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The SuperKEKB ete” collider

e Linac
» Total length ~700 m

e Generation and acceleration of et & e beam

 Positron damping ring (DR) s
By -
* et energy 1.1 GeV L
 Circumference ~136 m
e SuperKEKB main rings (upgrade to KEKB (1998-2010)) |
0 (HER) DR "“_{:-f‘/ r
7 :}‘ (7
ot e [
» Circumference ~3016 m for each Linac J

e The Belle Il detector (H. Nakayama's talk on 22 May)
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Luminosity achievement and future prospect

Long shutdown 1“LS1” (July 2022 — December 2023)
Upgrade/maintenance of SuperKEKB and Belle I

M I“ M M M * Aiming at 2.4 x 10> cm™s™' by summer 2026

* 6x 103 cm2s'in early 2030s

MMMWMIMM .

—— | nea ki Target) ‘

-2

Int. L[ab-1]

LS2
(under discussion)

| —— delivered
recorded

T i i T T T T T T T
05/01 09/01 01/01 05/01 09/01 01/01 05/01 09/01 01/01 05/01
2019 2020 2021 2022

Peak Luminosity [x10”°cm s7']

The world’s highest luminosity in June 2022:
L=4.65x10>*cm2s' (., =146 A, 1..=1.14 A)
JL=424fbT




Research project overview

« Established and succeeded since FY2003

- Labs and universities in US and Japan will jointly develop key technologies/physics models
for SuperKEKB and future high-luminosity colliders.

« Human resource development for future accelerators
(not only for colliders)

Vacuum components

HOMdamper\
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Bunch-by-bunch orbit feedback >k > 3
IP orbit feedback (dithering) O-.'I: O-

Superconducting magnets near IP y \ X-ray beam size monitor
Accelerator physics Large angle bremsstrahlung monitor




* Dither the horizontal orbit in LER as monitoring a luminosity
* Amplitude of the luminosity fluctuation synchronized with dithering
tells us a better direction of the orbit bump for high luminosity
* Fluctuation decreases as the luminosity approaches the maximum
* Finally, the phase of the fluctuation flips across the maximum

FY2021-2022 (essentially luminosity campaign)

|
:
: Luminosity"
£~ (ZDLM, LumiBelle2) .’

* No opportunity to study the dithering system
FY2023-
* We will prepare hardware for the vertical dithering system in LS1.
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1. Future prospect: 2-axis orbit & angle feedback

i
!:I
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Example of the
present vertical FB

INIHHND:1DDaHNE
INIHHND:100a g

af18/2020

Time

* In the present vertical feedback system (not a dithering system), the vertical orbit is fed back
by keeping the strength of the beam-beam canonical kick constant.

* Kick strength optimal for luminosity depends on the stored current; thus needs to be
searched and set for each current in situ.

* Dithering system can automatically find the optimal kick strength.
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1. Future prospect: Digital Dither Processor upgrad

* A new “Digital Feedback Signal Processor”has been 42 4 * 16DAC Channels
proposed to overcome the issues, suffering from drift, & 2] » "l ° 8ADCChannels
noise and degradation over time due to temperature, S »Te gt
aging and sensitivity to noise and power supply
variations.

* The very small amplitudes needed to drive iny

* Bring-Up of the I/D board not started yet,
FPGA Development ~50% completed

and y’are especially sensitive to errors * Nest Stgps: |
It will offer increased flexibility to try out different Integration/testing of the sub-components
processing techniques and architectures Software developments

- low-level system test
- migration with orbit FB SW (at KEK)



2. Bunch-by-bunch beam-orbit feedback

BPM BPM
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SuperKEKB Transverse Bunch Feedback System

O-® \[ >
:‘ ‘ _ OWx Lessons from KEKB:
Sinusoidal noise signal increases the beam
size and degrades luminosity.
(Tobiyama & Ohmi, MOPD73, DIPAC2011)

Amplitude(% of vertical size)

* Broadband noise in the feedback system could unintentionally excite the
beam, especially near vertical tune (+ beam-beam tune shift)

* Reducing the noise in the feedback system is essential.
* Stripline-coupled filter cuts the lower frequency noise
* Insertion loss (~22dB) causes worse NF upstream of the system.
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2. Improved n0|se figure in the feedback detector
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~13.2 counts in ADC of iGp12 (without beam) ~2.6 counts in ADC of iGp12 (without beam)



3. Vacuum components: lessons from KEKB

__ Bellows Chamber ,& KEKB bellows  Experience in the KEKB era:

Mask Chamber

 HOM severely damaged the RF
shield of the bellows chamber
I near an LER V mask.

