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SuperKEKB accelerator

- Linac

+ Electron and positron beams are
accelerated to 7 GeV and 4 GeV,

respectively.
+ Damping ring
+ Lower emittance for positron of 1.1 GeV.
+ Main ring
e- e+
Beam energy 7GeV 4 GeV
Stored energy 26 A 36A

Vertical beam size atIP 62 nm 48 nm

Target luminosity : 6x103° s-1 cm-2

Interaction point

Main rin ——
& ' L_~‘ eBelle-II
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Damping ring
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Superconducting final focus magnets (QCS)



Superconducting final focus magnet system (QCS)

SuperKEKB uses superconducting magnets only in IR for final focus

Interaction point

Main ring eBelle-II




QCS configuration in the interaction region (IR)




QCS configuration in the interaction region (IR)

Main Quadrupole Magnets x 8




QCS configuration in the interaction region (IR)

Main Quadrupole Magnets x 8
Each quad. has 4-5 corrector magnets

I



QCS configuration in the interaction region (IR)

Cancel magnets

Interaction point

00’6\“9’“6\69
Cancel magnets 0006 90\6
56t o

Two set of cancel magnets
These magnets cancel a leak field from the quadrupole to
the other (electron) accelerator ring.




QCS configuration in the interaction region (IR)

Ga cel magnets 00“
10

Four compensation magnets
These magnets compensate the detector (Belle II) solenoid
field in terms of beam path integral.
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QCS configuration in the interaction region (IR)

QCS-L and QCS-R cryostat
QCS magnets are installed into two cryostats
- T




Superconducting quadrupole magnets



Main parameters ot quadrupole magnets

Interaction point (IP)

QC2RE
QC2LP QC1LP QC1RE
— B #_, ————= =
Electron (HER) qc2LE QC1LE QC1RP  QC2RP Positron (LER)
Magnet Name G [T/m] [[A] Inner Radius  Effective Length
[mm] [mm]
c
O QC1LP/QCIRP 68.9 / 68.9 1625 / 1624 25 334
.c‘z
~  QC2LP/QC2RP 28.1/26.3 877 | 822 53.8 410
g QC1LE/QC1RE 72.2 [ 70.9 1577 / 1486 33 373
Yoy
@
r_-iu’ QC2LE/QC2RE 28.4 [ 32.4 977 / 1068 59.3 537/419




Quadrupole magnet =)

,,,,,,,,,

’’’’’

mechanical design =

’’’’’’’’’’’

» Coil

- NbTi Rutherford cable with — Yoke (permendur)
keystone angle

Collar (stainless steel) ¢

* Double pancake / cos26
winding
+ Stainless collars to suppress
Lorentz force

+ Magnetic yoke: Reduce leak . (.
field. Made of permendur at Ve (e, | -
, o \ Q&2 Insulation sheet (polyimide)
high magnetic field. )

Quadrupole magnet for electron ring
(QC1E)




Cross sections of quads.

R 14.
Beam pipe
(Room Temp-)

Collar

ouler radius Beam pipe

+ QCS quads has five types of cross
section.

- The red areas indicate conductors.

- The QCI1LP/RP has the smallest
inner diameter of 25 mm.

+ The QC2LE/RE has the biggest
inner diameter of 59.3 mm.

* QC2RE has the compensation
solenoid at outside of quadrupole
magnet (blue area).

- Corrector magnets are equipped

inside quads. except for octupole
corrector of QC1LP/RP.

(Room Temp+)
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Main Quadrupole Magnets
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Magnetic field qualities of quads. i

 Vertical focus quads. Horizontal focus quads. “units” definition

- -“ o 7)) 8 = — 4
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2 | | : o s R =30 , W . a NN 50 2z e __ o
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% 1é 4! QCILP | | B a " without S.F. : % : | | & T

s N S b VS — 5 ol e lma

% = D R, 10 mn, IF1710 A 1 3 without S.F. : % : - Tolerances Corrector magnet
i 2 | | . o 2 3 4 5 6 7 8§ 9 10

PRI B N A R R R B / can correct

g - QCIRP é a, “131 thS " E - _

o vitton : 2 — — .

€ 1 R =10 mm, 1710 A — S 5 with S.F. g4 QC2RP VI L n=3 : < 10 units
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5 I img | O BvibouSE. - 2 b R,730 mm, =910 A NE O i s F 1 :
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,.g ; % O . . -_nﬂ_m\ — o ’ W‘Z& < g

2 * * : S ¢ i
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N. Ohuchi, et.al. Nucl. Instr. and Meth. A 1021 (2022) 165930.
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Magnetic field qualities of quads. i

Vertical focus quads. ~ Horizontal focus quads. “units” definition
— | bn=Bn/B2 x 10¢
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N. Ohuchi, et.al. Nucl. Instr. and Meth. A 1021 (2022) 165930.



