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Observations in SuperKEKB-LER

* Vertical Beam size blowup has been observed near the tune operating
point of physics run v,,<0.6 in SuperKEKB-LER.

* It is a single bunch effect. The threshold is lower than that of the
ordinary TMCI. The blowup is related to a resonance v,, — v,, + 2vs.

* Increasing the bunch intensity and/or transverse impedance
(collimator aperture) enhanced the blowup.

* The beam size blow-up limits choice of the operating point in Physics
run.



Phenomena caused by Transverse wake force

* Tune shift
* Dipole mode tune shift  p.(z) = zp(z)

* Transverse mode coupling

* Mode coupling between v,, £nvg and vy, £(n+1)v,. Typically v, and v;, — v. The
threshold depends on v, but does not depends on v,,.
* For localized wake, mode tune is wrapped at 0.5. Complex condition for the mode

coupling vy, + nvg £ v,, & mvs =integer. The condition is the same as half integer
resonances for synchro-beta mode.

e Bunch current dependent phenomena.



Tune shift Measurements

Vertical Horizontal

date  PBK(V/C, calc) BK(dv/dl) dv/dI (mA™) v, ABK  BK(V/C, calc) BK (dv/dl) dv/dl (mA™) v ABK AE,
2021/2/25 8.90E+15  1.81E+16 -0.00363  0.587 9.24E+15 3.90E+15 6.49E+15 -0.0013  0.528  2.59E+15
2021/2/25 2.66E+16  3.08E+16  -0.00617 0.586  4.23E+15 3.90E+15 -6.29E+15 0.00126 0.528 -1.02E+16
2021/2/25 3.71E+16  3.63E+16  -0.00727 0.586 -7.79E+14 3.90E+15 5.95E+15 -0.00119 0.528 2.05E+15
2021/2/25 5.99E+16  5.70E+16  -0.0114 0.6  -2.95E+15 3.90E+15 5.75E+15 -0.00115 0.527 1.85E+15  +2
2021/3/1  4.83E+16  4.94E+16 -0.00989  0.587 1.11E+15 3.90E+15 6.59E+15 -0.00132 0.527  2.69E+15
2021/3/1  4.83E+16  4.99E+16  -0.00999  0.587 1.61E+15 3.90E+15 6.79E+15 -0.00136 0.527 2.89E+15  +1
2021/3/1  4.83E+16  5.50E+16  -0.011 0.565 6.66E+15 3.90E+15 8.84E+15 -0.00177 0.527 4.94E+15 +1

Base chromaticity £ =1.6



Tune shift measurement with pilot bunch

Vertical Tune Shift

061 L4 Uy, model - 0.6050

—— fit: y=(-6.97¢-03)x + (0.608), ZB,k,=-3.48e+16 [V/C]
° Vy, model = 0.5950

—— fit: y=(-8.40e-03)x + (0.599), 2B, k,=-4.20e+16 [V/C]
L] Vy, model = 0.5850

—— fit: y=(-8.78e-03)x + (0.590), 2B, k,=-4.39e+16 [V/C]
L] Vy, model = 0.5750

—— fit: y=(-8.61e-03)x + (0.580), 2B, k,=-4.30e+16 [V/C]
*  Vy model = 0.5630

—— fit: y=(-7.46e-03)x + (0.568), £B,k,=-3.73e+16 [V/C]
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Horizonta Tune Shift

L] Vx, model = 0.5395

fit: y=(2.62e-05)x + (0.535), EBxkx=1.31e+14 [V/C]
Vx, model = 0.5310

0.534 ——— fit: y=(-2.08e-04)x + (0.527), EByky=-1.04+15 [V/C]

Measured Fractional Vertical Tune
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g, vs v, at KB=36x10"> V/C (June 29),

* 0.5mA/b (16:10-16:30)
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Emittance growth due to current
independent resonance (nx-ny-2ns
or 2ny-6ns=n) for 1=<0.8mA/bunch.
Emittance growth due to tune
dependent TMCI (localized wake)
was seen [>=0.9mA

€,~150pm at I=1mA v,=0.588
l,,=0.95mA at Kb=36x10% V/C.