Bellows Chamber

Beam Orbit
Mask Head

* HOM leaked from a finger-type RF
shield bringing significant heating
v at a high beam current

The Higher-Order Mode (HOM) is
excited at the mask head where the
beam is passing the off-center of the
beam chamber.

“Comb-type” RF shield
Comb-teeth #2 (S u perKEKB)

-, * Mitigating TE-mode
HOM leakage

 Thermostable thanks
to thick Cucomb
teeth

* Low impedance

Beam tube o Contact force
(outside) Spring-finger

\
Contact-finger

Beam tube Inner tube
(inside)
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3. Novel ferrite HOM damper

A new chamber with ferrite tiles to damp strong electromagnetic fields excited at the collimator

Q-value measurements Ferrite bounding test

Ultrasonic test for the bonding soundness check

Partially defect Ferrite bonding surface

[~ Measurement: () value without LIF70 Th e Q ValueS Of the TE

2 Measurement: () value with HF70

——Houot catl

modes with HF70 were [ = Beam pipe Temper
damped. The Q values of
the TM,,,, of the beam
acceleration mode were
undampened in
measurements.

Pressure [Pa)
Current [A)

T
=

E
L7
[+3]

100 1501
Time [Hours]
1.3 2

Frequency [ GHz|

(S. Terui et. al., accepted in NIM A)
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4. R&D of superconducting sextupole magnets

Belle Il
Upgrade of the sextupole magnets in the Tsukuba straight sector P,
(they work for tuning chromaticity and “Crab Waist.") | T
: Tsukuba straight “N; —
* Replacement of normal sextupole magnets with ol e ALt
) s\ .- sector e A
superconducting sextupole magnets . JL
* The SC correctors can be built in the sextupole magnet system. m—

* Enables a quite fine-tuning in the mid-plane phase and
at the sextupole center

Superconducting sextupole

Constructed R&D SC coil in

Improved c0|I production 9
JFY 2021 tooling in JFY 2022
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4. R&D of superconducting quadrupole magnets

Remodeling the beam final focus “QCS” system of SuperKEKB

Plan #3: The correctors of QC1P are moved from the inside to the outside of the QC1P magnet

* Quadrupole magnets will be reused.
* Reducing BG on the Belle Il detector and SC magnet quench
* Enlarging the inner diameter of the QC1P beam pipe (R,=13.5 mm — 18.0 mm)

* Need to design the SC corrector magnets.

"1 colilPlot Pseudo 3D View |
= M0mm —=+«—— 242mm ———

BNL performed the corrector magnet
preliminary design in JFY 2021.
Magnet design needs further elaboration.

E,
E-
3
2
5
<]
x -
¥

Wire Dia. = 0.35 mm
Cu:SC =1.00

Plan #8: Big remodeling QCS
* All superconducting magnets are closer to IP.
* Expanding dynamic aperture for longer beam lifetime

* Need all magnets redesigned and constructed g

“Z-Rotated” (mm)
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5. X-ray beam size monitor /% S e,
: /?/, ;“‘
1. Bending magnet f/g—=—
2. Synchrotron radiation » I -
- E. X-ray beam line~40m -

HER or LER

4. X-ray images projected to a YAG/LUAG scintillator

wn zZy =~4o

5. CMQOS area camera

[ed14N

Cheep & robust N oS 14aum S
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Sharp image — Small o

Broad image — Large o
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5. Silicon-strip X-ray beam size monitor “SiXRM”

e 50 umx 128 ch

e 2.7GSa/s ~0.37 ns
shorter than 6 ns
bunch spacing

E
E
E
o
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=
m
=
o
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Single bunch view: 5| sensor: 2000-05-26 041554 Single-bunch Si sensor: 2020-05-26.041554

Single bunch zingle bunch

Analog peak value

2 4 ] 1000 2000 3000 4000 5000 G000
Relative Sample number Channel position [um)]

Successfully catching the signal of one bunch
Activate every other channel due to a cooling issue
Oscillation & imperfect ch-by-ch gain calibration
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Revised pre-amplifier initially tested

I\‘ \|T'¢.

FPGA re-programming for better stability

55 : . -IDI.p 28 0#6

Channel-by-channel gain calibration

SuperKEKB beam study (electron cloud, etc.)

