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Mt. Tsukuba

Circumference = 3km

e+te- Double Ring Collider

4 GeV et X 7 GeV e-
LER HER

Crossing Angle: 83 mrad
Number of Bunches: 2346

Harmonic Number: 5012

Off-Axis Top-Up Injection



2346 Bunches , Two Trains

B File Edit Command Window 2024-11-26 01:26:15 Help ~ B File Edit Command Window 2024-12-17 20:08:13 Help ~

LER 2346 bunches™™* 0.71 mA** 0.56 mA°"" 0.05 mA HER 2346 bunches "™ 0.39 mA** 0.31 mA* 0.04 mA

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Sl il||ll|ll||l ul!illl Il»lul)illﬂh llul)llnllnlﬂlmll ||lllnllnlrlllHuNllelHIInllﬂimllmllln I|INII il Iiil!ill»lllli»ll IllluﬂlnllblnIrllllili.ll il mlln il Hnimmlwllrilll I |lnlrl@2lqm
I T - OJJMIIHIlmm!llnlllillNlllﬁhllﬂml|IHIIHIMi)ul|vlulnllul3||nlnlllrlllllmlrlhlnlnll)ullﬂllll iii MNIIil!llmllllill|l|lﬂjohiUllllinllilhuull)jjl[l)yllilullllhlH|IMIHI3I8Ml!lillIM
4 ‘m i lllmi(l)l(llllllmﬂlj)ll)llﬂl)lIlll)llmihll(l)lylrhlm|il|hllbll»ljljl!lbllﬂlllhlll ***** il )[ZJOQ|II)|II||ImlilllilIIIIMILJLI»IIMIHMII | NilJ(l)lUblHlllllillllllnlu)l)ﬂ
1 nmmununummumummlmunnlnwummlmuummnmmmummnmmmmummunnuuummunuuulmlmummlmmlmmmmmmnuumlmwummunu ‘niii?iiiiiiAbort?iG?abl??f i %fliB"[L'@l"l""""”“””"’*“"”“"Mg””“'“”"""’jj“{[’"'“’”"JLQ!UJ"“""WIIN!U»HluuﬂjﬂﬂHmuillunuumlmummunummuLAbortcsamp
Pilot Bunch Pilot Bunch
(Non Collision) (Non Collision)
Used for Tune Feedback Used for Tune Feedback



Achievements in 2024
LER HER

Beam Current 1.7 A 1.3 A
Emittance 4.0 nm 4.6 nm
Hor./Ver. Beta (IP)
Ver. Beam Size (IP) 265 nm*
Beam-Beam (¢,) 0.036 0.027 n the World

Luminosity 5.1 x 1034 cm-2s-1

4 * Estimated by luminosity and equal size between LER and HER is assume d.

60 mMm /1 mm

Highest




SuperKEKB Operation History
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Q= Luminosity Challenge

N.N_
I — + V-1 fo R,

* 2 * 2 * 2 *2 \
27T \/U$+ + O,p_ \/Uy+ T Jy— Geometrical Loss

Hourglass Effect, Crossing Angle.

In the flat beam, o7 = 30 - 50 nm is a target. - g < 1 mm and ¢, < 10 pm

Overcoming Hourglass Effect to squeeze pf "Depth of Focus"

g (9 Difficult to make 6. shorter
K 2 O-Z C <
5 > b= —"tan — < Creating a Large Piwinski Angle
Y 2
\/1 + P 0';; 2  to Make Short "Bunch" Effectively

* Large Crossing Angle with Low Emittance = Nano-Beam Scheme
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SuperKEKB: ® = 12.3/12.7




— Luminosity Challenge (cont'd)
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Beam-Beam Parameter Ratio of ﬁ;k o e,

Vertical Beam Size at the IP

(r3)*

x2 2 * * 2 * (%2 Waist ition
o,” = U°€E + (n,08)" + € 3 r ~ 1 alst Posl
Vertical Dispersion X-Y Couplings « Machine Imperfection

Vertical Emittance

Combined Effect of Collimator Impedance and BxB Feedback Noise — -1 Mode Instability
Optics Distortion due to Machine Imperfection