BMLDCCT:CURRENT
BMLXRM:BEAM:EMITTY

LER measurement at May 13, B, *=1mm

Y dvy/dl=0.008/mA
* Keep current scan V-tune 0.570-0.610
1mA/bunch 0.6mA
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Emittance blow up was seen at 1mA/bunch.



hreshold change for Collimator gap

* —
B,*=1mm
v,=0.59
y
KB=36x10%° V/c KB=41.6x10% V/c
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* The threshold almost scales to K[l. "

* The emittance growth seems to be due to TMCI, though not ordinary
TMCI.



e Take FFT all 5120x4096 data.

e Averaging revolution periods with the weakest

300 (in 5120) FFT power.

FFT spectra of BOR data  p,x-1mm

1=100mA, Nb=97
v,(LER)=0.0225
dv,/d1=0.008/mA

120

Near resonance lines v,

MLV13_MAY 2021 14_06_54.ADCMLV13_MAY_ 2021 14 06_35.AD/  MLV13_MAY 2021 14 04 _17. ADCMLV13 MAY_2021 14 03 55.AD( \iy13 MAY 2021 13 41 39.ADCMLV13_MAY 2021 13 41 19.ADC

MLVI3_MAY 2021 14 06_14.ADC

110

MLVI3_MAY 2021 14 03 33:ADC

105

— vy + 2vs and 2v,, —

6V,

MLVi3 MAY 2021 13 40 56. ADC

46.6

46.58

46.56

vy

46.54

46.52

46.5

4.5

P 1 B
44.52

LY Ao _rm_eves_ao_ o,

102

| "
44. 54

| PRI B
4456 44.58

Vy

44.6

_vamusriey au_mini_eves_ao_w_vaADC

MLVI3_MAY 2021 13 43 57.ADC

250

[
(=)
=]

+

200

=
w
(=] =]

(]
(=)

150

BMLXRM: BEAM: EMITTY

(=]

.

100

w

50

46.58 46.585 46.59 46.595 46.6 46.605 46.61

102

CGLOPT:GATED_TUNE_Y:MEAS

MLVI3 MAY 2021 13 47 37.AD

MLV13_MAY 2021 13 48 18.ADCMLV13_MAY ; 2021 _13 47 57.ADC

s * 0.580
105 . il
2 %8
110
%
100 |
105 9 %
100 & 2 2
% %0
%
|
% 88
% 0y
86
B3 0.40 042 0.4a 0.46 048 050 %58 040 042 0.44 046 048 050 83 0.40 0.42 0.42 046 0.48 0.50 %38 0.40 0.42 0.44 0.46 048 os0 %438 0.40 0.42 0.44 0.46 0.48 0.50
MLV13_MAY_2021_13_;0_36.ECMLV13_MAY_2021_13_;0_16.A5C MLV13 MAY 2021 13 52 28.ADCMLV13 MAY 2021 13 52 08.ADC @ _13_54_29. _MAY_ 13 C  MLVI3_MAY 2021 13 56_43.ADCMLV13_MAY_2021 13 56 21.ADC  MLV13_MAY 2021 _13_58_32.ADCMLV13_MAY 2021 13 58 _12.ADC
100 MLVI3 MAY 2021 13 49 55ADC o, MLVI3 MAY 2021 13 51 48ADC _ _ _ % MLVI3_MAY 2021 13753 48.ADC % MLVI3 MAY 202113 56 01.ADC 105 MCvIIMATE202381 15715 ADG
£
~10.610
%6 .
e ES
2
: ”q' ‘ Mww‘ |
m
85
86
D) 0.40 0.42 0.42 0.46 048 0.50 0 so %33 0.40 042 0.44 0.46 048 o0 03 0.40 0.42 0.4 0.46 0.48

— vy, + 2vgresonance.