Extension to the horizontal axis, pixel det., RFSoC, etc.
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6. Large Angle Bremsstrahlung Monitor

WINDOW UP

* Bremsstrahlung is the radiation of the particles of one
beam due to the bending force of the EM field of the other
beam.

* In arecent paper, LABM demonstrates its ability to

o reconstruct the SuperKEKB beam parameters using the
VIRROR DOWN LABM inputs through a neural network approach.

* Nest step is to introduce all the 32 PMTs to analyses.

MIRROR UP

WINDOW DOWN

Specific luminosity o, atIP in HER

Neural Network Neural Network
= Experimental data from ECL = Experimental data from XRM
=== Prediction from LABM, MAE=3 4% ’ === Prediction from LABM, MAE=3.4%

=== 100 points avg. prediction from LABM === 100 points avg. prediction from LAEM
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(S.Di Carlo et. al.,, NIM A 1042 1, 167453 (2022))
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Impedance modeling for small-gap collimators applied to SuperKEKB

7. Accelerator physics

Achievements supported by the US-Japan project:
Theories and numerical simulations of CWR impedance and instability applied to EIC ring cooler

Optics design with spin rotators for e- polarization
Nonlinear optics optimization for SuperKEKB

0
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Wake potential with 6.=0.3 mm:
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SKEKRB Vertical Collimator
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Blue: New model by GdfidL
Red: Model by ECHO3D
Green: Old model by GdfidL
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US-Japan collaborations create mutual benefits for the success of
collider projects in the US (EIC) and Japan (SuperKEKB).

(A. Blednykh et. al., PRAB 26, 051002 (2023))
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8. Summary

* SuperKEKB, a luminosity frontier machine, achieved the world’s highest luminosity
L=4.65x 10> cm™sin June 2022.

* We have already started R&D of various components towards our next target
* 24x103% cm?s (by summer 2026) and 6 x 103> cm™s™! (in early 2030s)

* The US-Japan research collaboration has given and will give the significant
contribution to the success of SuperKEKB and future high-luminosity colliders.

Acknowledgements:
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Many work in the Long Shutdown 1 (2022 Jun - 2023 Dec)

SuperKEKB Belle Il
® Radiation shield at the IP and other exp. halls ® Replacement of the PXD and TOP detectors
® Radiation shield for the bellows at the IP ® Replacement of the IP chamber
® Upgrade of the QCS-cryostat front plate Sl
® Refurbishment of the beam collimators
® Non-linear collimator in the OHO straight section ® Ceiling work at the FUJI and OHO halls.

® Upgrade of the beam-injection line

® Refurbishment of the coupling cavity of the ARES cavity

® Upgrade of the X-ray beam size monitor

® Reinforcement of beam-loss monitors

® \/acuum leak detection for QCS magnet- and service-cryostat
® Replacement of the D5A ARES cavity

® Replacement of the RF input coupler at DO8-D, E1, E2

® Upgrade of the MR safety system

® Update of the revolution signal distributor

® Setup of a new NAS system
etc...
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X iGp12: Coefficient Generator@pctobiyama-53.kekb. kek,jp
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@i SC corrector magnet design study by BNL

Multi-types of SC corrector magnets
have been studied by the BNL group.
Corrector magnet for SC sextupole
magnet

Studies in JFY 2021:

e The correctors were designed for assembling
them in the sextupole magnet bore.

e  Corrector magnet parameters were studied
by BNL.

In JFY 2022:

e  BNL proposed the system design where the
correctors are placed in the bore to the
outside of the collar.

e Indiscussion with KEKB vac. group, it was
turned out that the LER magnet design can
be used for the HER.

QCS upgrade

The corrector magnet preliminary
design of the plan #3 was performed
by BNL in JFY 2021.

For designing the correctors in the
revised plan #3, the magnet system
design should be more studied.

The corrector magnet design study for the sextupole magnet by BNL
Normal quadrupole(b,) corrector magnet (for correction of the
sextupole magnetic center)

CoilPlot Pseudo 3D View

“Y-Rotated” (mm)

“Z-Rotated” (mm)

Wire Dia. =0.35 mm
Cu:SC=1.00

A b2 coil length of 334 mm yields an
effective magnetic length of 225 mm.
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The corrector magnet design study for QCS upgrade plan #3
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Super

i SC sextupole mag

i F_ LER Sextupole Beam colli
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SC sextupole magnet design
parameter(LER)

Inner radius of the coil : R;=65.2 mm
Outer radius of the coil :R,;=131.25 mm

Inner radius of the yoke:R=135 mm Magnetic flux line of the
Outer radius of the yoke:R,=200 mm SC sextupole magnet

Max. field in the coil: B,,,,=4.73 T
Field gradient : B”=825 T/m?

