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Introduction-SuperKEKB

Future circular electron—positron colliders—such as the CEPC and FCC—commonly adopt a large crossing-
angle "crab waist" collision scheme, with SuperKEKB serving as a prime example.

SuperKEKB uses a nano-beam scheme with superconducting final focus magnets, reducing the vertical beam
size at the IP to 1/20 of KEKB's. Its design luminosity is 8 x 1035 cm™2s~1, 40x higher than KEKB's record.

However, in actual operation, SuperKEKB faces significant challenges that severely limit its performance. As
of December 27, 2024, the achieved peak luminosity was 5.11 x 103* cm~2s~! —still far below the design goal.
This liminosity was obtained with beam currents only at half of the design intensity. Reaching the target luminosity
will require extensive and prolonged commissioning efforts.
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https://arxiv.org/pdf/1809.01958



Machine parameters

] SuperKEKB: Dec.27, 2024 SuperKEKB: Design unit |
LER HER LER HER

Ring

Crossing angle (¢.) +/-41.5 +/-41.5 mrad
Beam energy 4.0 7.0 4.0 7.0 GeV
Beam current 1632 1259 3600 2600 mA
# of bunches 2346 2500

IP ver. Cap sigma (2,’)" 0.375 0.0788 {m
Betatron tunes (v/v,) 44.525/46.589 45.531/43.599 44.53/46.57 45.53/43.57

B,/B," 60/1.0 60/1.0 32/0.27 25/0.30 mm
Crab waist ratio 80 60 0 0 %
Beam-Beam 0.036 0.027 0.0881 0.0807

parameters &,

I~ T+ le: £ ] — LER beam injection largely affected by beam-beam interaction and betatron tunes
2er, 3x. VT
y+

Dynamic aperture is largely reduced by CW sextupoles

Limiting factors to lumonosity : Beam lifetime

» Total beam currents (1) - - Vertical beam-beam blowup
> Vertical beta function at IP (5,*) large vertical beta function
> Vertical beam-beam parameters (¢,) Chromatic coupling for both two rings

Manufacturing errors at IP in the HER beamline




HER ring chromatic coupling



Simulation settings

Simulation parameters are based on 2024 c run (Dec. 27, 2024) in which peak luminosity was achieved.
Gaussian based beam-beam strong-strong simulation to speed up the computation.

T E—

(Vi) (0.525, 0.589) 1(0.531, 0.599) |

Ex 4.6 4.0 nm
Ey 25 25 pm
o 6.0 (5.0) 5.0 mm
O 7.5257E-4 6.3044E-4

Ug -0.0233 -0.0258

o 80 60 %
Ipunch 0.696 (Ip,) I,_=0.77*Ip, mA

BB,  (60,1) (60,1) mm



HER chromatic coupling reproduce

Y.Funakoshi, International collaboration meeting on

beam-beam effects at SuperKEKB (1) HER single beam emittance with chromatic coupling
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HER &y, [pm]

Longitudinal impedance

_ L
LSP " Nplpylp_
100 —*— w/o CC, w/o ZL 10 ’:‘_; 10 l:--l-—-l..__
—— wio CC, w/zL e - E Wl g - =-_ g Simpulated
P vy =Vxtvs T 8 f T 84 T - - UII-_.._.____'____“-
————— Vy = Vi + 2VE r‘\‘u, o M"‘ N _h_."'""I-»-.._._
----- Vy = vy + 3k ‘E X IE .
60 1 S 6 a.“I 61
% 2
w0 > z > asured
@ 41 == woccwiozL 3 44 4
e E —*— wio CCj wiZL E
32 T 3,0 ey
77777 Vy_vx+3v5 '-E -& w/oLC, wfo ZL
0 ‘ . . . ‘ : : o Yo 2 -= CC, w/ ZL
0.55 0.56 0.57 0.58 0.59 0.60 0.61 : : ‘ ‘ ; 0L . . . :
HER vy 0-55 0.56 0.57 HEFC{]-E:B 0.61 0.0 0.2 0.4 0.6 0.8
g 1717 (MA?
Luminosity degradation is caused by bunch lengthening due to H.Sugimoto Y.Funakoshi
longitudinal impedance. However, the slope (decreasing rate ) T PRGN I AN RRRRPY FopAsmas ANIISALE
. . =~ £40 0 pm < rden: 2024 June 27" By* = 0.9mm, H/L=~0.7
is smaller than that observed in measurements. , oo || T, :
o wm| 8
6.0 =S a0 .
—— LER ) . 5
I o ny £, ox N\/ By/sy 5.8 4 —— HER f ? : 4 x 2 e L LR
x 7 1 ) 5 » &
; (o — g . | o
By £ 5.61 @ e % al.z el.a e%e e{s i 1%2
S 0.0 0.2 0.4 0.6 08 1.0 Tp+Ip- [mAZ]
E 5.4 - I (mA?)
55 Measured vs. simulated luminosity
5.0 T T T T