Beam-Beam Blowup

Betatron Resonance affects beam size. « Crab Waist Scheme can mitigate.
Combined Effect of Lattice Nonlinear, Beam-Beam, and Wakefield



Definition of X-Y Coupling

* Time-Dependent Dispersions = 0

Normal Coordinate Physical Coordinate (No Dispersions at RF Cavities)
X x N
Y Y e,
Py Py Tlpy

o ,uI JRTJ o 1 T9 o 0 1 _
U_<R ul > R—< > J—<_1 O> in case det R <1

u?+detR =1 X-Y Coupling Parameters

Transfer Matrix From s1 To s>

_ A 0
M= (1)U

Twiss Parameters and Emittance Are Defined in the Normal Coordinate.
Effective Emittance, o;,/p,, Is Sometimes Used To Evaluate Machine Performance.



Vertical Beam Size at IP

ATF2 10B, 1B ~e+  SuperKEKB 3B, 3! -

R. T. Garcia et al., arXiv.2506.12361

FETB ATF2 design SuperKEKB design
350 - Tr ! ' X1 ' | ' T F —
X
= 300 | 1} ) 1] _
= X
o 250 1r " « JF _
N »
n
o 200 | 1} o b
S *  charge
o 150 1r w4t _
© a 2 .
SO 100 1+ No collision® J|[FCC-ee.
5 ) . WW, t
> s 11® %, 00 e *° . {LZ,ZH
O l l I ' | l | ILI
1994 1996 2014 2016 2018 2020 2022 2024
Year
Figure 1: Design, measured or extrapolated vertical beam size versus time for FF'TB (green), ATF2

(orange, red and yellow), SuperKEKB (blue, violet and black), FCC—ee (dark blue), ILC (magenta)

and CLIC (turquoise).

SuperKEKB No Collision: X-Ray Beam Size Monitor
SuperKEKB Collision: Estimated From Luminosity



Normalized Effective Vertical Emittance

ATF2 10B, 1B ~e+  SuperKEKB 3By, 3% -

R. T. Garcia et al., arXiv.2506.12361

FFTB ATF2 design SuperKEKB design
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Figure 3: Effective normalized vertical emittance at the IP as measured from the beam size versus

time. The projects and the color code are the same as in Figs. 1 and 2.



Typical Deviation from Design

Optics Tuning

Optics Corrections Are Base on COD Measurements.

Optics Functions

LER

HER

(Aﬁx,y/ ﬁx,y)rms

5% /5 %

5% /5%

(Ay)rms/(Ax)rms

0.016

0.012

(Arlx,y)rms

10 mm /5 mm

20 pm ~ 40 pm

30 mm /5 mm

20 pm ~ 40 pm
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Optics Corrections

H. Sugimoto (KEK)



Q= Optics Correction for X-Y Couplings and Vertical Dispersions

Skew Quadrupole-like Correction Coils at Sextupoles Skew Quad.
Identical Sextupole Pair Connected By -I' Transfer Matrix ~ Corrector
Orthogonal Knobs for X-Y Coupling and Vertical Dispersion

Vertical Orbit Response (Single Kick) Relative to Horizontal Orbit

Before Correction After Correction

— 1500 1000 —500 () 500 1000 1500 1500 —~ 1000 —500 () 500 1000 1500
Path length s [m] Path length s [m]
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Beam Position Monitor

® About 450 BPMs in LER and HER for Every Quadrupoles
® Averaged Mode (~0.25 Hz)
@ Position Resolution: a few microns
® Continuous Orbit Correction

® Optics Corrections

®@ BPM Gain Mapping and BBA (BPM Offset)

® Gated Turn-By-Turn BPMs: ~70 out of ~450 BPMs

Transmission line 2

® Position Resolution: ~100 um

Vs

: : .. : Gain g
® Injection Beam Optimization

® Physical and Dynamic Aperture (Injection Kicker, Vertical Kicker)

® Lattice Nonlinear (Amplitude Detuning, Decoherence, etc.)

