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Top view of SuperKEKB collider

SuperKEKB: asymmetric-energy electron-positron collider
constructed by upgrading the KEKB B-factory
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Aiming for 40 times higher luminosity than KEKB

.. 2 -1
Luminosity [em s |

1 036

16%

103

1 033

107 |

1 030

History of Peak Luminosity (e+/e- colliders) SuperkKEK

1970

1980

P
@,a. ...' LEP 1 | &
IS TRISTAN| | [BFFE

1990 2000
Year

O;C ]
*

- |
& |
L
L] |\

Ll

1.23x1034
achieved

(2019/7/1)

|

Collision tuning was
started in 2018 Mar.
after upgrade and
test operation.

2010 2020



Redesign the lattice to squeeze
emittance (replace short dipoles
with longer ones, increase
wiggler cycles)
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AII of LER main bends (100, 4m) are
installed instead of shorter one.

v" Nano-Beam scheme
(extremely small )

v Doubling beam currents

- Low emittance
RF electron gun
- Upgrade positron
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Replace beam pipes with T|N coated
beam pipes with antechambers



Stability of main bending magnet PSs (860A, 1.1kV)
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- Newly developed 24-bit board and digital FB control are used.
- 2.0~4.0 ppm stability obtained over Phase 3 operation.
- Good repeatability after power off and initializing operation.



we are here

Commissioning in a phased manner 3
2016 2017 2018 2019
- JFY2016 - JFY2017 - JFY2018 - JFY2019
w/o QC5 | | | | | w/ QCs| | | | | |
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commissioning

DR instéllatioh and fstartup

e Phase 1:
Basic machine test without collision/
Low emittance beam tuning/Vacuum scrubbing

« Phase 2:
Squeezing beta at IP/“nano-beam” collision tuning/
Physics run w/o VXD starts under BG study

« Phase 3:
Physics run starts with a fully equipped Belle II detector
Further collision tuning and collimator tuning/cont. inj.
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Beam Churre

History of phase 1, 2, 3 beam commissioning
Phase 1 Phase 2 Phase 3
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* No collision « Squeezing « Physics run starts
Vacuum scrubbing with full Belle II

« Further tuning and
continuous injection

Collision tuning

« Physics run starts



Status of ring vacuum pressures
Average ring vacuum pressures normalized by a unit beam currents.
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Vacuum pressure should be kept lower than 1x10-7 Pa, in order to
increase beam lifetime and decrease beam-gas detector background.

HER vacuum pressure has reached the target value.

Further scrubbing (5 kAh for 1/3 pressure) is necessary for LER,
where newly installed beam pipes are used.



Continuous injection

In Phase 3, “continuous injection” starts, so that
e— and e+ beams are continuously injected into HER and LER.
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« It is realized after successful background reduction by
elaborate tunings of injection parameters and collimators.

« Stored beam currents are kept constant, and
integrated luminosity is increased.



Squeezing beta function

2040

Luminosity is increased by smaller vertical beta function at IP.
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Specific luminosity
Spec. luminosity: normalized by bunch current product x # of bunch.
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Status of physics run on phase 3 commissioning

Belle Il online luminosity

Exp: 7-8 - All runs
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Iijima, reported in the 23rd KEKB Accelerator Review Committee



Luminosity projection (2019 Oct. - 2020 Jun.)
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Assumptions

« No machine study time for future beam development
« Detector background independent of By*

« X2 improvement of CDC current limit

« No current limit for protecting detector



Summary

SuperKEKB is an electron-positron collider that aims for a 40
times higher peak luminosity than that of KEKB.

Indeed, many of accelerator components have been upgraded.

Newly developed 24-bit control board and digital feedback control
scheme are used for main bending magnet power supplies, so
that 2.0~4.0 ppm stability was obtained over Phase 3 operation.

Full scale physics run has started.

The “nano beam scheme” collision was demonstrated down to
B,*= 2 mm.

Continuous injection for both rings is used in regular operation.

Peak luminosity of 1.23x10°* cm™ s*! was recorded at B,*= 2
mm, LER 820 mA, HER 830 mA, 1576 bunches.

