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Q= SuperKEKB at KEK, Japan

Target |umin05ity "8 x 1035 cm2 §-1 The numbers are the final design values.
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@Ej Arc Lattice: To Make Emittance Small

Ral) W TNRNEE | Arc Lattice (Normal Cells) Wigglers are also used to make low emittance.
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@Ej Low and High Emittance Lattice in LER

. 0 o w/0 intra-beam
Oy YO0 @, (0, =5.5 mm)
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order to make Touschek lifetime longer, the emittance can be optimized.

Larger emittance is preferable as long as the nano-beam scheme is OK.
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@Ej RF System: To Store Large Beam Currents

4 arcs + 4
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To compensate energy loss due to synchrotron radiation,
10~15 MV of accelerating voltage is necessary.
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@Ej Interaction Region: Superconducting Magnets

Superconducting Magnets 1.5 Tesla detector solenoid
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@_5; Final Focus and Belle 1l Detector

The horizontal crossing-angle is 83 mrad to realize the nano-beam scheme and separation of two beams.
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QCSR magnes positron
cryostat : 4 GeV

1.5 T detector solenoid and compensation solenoid within the cryostat of the final focus system




@_E:B Connection Between QCS and Belle 1l Detector
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RVC is a mechanism introduced by
Belle group to disconnect QCS from
VXD by a remote manipulation.
RVC was designed and produced by
DESY.

RVC on the new
QCS head

Photo by DESY

Two bellows units are attached to a single

flange with a retainer.

These components rotate to catch
the bellows flange.

Cylinder
for dry N,
(about 50
bar)

These
components
shift to press
the bellows
flange to the
cryostat.

This large screw nut turns to
lock the mechanism.



@Ej Luminosity

General formula:

T — Ny N_mny fo
o _ 2 2 2 2
2m215 20 = Jors (1 +¥9) +oy2 (1+02)
N—I—N—nbf() 05+
= :gbx\/ag++0§_ ‘PiZO* tan ¢,
2 2 xt
0, =46 mm o,_ =951 mm (zero current)
Vertical emittance is important. Nano-beam scheme Piwinskiangle: ¥4 =10~ 19 >>1
X-Y couplings and vertical dispersion affect the vertical emittance.
Bunch lengthening is important.
To avoid hourglass effect: For instance, impedance affects bunch lengthening.
* n effective
6* i & — 2 ° bunch length o . [ : -
Y z — & — Definition of specific [luminosity
' L
* * L —

Definition of beam-beam parameter (here)

2ere 5,1
Br, =80 mm/Bi_=60mm &,y =305 um/5,_ =400 um Eytr = i L

(431 um) " Y

Horizontal emittance : €.+ =2nm (4nm)
Er_ = 4.6 nm
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Waist shift :

Hew

On the other hand, Hamiltonian of sextupole :
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LER waist is sifted on the
ER beam line. Focusing

Crab waist sextupoles (-I' transfer)
(opposite deviation from the reference tield for each)

IP to CW sextupole :

5 ( X, Y ) _ ( Cf)swa,y —sin Ay, ) < X*Y* )
5y5y X \ / 6—:: COS Alpx Sin2 Awym*pz2 PX>Y S1I1 wa,y COS A%,y PX,Y
Xr

References:  P. Raimondi et al., SuperB CDR, 2007
y K. Oide et al., ICHEP 2016



Q== Crab Waist Lattice in LER
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Q== Phase Space at IP in LER

Interaction point (s = 0)
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History of SuperKEKB

* Phasel operation (2016.Feb. ~ June); * Phase3 operation (2019.March~);

* Vacuum scrubbing, low emittance beam tuning,

and background study for Belle Il detector * Physics run with fully instrumented detector.

installation  Phase3 2019ab (2019.3~7)
* w/o final focusing system (QCS) and Belle Il * “Status of Early SuperKEKB Phase-3 Commissioning” by
detector A.Morita (WEYYPLM1) @ IPAC’19 (2019.5.22)
* Phase2 operation (2018.Mar. ~ July); * Phase3 2019¢ (2019.10~12)
* Pilot run of SuperKEKB and Belle Il w/o pixel vertex * Phase3 2020ab (2020.2~)
detector (PXD) v New nomenclator of each run of Phase3
* Demonstration of nano-beam collision scheme “Phase3 YYYYxx” [ @ :Winter shutdown - March
b :April - Summer shutdown
+ Study on background larger than at KEKB due to 1~ < b Winter shutdown - Summer shutdown
much lower beta functions at IP. Calendaryear | ¢ . Summer shutdown — Winter shutdown
Phasel Phase2 Phase3 April is beginning of Japanese fiscal year.
2016.02 - 2016.06 2018.03 - 2018.07 2019.03 - . X ' . ; ' p '