0.0 0.2 0.4 0.6 0.8
1715 (mA2)



Effects of chromatic coupling

450

Specific Luminosity (1031cm=2s-1/mA?)
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Sp. luminosity is nearly independent of beam current
when beam current exceeds 0.2 ,although bunch
lengthening persists.This behavior is likely due to
the saturation of vertical emittance growth.
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shift can be attributed to a reduction in the synchrotron tune .
® The emittance near resonances increases significantly.One
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ZL introduces an incoherent synchrotron tune spread. The central synchrotron
tune of both rings is reduced by Av, =0.003, resulting in a significant tune spread.
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Simulations suggest that the chosen coupling
coefficients may be too large.




HER cancel coil manufacturing errors

The cancellation coils used to compensate the QC1P leakage field in the HER beamline have manufacturing errors.

These errors induce additional skew sextupole and skew octupole field components in the HER beamline, which can be

approximated by an effetive Hamiltonian H,¢r atIP, with H,;r = C py3 term contributing most significantly to luminosity

degradation.
Leak Field Cancellation Coils Errored effective-Hamiltonian for Weak—strOﬂg Simulation
third-order nonlinear terms:
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The peturbation H, s = C p,° (C = 0.06957) is inserted at the IP for HER ring



Combination of cancel coil errors (py3) and chromatic coupling
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p,3 shift the curve towards 0.5 slightly, and increase the vertcial emittacce. But if the vertical
emittance is already very strong at a specific working tune, the specific luminosity see no significant
differences with and without p,3 error.



LER ring chromatic coupling



LER chromatic coupling
LER ring ,

Case 2
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ZL affects the emittance; as the beam current increases, third-order
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ZT has almost no effect (even at high beam currents).
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With ZL, the first-order chromatic coupling could also lead to
second and third order synchro-betatron resonance.



Effects of impedance and chromatic couping (CC)

LER CC is not considered but with HER CC in the first six cases.

The last two cases are totally CC free.

9

w/o CC wfo ZL

w/ CC wjo ZL

w/o CC wf ZL
w/CC W/ ZL

w/o CC w/ ZL, w/ZT
w/ CC w/ ZL, wiZT

w/o CC w/ ZL, wo/ZT
w/o CC wf ZL, w/ZT

=

Specific Luminosity (1031em~2s71/mA?)

w

0.4
IF1; (MA?)

o
o

Operation current in 2024c run

(Ve vy) (0.525, 0:589) (0.531, 0.599)

7.0
—w— | FR \SI
—— HER
6.5 7] /
€ -
E. 6.0 1 #«-M
)
5.5 -
5.0 I T T T T
0.0 0.2 0.4 0.6 0.8

1715 (mA2)

» At low beam currents, ZL and chromatic coupling cause a reduction in luminosity; ZT has negligible effect.
» At high beam currents, the luminosity degradation is primarily caused by Y-Z instability due to ZT.
» While LER coupling degrades luminosity, its impact is much smaller than that of HER coupling.




IFl; (mA2)

Instability induced by transverse impedance
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TMCI-like instability can arise at currents much lower than the designed value.
While the instability threshold is extremely high when considering either beam—beam effects or
transverse impedance alone, it drops sharply when both are present simultaneously.