Although there are several issues for challenging higher
luminosity, we will keep trying to solve them.



Key issues for higher luminosity (1/2)

« Stored beam current

No issues at present. Current will be increased, watching for overheating
of vacuum components. Several RF klystrons for high-power RF system
will be add in future for the design beam current.

« Tuning

Injection-, optics-, tune-, collision- (offset, angle, waist, phase, ),
collimators-, such a further beam tuning is necessary. V-angle tuning
improves a Lsp. Beam-beam parameter is still half of its design. Beam
blowup is observed in LER, which is not yet understand.

« Quench on the final focus superconducting magnet

Collimator tuning reduces the number of quench occurrences at present.
For more squeezing of beam, additional collimators may be required.
Additional fast beam abort signal may be helpful for a quench protection.



Key issues for higher luminosity (2/2)

« LER beam transport lines

Injection beam emittance is a little bit larger than expected. Extracted
beam emittance from a dumping ring is small enough, so that BT will be
check the reason.

LER single-beam study

. Background I=450mA, beta_y* = 3mm

Further scrubbing (5 kAh for 1/3 pressure)
IS necessary for LER.
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« Beam-dust events (called UFO's at LHC) ? Touschek scaling
(beam size scan)

Pressure bursts are observed occasionally. Preliminary test result presented

by Nakayama in the 23rd KEKB
Accelerator Review Committee



Beam-beam blowup
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We used one-cycle injection (Kaji-san);
the injection is one time for each bucket.

8

Y. Funakoshi, Y. Ohnishi, A. Morita, H. Koiso

In case of 789 bunches, it takes about 2 min for 6.25 Hz rep. to fill all buckets.
The bunch current is adjusted by linac beam with RF-gun and FC STB to make a small bunch current.
Beam profile is measured by LumiBelle2 (fast luminosity monitor) with ver. bump height or RF room phase scan.

The bunch current is less than 0.04 mA/bunch
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presented by Ohnishi in the 23
KEKB Accelerator Review Committee

Beam blowup is observed
in LER, but it is not yet
clear why it happens.
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Final focus superconducting magnets around IP
Completely redesigned for SuperKEKB

(L, 1

QC2LP ESL QClLP I|P __—ESR——QClRE,

d.
and a1/ bl/aZ/b4
corrector coils
QC1LP

and a1/ bl/a2/b4

QCILE ——

*  Anti-solenoid coils
"~ (ESL, ESR, ESR-add)
are also prepared

4 against Belle II
45/ detector solenoid field.

Leak field cancel coil for QC1L S ‘ /
and bs, b, bs,bg



System overview

AC board Monitor Interlock ~ Magnet PSs SC magnets

Sys. integ. sys.

_H ﬂ . Quench
r detectors
D2 Building Power cable
Trig. _
Network cooling cont.
Power ON Permission SYS

System consist of
« SC magnets, quench detection and cooling control system,
« Magnet power supplies,
« AC power distribution board,
« Interlock integration and distribution system,
« Current monitor system and
« Remote control system.
The system is integrated with other systems.



Installed power supplies
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List of SC magnet power supplies
Rated output # of PSs
2 kA, 15V 8

Main quad.

+70 A, £10V (+2i|::3>are) correction coil
410 A, 15+15V 1 ESL
455 A, 15+30V 1 ESR1
155 A, 15V 1 ESR23

Special power supplies for -

« Main quadrupole magnet:
2 ppm ultra high stability and 1 ppm low ripple.

« Correction coils:
5 ppm high stability with low cost.

« Anti-solenoid:
ESL and ESR1 has a middle tap. Current for each two sections
divided by the tap should be controlled independently.



Development of main quad. power supply
Aiming spec.
Rated output DC 2 kA, 15V
Current setting resolution ESE(Ns]s]sg
Current stability < 2 ppm/8 hrs.
Current ripple (< 10kHz) < 1 ppm (rms)
Current noise (> 10kHz) < 1 ppm (0-peak)

R&D items

1. High current setting resolution
2. High stability
3. low ripple




R&D item 1: High current setting resolution
- Example of step response: 16-bit KEKB PS (1 kA, 700 V)

Current setting value is changed by 1 bit.