Spectra vy, =0.58 seems ordinary behavior, still the tune separation remains 0.01 for the mode coupling.
Spectra v,, <0.58 is complex, perhaps coupling with v,



Tune scan (corrected tune) at 3, *=8mm

Vertical Tune Scan with Higher Current (28,k,=3.47e+16 V/C H
e A * The corrected tunes mean evaluated tunes using results of
350 . , V=0,
fit .
- (5ie03(1038) the tune shift measurement and averaged bunch current
300 A
= 2 _exp{-2"2"} a=0.98, 0=0.00152, u=0.5693 .
_ farg 01 5 because the bunch current between the pilot bunch and
E 250 0.92 mA/bunch, 1,=0.5268
© fit . .
8 D 4301 B13) the other bunches is different.
.f_j a (x — p)? _ —
£ 2 exp{—"7"}, a=2.37, 0=0.00349, 1=0.5630 - _ 3 X
%150 2 Vy 7.21e 3 Ib,ave + (Vy'mode|+0.004)
E 100 )
Iy, ave: @veraged bunch current
50
0
0.55 0.56 0.57 0.58 0.59 0.60 0.61
Corrected Fractional Vertical Tune
Comparison of Fitting Curves
350 —— 0.91 mA/bunch, v,=0.5352, v,=0.5693
0.92 mA/bunch, v,=0.5268, v,=0.563
300 —— 0.31 mA/bunch, v,=0.5355, v,=0.5796
* —— 0.31 mA/bunch, v,=0.527, v,=0.5674
200 Vertical Tune Scan with Lower Current (ZB,k,=3.47e+16 V/C) = 250 By = 1m m
¢ 0.31 mA/bunch, v,=0.5355 E_
fit o
175 ——= y = (1.076-03)x**(-19.76) 2 200
2 ©
150 - exp{—-“—1"}, a=0.55, 0=0.00168, 1=0.5796 =
T 0.31 mA/bunch, 1,=0.527 ,_,EJ
%125 fit 5 150
= y = (6.21e-04)x**(-20.13) %
O 2
E 100 2 *=1"}, 8=0.34, 0=0.00193, 1=0.5674 2 100
g 75
2 50
50
0
25
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0 Corrected Fractional Vertical Tune
10

Corrected Fractional Vertical Tune



Resonance on tune diagram (variable v.) 4 smn

Measurg%OResonance on Diagram with variable vs (vs=0.02065 at 0.31 mA/bunch, A=1.44 m/A)

o I e Estimate the synchrotron tune shift by the bunch
/, /// ,’, y_ X_ s= ! . . .
058 "o 1y =1y - 10 =05 lengthening using parameters of the model lattice.
' L ’,f’ // -—-- 1y, —0v,—2v,=0.5
-~ e ,/’ -—=- 1y, — 1y, —2vs=0.5
N , _ Cacos
0.56 = o ’,/ 0.31 mA/bunch, v,=0.5355, v,=0.5796 s = 20
IS o @ 0.31 mAbunch, 1,=0.527, 1,=0.5674 z
0.54 R ::;’i:“"“:—;r’:: ------------------------------ O-Z = O-ZO + A Ib
Ib=0.3mA
052 » A~1inD. Zhou’s simulations.
» A>2 In measurements using streak camera.
0.50 o
0.50 0.52 0.54 0.56 0.58 0.60
Vx

* We can explain that the measured resonance is caused by

Measured Resonance on Diagram with variable vs (vs=0.0175 at 0.915 mmA/bunch, A=1.44 m/A) . . .
060 S T S T V,-V,-2v. assuming the bunch lengthening with A~1.44 m/A
/’J l,/ ”’ y X s . y X S
1y Ov = 1vs = 0.3 in the model lattice.
ot L o ---- 1v, —1v,—1v;=0.5
0.58 T | —-=r v, —0v, —2vs=0.5
il el /'” —--- 1y, —1v, —2v,=0.5
i’ //’ --=- 1v, — 0V, —3v;=0.5
0-56 | 0.91 mA/bunch, v,=0.5352, 1,=0.5693
> e e N A @  0.92 mAlbunch, v,=0.5268, 1,=0.563
7 7 1b=0.915mA
054 - -
052 .~ o
050 -
0.50 0.52 0.54 0.56 0.58 0.60
Vx
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Emittance depending on v, and wake strength

