embrittle.
• The cause is unknown. A candidate is an interaction between the beam and a dust in the beam pipes.
• The damaged jaws of D02V1 were replaced once during 2020c and 2021b because of the high BG level.

D02V1 bottom side (38 μSv/h) D02V1 top side (95 μSv/h)
taken on 2021-06-08

* short tantalum tip which has 5 mm.

Before damage

After damage

[S. Terui]
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Machine Stability
- We sometime observe unexpected behavior of machine after maintenance day or a series of 

physics runs.

22

- Example: Optics distortion in LER

- We observe luminosity reduction due to the beta-beating.

After a few daysJust after optics correction

IP IP
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Source of Optics Degradation - Example -

23

- We have a slow tune feedback system, 
which keep measured tune a constant
by changing the model lattice tune.

- Discrepancy between the model and 
measured tunes gradually increased

just after optics correction.

Measured tune Model tune
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Machine Stability  - Analysis -
- QC1s field error of ~10-2 % explains the observed distortion well.

24

DK1(QC1LP)=7.2e-5 [1/m]DK1(QC1RP)=2.4e-4 [1/m]

IP

Expected beat-beating after 
correction with QC1s
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Source of Optics Degradation - Example -

QC1LP and QC1RP quench

25

- We have a slow tune feedback system, 
which keep measured tune a constant
by changing the model lattice tune.

- Discrepancy between the model and 
measured tunes gradually increased

just after optics correction.

- We suspect of drifting of QCS magnetic
field after its startup.

- QCS group plan to measure the time
evolution of magnetic field with 
the R&D QC1P and QC1E magnets.

Maintenance

Measured tune Model tune

QC1RP quench QC1P and QC2P quench
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Blowup of HER Single Beam
- We observe vertical beam size blowup in HER depending on the Betatron tunes.
- The operating point is carefully chosen considering not only luminosity, but also injection performance,

detector background so on.
- Some Synchro-beta resonance lines are studied to understand the real machine.
- Their location are qualitatively consistent with the that of numerical calculation
- More detailed study (bunch current dependency, etc.) are on going.  
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Simulation on synchro-beta emittance (HER)

nx –ny + ns = N

nx –ny + 2ns = N

3nx –ny = N？

nx = 45.533
ns = 0.0270

Present working point

Y. Funakoshi

Model calculation

Measurement

Tracking simulation

Study on beam size blowup (single beam, low bunch current)

Preliminary
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High Bunch Current Study
- Small number of bunches (nb=393)
- The LER vertical emittance is increased from 40 pm to 250 pm.
- Specific luminosity is then saturated high bunch current (beam-beam limit?)
- Estimated maximum beam-beam parameters are ~0.04 for LER and ~0.04 for HER
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Y. Ohnishi

High Bunch Current Collision
small number of bunches nb : 393 (12.25 spacing)

• We observed large beam-beam blowup in the LER from 
40 pm to 250 pm. 

• It depends on the HER beam current. 
• Horizontal emittance also increases in LER. 

We consider coherent beam-beam head-tail instability 
(BBHT(XZ)) and/or dynamic beta/emittance effect.  

Horizontal emittance (LER)

Vertical emittance (LER)

Vertical emittance (HER)
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1.2 x1034 cm-2s-1 at 0.57 mA2 (393 bunches)

4.78 x 1034 cm-2s-1 is expected  
for 1565 bunches. 

(ILER : 1.4 A / IHER : 1.0 A)

beam-beam 
limit ?

Collision with small number of bunches（393 bunches）

IHER/ILER (ILER = 340 mA)
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beam-beam 
blowup
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beam-beam 
limit ?

Vertical emittance is  
measured by X-ray 
beam size monitor.

Bunch Current  Ib (mA)
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• The beam current ratio is kept to be ILER : I HER = 5 : 4 (circle)  
• Beam-beam limit was observed at around 0.03 for HER. 
• The bunch current ratio can be optimized to improve luminosity. 
• The optimized ratio of beam current is 10 : 7 (triangle) at Ib+ > 

0.8 mA. <latexit sha1_base64="GJCErN3XGFhCNm0iPoKuYyX6J/w="> Yw4vsYQ63/sBh/iG78YD44WxYCz2U42BgnMXZ8xo/AOE2qEi</latexit>
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Summary
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- The highest peak luminosity so far is 3.12x1034 cm-2s-1 (June 2021).

- Luminosity tuning and difficulties
- Luminosity can be improved by beta-squeezing while avoiding hour-glass effect
- Effect of linear orbital and optical parameters on luminosity was well studied.
- Beam-beam parameters is about 0.03, which is much smaller than expected.
- Beam-beam blowup is studied by both simulation and experiments but,

its mechanism is still not clear. 
- TMCI-like instabilities limit bunch current.
- Abnormal beam loss events are worrisome in high beam current operation.
- The stability and reproducibility of the machine is troublesome in machine tuning.
- Aging accelerator components prevents smooth machine tuning and physics runs.
- etc. 
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