975.14— -
15 mA

- (15 ppm)
975.12}—

_.J ..... Latavadasase Lasoedimans I. ..... R Jop— Lossallsenss |
13M4gMps 45™m 5C
10/15/2008

w
~J
o
—

Output current(A)

« Aiming 2 ppm stability, 0.1 ppm of setting resolution is required.

« 24-bit control board is developed using two 20-bit DACs. Analog
Devices AD5791 is suitable due to its monotonicity spec.



R&D item 1: Developed 24-bit board

nalo Devices
AD5791BRUZ

1/220

Setting value —+;O— DAC v
in 20-bits (major) . 1/04
1/24 —

Setting value _+,0_ DAC -

in 4-bits (minor)




R&D item 1: Test result of 24-bit board

« Increasing DAC input digital value by 1 LSB, DAC output voltage
IS measured by Keithley 2002 DMM.
+2

DAC output (pV)
A

0 1 2 3 4 5 x 1000
Time (S)

Monotonic 1 LSB response,
that is corresponds to 0.6 uV/10 V E.S, is obtained.



R&D item 2: High stability
- Example of stability: KEKB SC Main Q. PS (4 kA, 15 V)

4 290232328
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5/17/2009

moving average

« Typ. stability is 10 ppm (peak to peak)/week.

« Resulting in 1 ppm/K of temp. coeff., although a temp.
controlled box and low temp. coeff. parts were used.

« In order to suppress such a fluctuation in the output current,
following digital feedback control is developed.



R&D item 2: Digital feedback control

24-bit control board

Major setting + +
value (20 bits) DAC —’@_’Q—’I >—

1/24

Minor setting e |

value (4 bits)

Error

Digital feedback
loop
(typ. 60 s rep.) | 8.5-digit DMM |

Output P

terminal N

DCCT(D) DCCT(P) |2

Current control
analog loop
(normal mode)

Only for
current
monitor

DCCT(N) DCCT(mon)



R&D item 2: Test result of the digital feedback loop
« Performed by using a medium-class power supply (15V, 500 A).

Digital Feedback OFF Digital Feedback ON

> )
0 - >
T Digital feedback loop |5 ©
2 E well corrects DAC input| £ 2
DT hiz by 24bit resolution |2 &
Q -.qé‘i'ﬁ'I A a) @©
E E ? * :. ; rd - \ ,5 8
c g - S o S
5 - - - =
N T s
35 i ok |56

) ° * — Y—
23 A aeERE 153
a0 0.5 ppm (5 uV/10 V) B A R R
) : »| O 9
O 1 hour S

0 1000 2000 3000 4000 5000 6000 7000
Time (s)

1 ppm / h stability with low o = 0.16 ppm



For high precision current measurement

« Low temp. coefficients equipment.
0.3 ppm/K (Keithley 2002), 1.5 ppm/K (TOPACC DCCT)
« Suitable grounding is a key point:
100 GQ input impedance (DMM), 0.1 ppm =10 pV EERIUTEERT

Ranset 20 UDC

This digit

E;E // \‘ ‘
oL o,ﬂ " s
» 7 : ‘ L )
[T — Ground
i = connection
p ! should be
SL OB and D separated

each other.




R&D item 3: Low ripple for low impedance load
- Example of the load impedance (QC1LP)

100k I Ly I I I 90
L S e %
—~ 10k} Normal-mode '\‘ ﬂf_:_ - Common-mode ¢ 60
£ Vo P 7
S 1kl ' iy L 3 30 £
~— ' 0y ' O
o] 19, ) ' -
S5 100 ] R I - ) ! 0
£ 1 : v/ )
] ] ] ©
8 10 ‘ : f 1l 30&
> — ! i — 1 Biddan
] ' t i
|
1 ] = ¢ 14 60
\ ' H
N doo
0.1 | | | S4as Bttssendeonenndananaduaes’ | Y| _gg
10 100 1k 10k 100k 1M 10 100 1k 10k 100k 1M
Frequency (Hz) Frequency (Hz)

Normal-mode impedance < several tens of Q in the low freq.
(<10 kHz) range: Possibility of large current ripple.