<y>/oy

<yz>/oy0;

Coherent instabilty Oscillation of dipole and skew moment in vertical direction.
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HER chromatic coupling is larger than
that of LER.

At low current, chromatic coupling only cause incoherent beam size blowup. However, if the

chromatic coupling differs significantly between the two rings it can cause asymmetric emittance
growth — one ring blows up while the other stays stable. Hence, coupling should be matched to
preserve symmetric emittance evolution.



Instability mitigation

The instability exhibits coherent ¢ mode,

in which the two bunch oscillate in phase.
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The instability is head-tail tpye caused by
the combination of transverse impedance
and beam-beam. The chromaticity works.
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Negative chromaticity enhances the instability.



Luminosity (103*cm—2s71)

Luminosity vs. tune in different chromatic configurations
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Without coupling, when vy, ygr = vy, 1 gg the
luminosity is low, since the instability excibits o
mode. Different working points between
colliding beams (asymmetric tunes) help
mitigate the instability.

The LER chromatic couping will lower the
luminosity. But if the v,, ;g is far away from

half integer, the influence become small.
While LER coupling degrades luminosity, its
impact is much smaller than that of HER
coupling.

Asymmetric tunes strategy remains effective
when there are chromatic coupling.



Preliminary beam-beam simulation
with lattice using APES



Simulation settings

sler 1802 _60_1 v2.sad HER 5781 60 1 cw60.sad
tune =[0.532,0.593,-.0237] tune =[0.531,0.598,-0.0272]
emit = [4.03e-9,5.52e-13,0.0046,0.00074] emit = [4.46e-9,5.67e-13,0.005,0.0006]
beta = [0.06,0.001,6.19] beta = [0.06,0.001,8.00]
Current:
ler: 0.70mA
her: 0.54mA
LER: emitx = 4.60e-9 emity = 25e-12 emit_couple = 0.0054

sigmaz = 6.00e-3 sigmap = 7.5e-4

HER: emitx = 4.00e-9 emity = 40e-12 emit_couple = 0.01
sigmaz = 6.20e-3 sigmap =6.3e-4



Lattice without error

HER 5781 60 1 cw60.lat & sler 1802 60 1 v2.sad
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Luminosity [cm~2571]
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caseZ2:LER(lattice) Resulting in a luminosity decrease (-6.4%)
case3:HER(lattice)Causing a larger vertical size increase

(>1.7x) and luminosity decrease (-26.9%)
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casel \(linear) + LER(linear)
case2 \(linear) + LER(lattice)
case3 \(lattice) + LER(linear)
case4 \(lattice) + LER(lattice)

L attice with error

HER 5781 60 1 cw60-can.lat & sler 1802 60 1 v2.sad

55| W ) ~% - HER w/o can error
7 T A HERw/ can error
o Tk
n “ TR =50
TE 5 rL:n -
)
< s . The imperfect HER lattice leads to enhanced vertical
> it >
= i Z . . . .
g . beam size growth and greater luminosity loss.
€, %4,0
2 *
35 A
. A
00 6000 8000 10000
Turn casel case2 case3 cased
mode
13
12
Z::? 11
*Dx
1.0
0.9
2000 4000 Tum 6000 8000 10000 0 2000 2000 5000 8000 10000 10000
Turn
2.2
2.0
18
‘_c_}?’l.ﬁ - .
Zhiyuan Li
1.2
1.0
2000 4000 T 6000 8000 10000 0 m 2000 . 6E~(’—u 8000 To000 0 2000 4000 o 6000 8000 10000
urn



Summary

® HER chromatic coupling strongly drives vertical emittance growth and luminosity loss at low currents;
In contrast, chromatic coupling in the LER has a much weaker influence.

® The luminosity impact of the p,3 error is reduced when HER chromatic coupling is strong.
® Atlow beam currents, ZL and coupling cause a noticeable reduction in luminosity; ZT has negligible effect.
At high beam currents, the luminosity degradation is primarily caused by ZT (Y-Z instability). The larger

asymmetric-tune and chromaticity can recover the luminosity.

® Including the lattice lowers the luminosity by ~30%; with HER lattice errors, the loss is even larger.
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