2023/5/22-23 US-Japan research collaboration workshop
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Constructed R&D SC coil in JFY 2021
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Improved coil production tooling
in JFY 2022 24



Non-linear collimator

® Non-linear collimator is an idea to prevent transverse-mode-coupled instability (TMCI).

Vertical Emittance for opening/closing DO6V1
W Fle Edil Command Window 2022.0228 10:49:12  Help (\)XZO_SZ?! Uy20_595, UV:1, DVU)
LER Pilot Bunch Tunes
DO6V1 close, ZByk,=3.35e+01 V/C (calc.)

Conventional normal collimator s e e e s -
+ DO06V1 open, ZB,k,=2.30e+01 V/C (calc.) |.3'-

44.5267 (raw)/ 44.5267(fit) 500 . _?:;
® Narrow collimators are placed in large-B sections 2l K\: o
= : 400
® Narrow collimators have a large kick factor k. . _
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° . Vy Bunch Current [mA/bunch]
Non-linear collimator _ -
Need new magnets, converters, cabling ) <exe

—

Skew sexts (SNLC)
Existing magnet, independent converter

® Enlarges beam size using a non-linear kick of
skew sextupole magnets

sler_1705_60_06_;\50_NLC1.536
| T T T = 2 y
/\ N — VB f} Relocating existing magnet,
TR - = VBl independent converter

VB VB, tm)
CA
S—

\ iy E
o ) ~ E [] New magnet, new converter (only SNLC)
554\/\////\’ I &f\/é
i — \T = drupol L | B (T/
a

® Fnhables beam collimation in low-B section and e e =
wide collimator aperture Eof = T |=
® Bk can be decreased, leading to high TMCI S TR
thresholds S . e
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Non-linear collimator

T. Ishibashi

Impedance Model and Predictions

Without NLC
17 Total Kick-factor for §, 1388417 VIC
14 TMCI: 0.82 mA
1.2
10
]
A 6.856+16 VIC
& TMCI; 1.65 mA
o 5.79e+16 VIC
™ os TMCI: 1.96 mA
4.70e+16 VIC
TMCI: 2.41 mA
04
¢ -
. lszeets | iserts
06 027
B, [mm]
With NLC

1817 Total Kick-factor for 8, with NLC

1.07e+17 VIC
TMCI: 1.06 mA

Ratio [%)

Ratio [%)]

g

4

g

3

8

Contribution to Total Kick Factor of Components

1.0 08 06 ozr
B, [mm]

Contribution to Total Kick Factor of Components with NLC

m— others
- R
= vertical collimators

== others
- R
m— vertical collimators

4mrvg(E [e)

I = o<
TD Zi)gy,iky,i
vs = 0.022,E/fe = 4GV, Ty = 1e-5s

Total vertical kick-factor for bunch length

4 5 6

7 a8 9
o [mm]

® B/=1.0mm

—— fit: y=(2.01e+05}x**(-1.06)+(1.72e+04)
X By=1.0 mm

—==- fit: y=(1.53e+05)x"*(-1.04)+(1.00e+04)
® B;/=08mm

—— fit: y=(2.50e+05)x**(-1.08)+(2.17e+04)
# B, =08 mm

=== fit: y=(1.91e+05)x**(-1.06)+(1.29e+04)
® B=06mm

— fit: y=(3.05e+05)x"*(-1.08)+(2.42e+04)
X B, =06 mm

=== fit: y=(2.34e+05)x"*(-1.05)+(1.39e+04)
® B /=027 mm

— fit: y=(6.49e+05)x"*(-1.10)+(4.75e+04)
X B, =027 mm

===~ fit: y={5.09e+05)x**(-1.06)+(3.12e+04)

I S T I T

w/o NLC 3>By-ky [V/C]
lt, TMCI [mA]
w/ NLC 3By-ky [V/C]
lty TMCI [MA]

4.70e16
241
3.37el6
3.37

5.79el6
1.96
4.19e16
2.71

6.86e16
1.65
4.98e16
2.28

1.37e17
0.82
1.07e17
1.06
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