Magnetic field qualities of quades.

By +iBx =Bz ) (b

x+iy\"

Rref

n +ian)
—1

Field coefficient, units Field coefficient, units Field coefficient, units Field coefficient, units

Vertical focus quads.
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N. Ohuchi, et.al. Nucl. Instr. and Meth. A 1021 (2022) 165930.
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Cancel magnets



Cancel magnets

+ Cancels leakage fields from the main quadrupole
magnet to the opposing ring

- Cancels leakage fields from sextupole, octupole,
decupole, and dodecupole magnets

- Fabricated by Brookhaven National Laboratory

Cancel B3 off Cancel B3 on
200 S L L [N ) AL ] 200 S L L N AL ]
- : : : . |— Normal | - : : : .|~ Normal
. 150:‘""'*; """" o ST |- skew 7 . 150:‘""'*; """" o ST - skew [
n R S S S . = n R S S S . E
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@ 50 i@ B0
O S— XTSRS (S ) AP S S O
™ : ™ g : : : | | ]
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~150- —AB0f e R AR
B ST R AR SN R AP . B ST RN R SR R A
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Distance from [P Distance from [P




Sextupole components of Leak field on electron beam line
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The energized current is optimized so that integral of B3 become to zero.
Sextupole components are reduced by the cancel magnet.



Compensation solenoids



The compensation solenoids cancel

The compensation solenoids cancel the B-field of the Belle II detector
solenoid magnet (B=1.5T) by the integral magnetic field BzL.

Number of solenoid magnet: 4
Type of superconducting wire

0.93 mm x 1.38 mm NbTi monolithic cable (rectangular cross section)

ESL ESR1 ESR23

ESR23 consists of one
ESL consists of 12 coil blocks. ESR1 consists of 15 coil blocks. solenoid on each beamline



Axial B-field Profile of Belle II + Compensation Solenoid

3 [ [ [ [ [ [ [
- = Belle |l

— Belle Il + QCS
ol f \ - 3D Calculation

HER

e+ Opera3D




Parameters of Compensation Solenoids

ESL ESR1 ESR2, 3

Number of coil blocks 12 15 1 A l*ﬁ ﬁ"{ \l. \" 1w \\ E
Nominal operating current 404 A 450 A 151 A
Stored energy 118 kJ 244 kJ 1.6 kJ
Inductance 2.53 H 8.81H 0.14 H
Maximum field in the coil 3.53T 3.2T 048T
Load line ratio 0.53 0.51 0.11

X. Wang



Magnet center measurement with single stretched wire



SSW measurement: setup

Belle Solenoid

ocane I
|

o, " % A

actie i
| & 1

/

m\.\\\\\\\\ LR ' A AL 24

Wire length : 9 m

Field measurement pipe:
ID= 27 mm




Magnet center for each magnet wrt design position

X offcenter (mm)

Y offcenter (mm)

Electron-beamline magnets

® Belle/ESLR: Off/Off
A Belle/ESLR: On/On
0.5
A
é °
ol e
) §
-0.5
QC2LE QC1LE QC1RE QC2RE
_1 | | |
1
® Belle/ESLR: Off/Off
A Belle/ESLR: On/On
05+
O L
A
A
05+ A ®
®
. é

-3000 -2000 -1000

z (mm)

0

1000 2000 3000

X off-center (mm)

Y off-center (mm)

05r

0.5 r

|
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Positron-beamline magnets

® Belle/ESLR: Off/Off

A Belle/ESLR: On/On e
A
®
‘
QC1RP QC2RP -
QC2LP QC1LP
® Belle/ESLR: Off/Off
A Belle/ESLR: On/On
A
A
A
¢ o
A
®
-3000 -2000 -1000 0 1000 2000 3000
Z (mm)

Magnet field centers are varied,
with the solenoid field turned on/
off.

* dx ~ 0.1 mm, dy~0.3 mm

The maximum offset from the
beamline is 0.7 mm for QCIRP in
the x-direction.

The maximum offset from the
beamline is -0.6 mm for QC2LP in
the y-direction.

These offsets can be corrected with
dipole correctors and normal
conducting magnets near QCS.