Common-mode impedance < several tens of Q in the high freq.
(>10 kHz) range: Possibility of large switching noise.

Symmetrical design of circuit is essential to reduce ripple and noise.



R&D item 3: Symmetric circuit design

v' DCCTs on both output

terminals. " 5 3‘? o

v’ Symmetric circuit structure

with respect to ground.
v Shielded high-frequency

transformer
Switched-mode 2 power modules Quench
i llel tecti
3 phase 420 V Diode bridge — used in para-_e prtg"iu;ton DC
AC input rectifier I E::I =40 |'| output
v j 5:{ L
| | — /_il_*** d | . T8 I—.l.—lg: ARo P
| = 3 S E LA 3T W
| 5% .. | 47 1
B Line filter 4 +% ) CC
4 - - DCCTs
/4 Passive filters on both
High frequency transformer for normal/ positive/

with shielded windings common-mode negative side



Performance test results 1: QC1LP current ripple

« Dividing the measured voltage ripple by the magnitude of the
load impedance, the current ripple is obtained.

~30
3
ol -40 &
_~ i 0
@ 100 L /MY -50
E = 7 o
c E 10 / N ~60 T
alle) KK - i (O]
Q ~ HEEY Wi %
08 1E-fx-x L -70 £
O 4 e >
=8 0.1F ol -80
= 0
= 0.01
O 10 100 1k 10k 100k 1M

Frequency (Hz)
« Less than 1 ppm of normal-mode ripple and noise.

« Common-mode components are also measured: 0.5 ppm@57/
kHz in the maximum.



Performance test results 2: QC2RE stability

10.5

hrs

-
!
[ ]

"i"';‘."

]
1 ;
.r,,. .

'A"

W'%"#*‘ my, 'H’ 1.5 ppm

(0.5 ppm/div)

Output current

N
N)
o

415
410

AC voltage

405

2018/3/6

12:00

Time (3 hrs/div) |

Operation of an arc furnace outside of KEK.

Operation of phase advance capacitors/harmonic filters in facility.

~1.5 ppm / 10.5 hrs of current stability is obtained.
The rapid change in AC voltage leads to makes stability worse.



Feedback control of the
DC voltage for chopper

Switched-mode 2 power modules Quench
i llel tecti
3 phase 420 V Diode bridge used in paralle prtgi:(::u;ton DC
AC input rectifier | j :Sl | |'| output
| — = %% o T 1% - ol &-‘ "
— (== TIP ' Wi 31
> ~ = l$ -
> —— ) mmo N
| % . | 40 )
B Line filter |
! e i DCCTs
Passive filters on both
High frequency transformer for normal/ positive/

with shielded windings common-mode negative side



Full power test with actual load
« Interlock test: ex. quench protection trip test result (QClLP)

28k e SINGL (N)
lEiEikas f SOURCE CH1
CH5: 28, 88v/Divx 141

Trig. from Q.D.

Output
current 1.6 kAI ] L

Output
voltage
(20V/div)

Vee '

100 V-

(Z'Oms/div)

TRIG'D TINE 2618/83/@7 17:52:85.83 Hol 160,, @
2018/83/87 17:52

« Good agreement with estimations
Decay time constant : 14.2 ms=0.9 mH / (3.5 mQ + 60 mS2)
magnet cable + protection R
Induced voltage Vpe-Vye : 96 V=1.6 kKAX60 mQ



Non linearity and monotonicity LSB: least significant bit
DNL.: differential non linearity

100%  INL: integral non linearity

= b

Lose monotonicity
|1 LSB — ldeal

— Actual

Analog output value

O%_
000 o001 o010 O11 100 101 110 111

Digital input value

AD7846K (16-bit): DNL +0.5 LSB max
INL £2 LSB
ADS5791B (20-bit): DNL +£0.75 LSB typ. (test result: <£0.1 LSB )
INL £0.5 LSB typ. (testresult: -0.2~+0.6 LSB )




Why sixteen DAC's 24-bit system?