Vertical Emittance vs Bunch Current with different vertical tunes (Z,k,=3.47e+16 V/C)

500

B
o
o

Vertical Emittance [pm]
N w
o o
o o

100

e ,=0.5268, v,=0.602 °

V,=0.5267, v,=0.5614

B,*=8mm

The vertical emittance around v,=0.5614 is large
even if the bunch current is low.

When v,>0.6, the vertical emittance increases
instantaneously for bunch current of ~1.1 mA.
This seems ordinary mode coupling.

|

* The vertical emittance depends on
the aperture of DO6V1 collimator.
The wake in DO6V1 enhances the
emittance increase.

* This indicates the wake contains x-y

.§ Vertical Emittance vs Bunch Current with DO6V1 aperture setting
A 330
= 320
: Ue
- bk Y — 310
/A
. . A K="
g ﬁ 8 300
el s
-~ " - NUSHTFIIR -4 E 290
w
©
0.4 0.6 0.8 1.0 £ 280
Bunch Current [mA/bunch] 2
270
260 l

250
24 26 28 30

5Bk, [x1015 V/IC]

Operating point has to be chosen v,~0.6.

coupling component.

32 34
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Vertical Emittance [pm]

Tune scan (B, *=1 mm vs 8 mm)

y

Vertical Tune Scan with Higher Current
e B, =8mm, 0.92 mA/bunch, vx=0.5268, 3Bk, = 3.47e+16 [V/C], 2021-10-26

350 i

' ; «  By=1mm, 1.0 mA/bunch, vx=0.5254, 38k, = 4.22e+16 [V/C], 2021-05-13
300 1
250 i
200

: 4

150 : i *
00 $i-§ 1 3

‘zci . :' i
50 "G-"!i'..* s

0.56 0.57 0.58 0.59 0.60 0.61
Pilot Bunch Fractional Vertical Tune

* In By*=1 mm, the stop-band remarkably spreads.
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Synchro-beta resonances

* Transfer matrix ng
M(8) = MoM¢(8) M¢(5) = HMflKi(d)Mi K;(5):Skew Q,S ...

M;: transfer matrix to i-th element

* Normal form, chromatic coupling

19(6) 0
M(5) = R§(5) MOR51(5) P (5) _ 0 7”0(5)
* R¢(0) is observable. : —ni(0) —1(8) 1 0
_ _ —13(0) —n() 0
* Relation of the two expression
1099

Progress of Theoretical Physics, Vol. 127, No. 6, June 2012

Symplectic Expression for Chromatic Aberrations
M:(6) = exp(—: H:
Yuji SEIMIYA, Kazuhito OHMI, Demin ZHOU, f( ) p( )
John W. FLANAGAN and Yukiyoshi OHNISHI



Chromatic coupling near D6V1 (s=1869.97m) collimator

* Up and downstream of D6V1
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-1.42809 239.171 -1533.81
6.76406 -980.588 7090.7
8.49025 347.503 -4032.6

MQTAFOP1 s=1856.27m -9.01979 -3522.6 11672.7
0-th 1st 2nd

r1 1.385e-02 4.622e+00 3.311e+02

r2 2.413e-02 6.325e+01 1.356e+02

r3 5.809e-03 1.702e+00 -1.021e+03

r4 3.335e-02 1.030e+01 7.765e+02

B,*=1mm

MQTAFOP2 s=1905.51

r1 —2.397e-02 3.010e-01 6.559e+02
r2 =3.127e-01 -4.007e+01 —3.035e+03
r3 4.764e-03 —9.001e-02 —7.185e+01
r4 9.628e-02 2.076e+00 1.006e+04

by G. Mitsuka More accuracy is expected

in the future.