SuperKEKB project history

Upgrade
KEKB — SuperKEKB
Belle — Belle |l
2010.06 2016.02 2017.04.1) 2018.04.26 2019.03.11 : - .
Shutdown KEKB/Belle Start SuperKEKB/Belle |l Belle Il Roll-in First Collisions Phase3 Start FIrSthadronlC event ln the Phase3 201 gab

K. Shibata et al., IPAC 2020
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5 Winter | ‘ Summer ,
--------------- S hutdovvn----------- ------r-shutdown ---------shutdawn------'r-------
i “““““““““““““““““““ |’ﬁ§t'é'l'lul'c'>\}\'/mz ''''''
AV BN R TR | N [ I oo} collimator:
34 T e R R LY R R
x10 2'5 fire at Nextef E , 1.88 x 1034 cm-2s-1 Crab \Wast 24X1034cm251 i
— 2 (ﬂerghborofhnac} ———————————— —————————————————————————————— x ————————— CS ———————————————————————— ' GRRCTILLTLRLLELELLEL LRI e DECLEL EEL L L L e LA EELL
FT . . : .
o
» 1.5
=~ 0.5
—

History of Phase 3

By =3 mm B =2 mm B =1mm Br = 0.8 mm B =1mm
y Y y Y Y

__________________________________________________________________________________________________________________________________________________________________________________________________________________

________________________________________________________________________________________________________________________________________________________________________________________________________

_________________________________________________________________________________________________________________________________________________________________________________________________________________

4/1

2020

7/1 10/1
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100 um

1071
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1072

History of Vertical Beta Function at the IP
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. 5 | DAFNE o n
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- é g 5 5 i é =
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S B F T the wor d1 ®* 3
I um world: e OuperKERB -

final design

1 1 1 1 I 1 1 1 1 IV. 1 1 1 I 1 1 1 1

1970

1980 1990 2000 2010 2020 2030

[Year]
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ne By* at SuperKEKB, 800 pm is the smallest value in the world.
ne vertical beam size at the IP, 0.22 um is also the smallest value tor colliders.

o, = 0.7 pm at SLC
"SLC - THE END GAME"
R. Assmann et al., EPAC2000
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@Ej Machine Operation in 2020ab

3/16 3/24 4/24 6/1

LER started on Feb. 25
HER started on March. 2

200 LER CW LER CW HER CW LER CW |
cooE.  40% 60%  40%  80% '

200 e

200
300
600
400
200

IEr [MA]

LA
Max. current
************ 1| || LER:770mA
. J"-"L_Jl HER : 660 mA
e T

T XY || gewa
9 "% 6/5,6/8, inj.regiorj

AL S720 Int. luminosity/day: 1.346 / 1.498 fb-1

i lllllll.lllllllllllllll

Peak luminosity : 2.4 x 1034 cm-2s-1

I Er [MA]

P
A
L

e

[o—

o
)

5/11-5/14 6/10-6/17
off-resonance off-resonance

L [cm'2s’1]

LER :
B./B, =80 mm/1 mm
— B%/8, = 60 mm/0.8 mm

— - =
L = Lh L L

i I i | i | -llllllll lllllllllllllll IEA

[1/b/day]

. - - -
- - - - . o . - . = .
ﬁ =9 - —

|

7| HER:
e g2 | B/ By =60 mm/1 mm
T R SR — B%/8% = 60 mm /0.8 mm

o AN N TN
OO OOOO

llllIlIl'l“‘l'l"mrr"[mrI“l

int. L. [1/4b]
recorded

l

(o
.
[—
£h
e :

1
7/1

Year 2020

Remarks : Online luminosity does not include trigger-veto dead-time before May 7.