13
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Transmission line 3

Vi

Transmission line 4



Q= X-Ray Beam Size Monitor (XRM)

G. Mitsuka (KEK)

Wavelenath X ray (~0.1 nm) Visible light (~500 nm)
. - g Since SuperKEKB Since KEKB era
Same idea as an X-ray pin-hole camera
Monitor X-ray monitor Interferometer Gated camera Streak camera
- Sensitivity X, Y X, Y X, Y Z
SIS~ ~9.47 m _ _
oo X i~ 130 um X:~200pum X/Y : ~100 pm 7+ ~0.5 mm
min Y:~ 10 pm Y:~40 um ' H -
| T~ /N
.. X:~5pum X:~3um . :
_ A Precision X/Y : ~100 ym Z: ~0.5 mm
Bending magnet N ~31.85 m Yi<ipm | Yi<ium :
L — — Meas. rate ~ 300 Hz ~ 10 Hz ~1 Hz Manual
— S Analysis rate < 100 Hz ~ 0.5 Hz Offline Offline

X-ray images projected to a YAG/LUAG scintillator
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@j Calibration of XRM

Reference: 2024-12-27_08:46:34 402_Tune <offline>

HER XRM Tilt

2 A
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A . \ 0 i

. . . . @:11 hl\ r; )/ *} .\: “ m T W “’ t&;

® Beam size at XRM is calibrated by changing locally X-Y g AN ‘:‘ﬂ"f'? s )7 “

coupling and vertical dispersion at XRM. (induced by skew VAR
quad. at sextupoles)

® Response of measured vertical beam size is consistent with

. | |
optics calculation. iR 81 8F R EEEE
R1(mrad) 0.000 0.000 0.000 € n/mm) 0.000 0.000 0.000 «»
R2(mm) 0.000 0.000 0.000 «» soad | 2o | messt
X-Y Coupling Parameters Vertical Dispersion
200 _ | 200 ‘ : : : j 200 | |
18() - . fiveesesenennsesesesesassebosasasasaresesesesassesess dontesesesesassesesasasasssebesesasessssesesntetetesnsbesetessasasaseebesesesssiesesanens 180) 180 1
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15 H. Sugimoto (KEK)



Normal Coordinate (Decoupled)

X = \/217‘%633 COS )

Px = —/| Qﬁjx (z cos Y + sin )

Y = 2TV, + @

Physical Coordinate Normal Coordinate

T v 0 ry  —T9 X
Pz | _ 0 p —rz Px
Y —7r1 —T9 U 0 Y
Py —Tr3 —T4 0 9 Py

Definition of X-Y Coupling Parameters

X-Y Coupling Can Be Measured By Horizontal Kicker.

H-mode (Y=0 and P, =0):

y=—1r1X —roPx r = X

Ny

Y = <—7“1 ‘I‘T2_> \/2!]51:51; COS¢ | ;2 \/2‘]90537 Siﬂw

X

= an\/QJfEEQj cos ) + IJ\/ZJZ,;BQ3 sin

— \/&2 b? \/QJxﬁx Siﬂ(w ¢0)
8% 1_|_a:213 2
\/&2—|—62: ry—2ro—— | r1 - 5 2
DB z
T



HE HER_2024_12_18_17_10_28.data  Fit Turn-By-Turn Data with Horizontal Kicker (Injection Kicker)
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Fit LER_2024_12_10_15_03_02.data

x, = 0.981 mm
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Small Horizontal Amplitude
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Large Horizontal Amplitude



charge

HER_2024_12_18_17_10_28.data x, = 0.668 mm
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Small Horizontal Amplitude