Care must be taken to the monotonicity of two DAC’s 24-bit system

monotonic

Not so bad

/\

|deal

output
. =N W PL~O

_ 2| DAC (major)
3 4 t+DAC (minor) Ty s 1 .
L 3 !
3 o | input
1} DAC (major) Lose monotonicity

1 2 3 4 5
iInput

output
NWPLO




SC corrector power supply

45 of SC corrector power supplies was fabricated.
Rated output DC = 70A,10V
Current setting resolution <1ppm
Current stability <5 ppm/8 hrs.
Current ripple (< 10kHz) <5 ppm (rms)
Current noise (> 10kHz) <5 ppm (0-peak)

i 2

Test results: Stability 2.1 ppm/24w_h"r§: with temp. coeff. of 0.6 ppm/°C
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Ripple, noise, quench protection test and so on: also OK. ————————!

§i3zErEbesEbEEE

REE (v]



FTEERERDRERA L ERIEREZRIE

FEBREROREFREIN ((THKB)
— 0.125 ppm/K (AD5791 DAC with Buffer amps.)
— 0.5 ppm/K (TOPACC optionalDiza& : B#(£1.5 ppm/K)
— 0.3 ppm/K (Keithley 2002)

&24E (espec LU-123) OREZEEL (2HMEZEH)
- BENREZ{L 5.5 CICX LT,
BEREREEZIL 0.2 C

) VIEEHIHOREFREDRE
- (0.5+0.3)x0.2=0.16 ppmizE

-
b M’W“ﬁﬂﬂ " 'MMMMW } "
+ (1.5+0.3)x0.2=0.36 ppmigE = it Mm«,ww“j



DMM (keithley2002) ./ Xt& (RIZEf#)
s ANZEFERR L. SREETRER CRANTZ,  (CORAZE(ERZENE)

6 [r2 uv |
S 4 |
<0 S Bu kel & o RIgh(RA ol i Il
|_-|j -4 IRERTR TR T Y i A ia 0L T T | ﬁm @
i -6 50Vl > T1PLC —20VL > S10PLC 200VL o =1
11:15 11:20 B5Z 11:25 11:30
CE &
PR TE AIERE R (uV) (R
L PLC ZEMRAE  ox2V2  (uWVrms)
20 10 0.8 2.3 0.6
20 1 1.7 4.7 1.6
200 10 17 47 20
200 1 37 105 50

AL E<CAE->TWE, 10V®0.1 ppm =1 pV

20VL >, 10PLC7R B, 0.1 ppmIA T OFIEICEZ



DACH N DRE#ZEL. ZHENEDHAITE
- DAC AD5791+/\w J 777> AD8675. 8676 : DMMTHIE (20 V, 10PLC)

BEE | AGND I' 10VY77LY2 : 5 IJv=O_5 ppm
| Mrmr' 4.999345 - I —

oll g Mt e 20 ~ 10 pv

| Toe o] [ Z 4.999340

4.999330

DACH

4.999325

s ! |~dlg | fr i i 1 i i
e e | 1 | | |
e 1 ! | o)

SRy i = ey 5C -
A | |
AD5791 0.05 pVv/C ENY S iEr e SEI =

AD8676 0.6 pV/C ER1=y KT TR
AD8675 0.6 pVv/C & 1 |

1.25 W/ = 0.125 ppm/C SRR : 0.04 ppm/C
WDWSEME : 1 ppm /285



DCCT - DMMODBIERZE, mEMARIM ({LikiE)

DCCT: Hitectt TOPACC (10 VJILAEI—JL. 18 : 500 kHz)
- Jw=F)L: 0.3 ppm (<100 Hz), 1.5 ppm (<10 kHz)
- mEAREL : 0.5 ppm/K (TOPACC optionalDiza& : £Z=#4E(F1.5 ppm/K)

DMM: Keithley 2002 ( 10 VICx 9 B8, &4 : 20V L-.>=, 10 PLC)
- )4 X&@ : 0.06 ppm (rms)
- SREARE : 0.3 ppm/K