.S}I.T. — ‘6}1‘

17



Super

KEeKB

Q

—_—)

Date

Operation time
CEVES)

Phase 2
2018a/b

March 19 - July 17

2018

Phase 3.1
2019a/b

March 11 - July 1

2019

History from Phase 2 to Phase 3

Phase 3.2
2019c

Oct. 15 -Dec. 12

2019

Phase 3.3
2020a/b

Feb. 25 - July 1

2020

Remarks

Beta Function at IP
),

Beam Currents
(mA)

Peak Luminosity

(cm-2s-1)

91 ~ 6 months
7 127

120 (fire : 21) > peryear
LER: 200/ 3 LER:80/2 LER: 80/ 1 LER:60/0.8 T*Qi:;;”r‘]gf/m
HER : 100/ 3 HER : 80/ 2 HER : 60/ 1 HER : 60/ 0.8 vertical value
LER : 860 LER : 940 LER : 880 LER : 770 The maximum

values during the

HER : 800 HER : 840 HER : 700 HER : 660 operatation

2.62 x 1033 5.50 x 1033 1.14 x 1034 2.40 x 1034 w Belle Il
5.55 x 1033 1.23 x 1034 1.88 x 1034 i w/o Belle |

18
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Specific Luminosity
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Oct. 2019 - July 2020



@Ej Specific Luminosity
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= T with physics runé still under tuning
a6 e
T, f 5
NS
£ . ,
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D e
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Continuous injection (top-up) has been successfully working to keep beam currents. shifter - M. Nishiwaki

\ 06/22/2020 00:00 - 06/22/2020 0800 JST
Peak L 2.314 [10%/em?/s]@ 2020-06-22 0627 ~ HERlpeax’ 6202 [mA]  Pgpy @ 60/ 1.00 [mm] No: 978
Int. L/day 549.61/ 620.78 [/pb] LER Ipeax’ 7210 mA] Pgyy : 80/ 1.00 [mm] No: 978 549.6 pb-1/ 620.8 pb-1
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HER Bunch Current Monitor { 783 bunches "#)0.68 mA #v¢ 0. 66 mA
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@Ej Comparison between Machine Parameters

KEKB : June 17,2009 SuperKEKB : June 21,2020 SuperKEKB :July 1,2020 SuperKEKB : final design Unit

LER HER LER HER LER HER LER HER
18 24 4.0 4.6 4.0 4.6 3.2 4.6 nm
Beam Current 1637 1188 712 607 536 530 3600 2600 mA

Number of bunches 1585 978 978 2500

1.03 0.750 0.728 0.621 0.548 0.542 1.44 1.04 mA
Horizontal size o,* 147 170 17.9 16.6 15.5 16.6 10.1 10.7 um
Vertical cap sigma 2,* 1.33 0.403 0.317 0.079 um
Vertical size o,* 0.940 0.285 0.224 0.048 0.062 um

SO RO ISR 45.506 / 43.561 44.511/41.585 | 44523 /46.581 45.531/43.577 | 44.525/46.581 45531/43.574 4453/ 46.57 45.53/43.57

Bt/ By* 1200/5.9 1200/5.9| 80/1.0 60/1.0 | 60/0.8 60/0.8 |32/0.27 25/0.30 mm
Piwinski angle 0 0 10.7 12.7 12.3 12.7 19.3 19.0
peam-Beal parameter I oI oI 0.090 | 0.0389  0.0261 | 0.0345 0.0199 | 0.0881  0.0807
Specific luminosity 1.71 x 1037 5.43 x 103" 6.90 x 1031 2.14 x 1032 cm-2s-1/mA2

Luminosity 2.11 x 1034 2.40 x 1034 2.00 x 1034 3 x 1033 cm-2s’

Crab crossing Crab waist (80 %, 40 %) | Crab waist (80 %, 40 %)
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@Ej Damage of Movable Collimators

K. Shibata, IPAC 2020
* Replacement of damaged collimator head; T. Ishibashi

* One of LER collimator head was damaged during Phase3 2019c. R

-(planned in 2020)
* 4 collimator heads were damaged in total so far.

v LER : DO6V2 (Phase3 2019c), D02V1 (Phase3 2019ab), DO2V1 (Phase?2)
v' HER : D01V1 (Phase2)

» Robust collimator is required in order to increase beam current.

@D12H4
D12V4
D12V3
Ybi12K3

@ 1212
B D12v2

’Douw '
g SuperKEKB Main Ring

D12 . D03

 R&D of Low-Z collimator has been tested in 2020c. 011-"*3- 7o
* Short Ta head was set to DO6V2 in a chain of low-Z collimator R&D. | R - SRR NRR RTINS RN o ___§||*
= 9 = E':'_’.:Horizontﬂc'ollima(or(KEKBtype) N g %
* |Installation of new vertical collimator (DO6V1) in LER. ow-te 3 H stz o 1 oos
DOSV4 i [ : Vertical Collimator (SuperKEKB type)
» Reduction in BG by a factor of 2.5 is expected by a simulation. | B gy
Damaged head New vertical collimator in LER .D?’Tg’:%s,l _ g:em:t:j.:a'::(su(;fxe:::;e |