HER

charge

HER_2024_12_18_17_12_08.data x, = 1.287 mm

,,,,,,,,,,,,,,,,,,,,,,,,, r .- - r - I -V 1 - - I I I
1.5 2%e_ ebe %% . LLL BN L o®8s e, LSS S :g
e - e e
E 0.5Fn " 00 Y0 b i 1,? ---------------- A u— o |§f~§ »»»»»»»»»»»»»»» 1~: -------- i S S o
O L — . I et D e e e e + 3
* o o % e e %" Tt e e e T e 3
CE Tee® wee” Tage Feet 05 Tege® Tagt oot
D . A
‘E 0;—.-9!-.'-'-.----.0 ------------ . ------- T ¢ L ..n ----- L R T 4 ..... * . ..... . .'.‘ .......... . '.-Lt.' .......... .‘."-E
- " . o L fes. s 5 * et . " P
- C .. . ° . I . . . 3
-G_SE—'.. ————————————————— .. ————————————————— . —————————————————— - o 'o'. »»»»»»»»»»»»»»»»»»»»»»» L SR SREEEEEEEEEEEEEE .. »»»»»»»»»» —:
9.0@125—- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 3
0.001EHHI e
8E-4EHHHI :
6E-4EH |||
ae-4EH
2e-4EHHHT
"
0
0 20 40 60 80 100 120 140
Vy 0.3530 v, V¢
1 — 1 - — |
1070/ S it
e P . e S
Eo % ™ b5 vt et ok Fogatbond Aok s i b 20 tomek s e
i 10 U, e ’|| it U AR f"ih' R Ty i a2 !'r:i';-'
10_2 hcecmcmcencncnacacfecccacaccncncnanas JI ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, R Rl Sl et el e Sl o M R
= = | | | =N
' 1% i
10% R A e g
~ s , ‘ g .
S 1 Ih dalh o] - ¥ .;.I- A A o ETe T -.'- v 1 T T 30 et o - Bl b 1l s AR SRR || SRR 'I'j
=10 i 1R s 0 gy gt e .;'.-.,.'1 Yl A
£ T I Rl Lilhiblaats iR
0\ e L S | L R
\ .‘ 1 .‘ 1 -
0.7 0.9

Large Horizontal Amplitude
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LER Autumn Run
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Q= Vertical Emittance in HER

Vertical Emittance in 2022 and 2024 Spring Is Small, But Large in 2024 Autumn Run.

2022 March 29 (2022) 2024 Nov. 22 (2024)

309- 1 1 | » | 1 1 Iml 1 I 1 | I 1 I.‘ 1 'J I 1 | 1 | 1 1 1 1 I 1 | I 1 | 1 I- HER
E I ;-' - 43.62<;'|”ll'”I”.!”lll—.
---259_ ; 43.6:— | \/§-
v i 43.58:— [ —
o 200 o ;
© I > 43.56] ]
= i : ]
'H 1500 ;
E i : :
L i 43.52- -
T 100~ 3 o L L
() - vy
or=l - : :
e 50[s- : T — Base line is large.
Q ! Base line is smal - ~70 pm
= 0  ~20pm

9 | ] | | I ] | | I ] | - | I ] 1 ] | I | - | | I | | | | -
43.55 43.56 43.57 43.58 43.59 43.06 43 .61 43. 62

4 Vertical Tune

@yy'ﬂsD HER: v, = 0.0272

Lowest Order to Higher Order Synchro-Beta X-Y Coupling Resonance (9th)

What's happen ?
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Q= Measurement of X-Y Couplings with COD Based

X-Y Couplings is evaluated from the ratio of the measured vertical to horizontal orbit responses.

Ay

A1y =
ST (A) s

March 5, 2024 8, =1 mm Nov. 13, 2024 8, =1 mm
No Significant Difference

Ay™ /[ Ax™ = 0.01 e, =~ 70 pm
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Q== X-Y Coupling Measurement by TBT BPMs

2024 Spring Run 2024 Autumn Run

HER HER
06/17 2024 12/18 2024

v /v, = 45.539 / 43.575 v /v, = 45. 529 / 43.625

| h ’ ' ' | ’ b ' ' | ' ' ’ ) | ' ’ ' ' | ' ) ' ) ' ' ' ' | ' ' ' ' 1 ' ' ' ' | ' h ' | ' ' ’ b |
40 ’ L e T
l‘% 30 | < 30 ?
@29 HA I Efze N M
@ """""""""""""""""""""""""""""""""""""""""""""""""""""""""""" [;F ”W{ Tt TR T T < 16 U\
uJ%}mﬂmmwww.wmmmlﬁmﬁfwmwmum UL M. Wmhfwmwwmwﬁbﬂmt-&a’E"WtM&MwMMwMHW, "ﬁ,ﬁﬂmm MMM@}WM( Todad iq;ﬁﬂﬁhhwﬁfiu mwwmwmm@mmmwmw
051 . , . L B
0.6}
] 1= 0.af 1> 1=
0.2}
-1500 -1000 -500 0 500 1000 1500 -1500 -1000 -500 0 500 1000 1500