QCS Operation



One week stability of power supply for quadrupole magnets

Current stability of eight-quadrupole magnets T HE8SDLARDETAE(L ppm/div)

( one week) e Output current
e Correction value by digital feedback

QCI1RE QC2LE QC2RE

| |

L] I L) L} Ll l Ll L L) l L L) L) I L) Ll L 5 Ll l L) L) L l L L) L) I L v Ll l L)

(=
185340~ (wdd) ANDDD

128340~ (wdd) ANODD

OCIFIE: IP(J‘Ii-IP.B llpm)
> o

QCILE: TMON-IRB (ppm)
! ' ' '

=)
195340~ (wdd) ANODD

195340~ (wdd) AN0DD
395440~ (wdd) ANODD

QCILP: TMON-IRBE (ppm)

1 week

We achieved good stability of 2 ppm per 1 week by digital feedback.

195440~ (wdd) AN

338440~ (wdd) AN0DC



Accidental power shutdown of QCS magnets during beam operation

20
2 Others
W Earthquake
B Beam

15

Collimator-position adjustment,
Installation of Belle abort system

/

Event number
®)

T

2018 2019 2020 2021 2022

0 _illfm = H=H

Apr
May
Jun
Oct
Nov

|
|
Dec .
Ell

Feb
Mar
Apr
May
Jun
Oct
Nov
Dec
Feb
Mar
Apr
May
Jun

Apr
May
Jun

Jul
Apr
May
Jun
Oct
Nov
Dec
Feb
Mar

- Causes:
-Quench induced by beam (~1-10 mJ )

- Earthquake: not quench but induced voltage by change of coupling B-field between Belle solenoid and QCS solenoid
over the threshold of a quench detector

-Others: Power supply trouble (fixing every event and frequency is reducing), supply water trouble
- If a collimator in a ring is damaged, the frequency of the beam induced quench events increase.
- Recovery time from quench: 1 — ~10 hours ( depend on quenched magnet ) X. Wang



Long term drift of vertical model tune

We observed that the vertical-setting (model) tune changed after powering off/on
the quadrupole magnet in SuperKEKB operation.

[t corresponds to the variation of 104 of the quadrupole field of QCS in a few hours.

-LER
-HER

Beam _ ' A , .
current SV N === . t

% = : : _ -Model tune
T R o . I i s S — i-| - Measured Tune
Vertical | 7 | ' | ' ' * |
tune N o oo U WS SUS U I—————— A —— —

[

= AV ——_— ALl = H A . TR s e

4 46.56 P P ) T l """" P o . P l """ P _— o l """" ™ o l _ . . o .

L 11/1 11/6 11/11 11/16 11/21 ohggs 12/1

11/26/2021



Drift of strength of quadrupole magnet

* We performed measurements with the QC1P R&D magnet and found that the quadrupole field
is varied by 3x10-4 in 8 hours.

+ We deduced that it is caused by flux creep in superconductor cable.

* We avoid this by changing the ramping pattern of the magnet.

20220120-qc1p_prot_main_2_avg 20220209-qc1p_p

Current ramp pattern 0—1600 A Current ramp pattern 0—1640—1600 A
0 5><10“°’ 0 5x10'3
]800 1.'_ . I | T TTTTI | I IIIIII| | I IIlIII_ '[800 1l—o . I | | ||||||| | I ||||||| |
1500 1500 g [ o, o ]
= 0.4- e, ?‘-'W Az s
g 1200 g 1200 O : |
900 5 900 I ]
5 - 0.3 R
° 600 © 600 - 1
» - 10.01 %
0.2_— -
0 0] 3 6 0 0 3 6 9
° ° ° 01-_ _-
Change the initial | -
Variation: 3x10-4 : _ I amplng patter n Variation: 0.2x10-4 0:_ ‘
per 7 hours : ; per 10 hours : -
_0.1 | | Illllll 1 | llllllI | L Ll _0.1 | | |IIIII| | | IIIlII|
1 10 102 10° 1 10 102 10°

Time (min) Time (min)



Summary

+ QCS consists of 8 SC quadrupole magnets, 43 sc correctors/cancel magnets, and 4 SC compensation
solenoids.

+ Field quality

+ Multipoles: unexpected multipoles were measured for QC2RE. Caused by irregular shape at iron
structure inlet.

+ Magnet center measurement (alignment measurement)
+ The magnetic field center was measured by SSW at the accelerator ring.
Operation
+ We have many quenches induced by the beam.
+ Induced voltage by earthquake sometimes over the threshold of the quench detector.
+ We found that the strength of QC1 varied by 3x10-4in 8 hours after we energized the QCS magnet.
- We avoid this by modifying the ramping pattern.