4 mm

" D06

S e~ Ref. H. Nakayama et al.,
#6 17:40- Wed. 20 January |IAS

10 mm
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Tracking simulation(Synchrotron oscillation : ON, Radiation damping : OFF)

AXx/oy

QCS aperture only w/o collimators

Touschek Lifetime: 2010.3 sec

40
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50 1 1 | | 1 | | 1 1 1 '.'.I...‘“ 1
I ! ! pos’ % 'ﬁl
B LER |‘

I|fet|me

Dynamic Aperture and Touschek Lifetime in LER

_________________________

33 mm

30

20

10

Bx*=80mm/B*=1mm
I, = 0.51 mA/bunch
g,/ex = 0.6 %

QCS aperture with collimators

Touschek Lifetime: 608 sec

Ilfetlme 10 mm

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

.................................................................................
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400 mA / 783 bunches
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The simulation result is consistent with the measurement (total ~6 min).
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Touschek lifetime in the LER for B,* = 1 mm(0.5 mA, 0.6 % coupling) is about 30 min for QCS
aperture only. The design lifetime is estimated under this condition (w/o collimators) !!!

orizontal collimators determine the dynamic aperture in the LER.
® (Collimators in the dispersive region restricts momentum acceptance

Even though the horizontal collimators are full open (26 mm), the vertical collimators(~1.5 mm)
also reduce the dynamic aperture. Touschek lifetime is 10 min at most which is consistent with

the measurement.

The collimator apertures are optimized to reduce BG with keeping lifetime as much as longer.



Q== Single Bunch Tune Shift and TMCI in LER (2020¢)

ChiSquare = 7.10E-5 Goodness = .49202

— CH1: CGLOPT:GATED TUNE_YMEAS | [—— cH2: BMLDCCT-CURRENT Tune shiftis same as po = 46-5969-—|*+1—:6T~54€r§ R E Ip.l.-. -

synchrotron tune 46-595: *********** S— o H:-0.0019 2020 -

R e L
b vs = —0.0235 " S I SN R B Ch e LA
I E = e
vert. tune 1°9 single bunch I 5 ‘ : ]
g . Current 46.585—— ......... AAAAAAAAAAAAAA .................. ,,,,,,,,,,,, AAAAAAAAAAAAAAA . Pihge ...... ................... _-
E ' A6 . 58— G ® —_
8465?8 . it i i l """ g====- P PR R | """ PR R FEa | """"" PR ,go ;l L1 I I T | | I I [ | I T | | L4 1 1 I [ | I I | I L1 l;
-IBhSDmUS ggm 1?h0m gm - — . 0.2 0.3 0.4 0.5 0.6 0.7 0.8
i B Function ?p0+(p‘i }()) Ib (mA)

Beam current can not be stored larger than 0.8 mA/bunch.

ChiSquare = 8.03E-5 Goodness = .49484

pd = 46.5934
46.594

2020

46.592f

DO2V1 (mm) 1.52 /1.2 (1.36) 1.68 /1.2 (1.44) ‘6.5
46.588[
DO3V1 (mm) 2.0/1.98(1.99) 0.68/1.38(1.03) 3" 4. 586]
carbon 46.584]
DO6V1 (mm) 3.2/3.2(3.2) 2.7/1.2(1.95) |+« :
head 46.582[

DO6V2 (mm) 2.2/1.9(2.05) 2.28/1.85(2.07) 46.58) | | | | |

57 Function = ?p0+(p1 x)o)'2 e Ib (GI)IIIG\) 2t 1
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in-phase out-phase

t ot
dipole mode < — head-tail mode
p S

y
Ts > > (-1 mode)
|

(0 mode) :§
Figure 1: Snapshots of beam oscillations when the head and the tail of a bunch oscillate in phase
(left) and out of phase (right). -
200 ns
£ g £ g
A # A
-{ E}b T j‘ ‘ > T {3;»7 j ! ]
m=1
+1

Figure 2: Position of the two particles in the synchrotron phase space and wake fields at every
quarter of the synchrotron oscillation. The wake fields are denoted by the red dashed lines.