LA PEEEIE T 0t

l LEATHETEERELE FELE 35 s o L ELEREEEEELLE APHHETLIET A TLLEETE ETEIEE L L T

) O 0O 0 O 00 (@] O 0O 0 O 0O 0 o O 0O 0O O 0O O 2 O 00 O 0 0 he) 0O 00 O 0 0 @] O 0O 0 O 0 0 - O 0O 0 O 0 0 = 0O 00 O 00
= 988 uuug = o998 8g9gb9 = 999 999 = 9 g9 9899y = O O 0O O 0O = O 0O 0O U OO 2 O O 0O OO0 0 = O 0O 0O U O 0O
o m mm mm m o mmm mmm mmm mmm o m mm mmm = m mm mmm o mmm mmm m mm m m m o mmm mmm
NNNNN () ~ " v ; : o b

I T Lo =N oW s = wosue ® ¥ 5 ER R TR oSN NW R S Ne®w s EeER

X-Y Coupling Looks Like Good.
Effective Emittance
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y :By
Unexpected Large Vertical Emittance Occurs in Autumn Run

24



Q=

® \Vertical Emittance Affects Luminosity Significantly. In Particular, For Nano-Beam Scheme.

® Emittance for Single Beam (No Collision)

@ X-Y Couplings and Dispersions Affects Effective Emittance (o;/5,)

® Orbit Offset at Sextupole as well as IR Changes X-Y Couplings and Vertical Dispersions
® Key Point: How To Keep Orbit For Long Time ?

® Unexpected Large Vertical Emittance in HER (in 2024 Autumn Run)
® No Such Large Emittance Was Observed Before 2024 Autumn Run.
® No Abnormal X-Y Couplings and Vertical Dispersions
@ Cause of Large Emittance Still Under Investigation

® Emittance for Two Beam (Collision)
® Beam-Beam Blowup Under Investigation

® Combined Effects of Beam-Beam, Lattice Nonlinear, and Wakefield
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v /v, = 45.539 / 43.575

HER Spring Run
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Machine Parameters of SuperKEKB

Ring
Emittance
Beam Current
Number of bunches
Bunch current
Horizontal size ox*
Vertical cap sigma 2,*
Vertical size oy*
Betatron tunes v, / vy
Bx* / By*

O
Piwinski angle

Crab waist ratio

Beam-Beam §,

Specific luminosity

Luminosity

Step-by-Step Improvement

December 27, 2024 Next Target Target before LS2 Unit
LER HER LER HER LER HER
4.0 4.6 4.0 4.6 4.0 4.6 nm
1632 1250 k2080 1480 Ok 3026 2000 mA
2346 2346 2346
0.696 0.537 0.89 0.63 1.29 0.85 mA
15.5 16.6 15.5 16.6 15.5 16.6 um
375 217 159 mm
265 154 112 nm
44,525/ 46.589 | 45.531/43.599 |44.525/46.589 | 45.532/43.573 |44.525/46.589 | 45.532/43.573
60/1.0 60/1.0 | 60/08 | 60/08 Sk 60/06 | 60/06 mm
4.6 (6.0%) 5.1(6.17) 4.6?51) 5.11(g.4*) 4.675*) ST(g.Q*) mm
12.3 12.7 12.3 12.7 12.3 12.7
80 60 30 30 30 80 %
0.036 0.027 0.0444 0.0356 0.0549 0.0475
5.8 x 1031 7.62 x 1031 9.30 x 1031 cm2s-1/mA?2
5.1 x 1034 1x1035 2.4 x 1035 cm-2s’

Luminosity is expected from the achieved values obtained at the beam-beam study.
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