Ky , T x! , ! x! , '
A Ay Ay
}Ox, y {}9\ y
x! , y! x! , y| .
4 4 Y. H. Chin, ICFA69
\}xq Y ‘%}'\ ) Beam current
In phase Out of phase Figure 9: Typical behavior of coherent tune shifts as a function of the beam current. The real and the
imaginary parts of the tune shifts are denoted by the solid and dashed lines. When the two tune shifts
Figure 3: Two modes in which the head and the tail of the bunch oscillate in phase (left) and out of merge, the imaginary part of the tune shift (the growth rate) starts to increase rapidly.

hase (right).
P (right) on
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e Transverse single bunch instability « A. Chao, M. Tigner, pl121
A - . cr 2nvgE [e
« Strong (Fast) head-tail instability=Transverse Mode Coupling Instability ln =557 () F(o,) = 1 for short bunches
_ CifsEfe B
S B ) GBoram
« BBU as seen in Linac > stabilization due to the synchrotron motion i [ a2 Ay, = Ne? ZiBikyi (07)
@) = =5 | dezi@)e ™ vg = —— =

Two particle model using

constant wake (Chao’s text) SuperKEKB using a collimator

h Experiment at SLAC (Chao’s text impedance model
)
/|
' o ML | - T T Y Y Y "

O + 204 =2 . r l-O.@OmA: +

: " : N . N N . : 12}) l."

:- _______ -: B Y T ”1 - g " ’_o_——/—_‘~“_4 * [ROVURD FVOTRPIRIFIFIR, ST
Wg+0g =" " =1 - : h I =0.60 mA i T S S MO

g~ Oy == = -1 N 100mA

mﬁb = —1 E /\_ﬂjk,‘_‘.owm-' |
r— e
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(0 =200 [ | ﬂ l-120mA

"
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g~ 30, [~ 1=-3 . . ‘ “1=1.34mA _/!'" -~ -
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|(arb) Tune | (mA)

Figure 4.16. Simulotion of the strong head-10il instability for the PEP storoge ring. (o) Spectrum

of the beom center of chorge showing the collective modes for several beom intensities. (b)

Mode frequencies ({1 ~w,) / w, versus the overoge beom current / = Ne / T, (Courtesy Steve S0

Myers, 1992.) ) ]
TMCI has been observed at many accelerators since 1967. (VEPP-2, ADONE, ...) | | | (SMM_V2_Wz_Wx_40.dat,

. : 20000 | \/ T. Ishibashi,2016)
LEP, PEP, ESRF, SOLEIL, NSLS-II propose various technologies to overcome TMCI. O

29




@Ej Impedance Budget and Collimator Aperture in LER

B Eile Edit Window 2020-12-17 08:57:42 Help «

[LER Pilot Bunch Tunes
| (mA) 4776 [o{m&A) 0478 Life{min) 0

Beam size becomes large as increasing beam current at the single beam in the LER
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oy
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+ head-tail motion CUR
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oy« (LER)

It DO6V1 is opened, the beam size is back.

(Background increases.)

25

°x* ( HER)
—
w

The impedance effect: D06V1 > D0O3V1

‘ L e — ‘i““;““ DO3V1 : TI head
18"0" 10" 20" D06V : carbon head

12/17/2020

BxB FB gain change open close  open
adjusted tune DO3V1 DO0O3V1 D06V
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— sSummary

The peak luminosity of 2.4 x 1034 cm-2s-1 with Belle I data acquisition 1s the world record.
The vertical beta at the IP, 0.8 mm 1s the smallest value in the world. Beam size at the IP 1s also smallest.

SuperKEKB applies a really large Piwinski angle, O(10). The crab waist has been adopted in the both rings together with the nano-beam

scheme.
The crab waist scheme seems to work successfully. Especially, 1t 1s effective at higher bunch current.

The rotatable sextupoles have been utilized to correct chromatic X-Y couplings in the LER. The effort will be continued to the following
operation. This may help to reduce beam-beam blowup.

RF system works well and provides stable operation; LER max. current 1s 770 mA and 660 mA in HER in 2020ab.

Collimators in the LER: .We have to consider TMCI threshold. Pure carbon head (low-Z) 1s NG due to large impedance.

Dithiculties arises significantly such as extremely short beam lifetime, stability of operations, and so on. Sextupole and octuple tunings have to be

performed to improve lifetime 1ssue if the dynamic aperture atfects it. The linac performance will be a key issue to overcome the short lifetime.
Impedance issue 1s still open question.

Beam background (TOP counter, PMT lifetime) and injector performance limit the beam currents so far. (H. Nakayama, #6 Wed., 20 January)
Beam background comes from stored (residual gas, Touschek) and injected beam. 50 % for LER beam-gas events

The target for the next run 1s 4 x 1034 cm-2s-1 by increasing beam currents.
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