Beam size for tune scan
* Tune scan is performed by MyMg(0). (4x4 formalism)
* Measure chromatic coupling.
» Calculate M (6)=My'R¢(8) MoRz *(6).
* Tune scan is performed by changing M,,.
* R:(6) is changed but Mg (8) is kept in the tune scan (assumption).

* Tracking simulation using MyM¢ (&) with keeping Mg (6) in the tune scan.
2 | | | | | I | I

| v,=0.525
18F || vg=0.023 5 1%t and 2"d sidebands are seen.
n
16 F | | -
= |
L | |
b}‘ 14 B III |I 7
1.2 | /I III\ N . €,0=30pm
1 _ o Ih&"“ﬂ’if——hrufﬁ"'/\ﬂw-‘_\vmw
1 I ] | ] |
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Simulation with Wake force and chromatic coupling
* Transverse wake is considered.

200000 . . . " 2

100000 | | lr - | k Noﬁat{e
VY VT VAVAV P R L Ry 18F || g aKe oo -
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Vy

* Synchro-beta sidebands seems to be enhanced by the wake force.

* Beam is unstable at [,=1.2mA in all tunes. This is threshold of the
ordinary TMCI. Agreement with the measurement.



Simulation with Wake force(y+z) and chromatic coupling

* Longitudinal wake is added.

2 TR ]

NoWake

1500 . : , : 18 F
1000 |
500 |-

1.6 |

W, (V/pC)
Gyfﬁyﬂ

1.4 |

-500 |
-1000

1.2 |

-1500 |

-2000 I L I
20 -15  -10 5 0 5 1 F

0.54 0.56 058 0.6 0.62 0.64
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* Peaks of the synchro-beta resonances shift slightly lower.




Study for Mode coupling for localized wake

* In ordinary mode coupling, the betatron tune does not have meaning,
but only tune different between sidebands, ns has meaning.

* In mode coupling due to alocalized wake, the betatron tune has
meaning. Sideband modes wrapped at 0.5.

* Threshold can be|lower than that of ordinary TMCI.

Broad band resonatior wake 50GHz, Q=1, no x-y coupling v,~6v, resonance
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gzg i e i e s lmllﬂlltt O ) menmasaa naiid ﬁﬁ
V =O.585 . = S """"-'-”-“f ﬁﬂ 6 oy [meme——— lﬂiiﬁl‘ﬁ-ﬂﬁ.-...
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0.56 e s gt mat o o AT -1 MM RMER A=
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0.54 T e - i 4
0.53 i HEBE B g&qmnuii -2 m --e Hhme gml!tffjﬁ -
PN = - B T T ) -ﬁ
052 S qa!g“ 4 g§$ mm—— _m_imlm Ragan :31_2
0.51 . =
05 Nt e] -3 e [ommm——wnpusesayeenr] 3
. 0 02 04 06 08 1 1.2 1416 0 0204 06 08 1 12 14 1.6
| {mA) | (mA)
arbitrary arbitrary
Experiments showed lower This wake induces ative tune shift for -3 mode.

Vv, Was worse. Positive tune shift is preferred to explain experimental results



Study for Mode coupling for x-y-z mode

* For v,-v -2v, resonance, x-y-z mode coupling T —
COS [ty SIN iy 0 0 o / .
T —omily, — SN fi; COS Jiy 0 0 . s 1
Mo =e h 0 0 COS fly  SIN iy, i ) b / ]
0 0 —SIn f1,  COS [y :
1 0 O 0 46.5:...|...|...|...|...|.
Vs W (I, I (JdT 1 0 0 2
v 0 0 1 0
0 0 —W(J,I)(J)dT 1
* Eigenvalue for M=M,M,, oen T T T T
0.02 xy o
057 3
056 | mmmnlllﬂllllnlllmllﬂ = 001 F _::' _
Only vertical wake “d2_s0.5 dy0.5_ 250" . O055F =| 2 .
Coupling measured by TbT data ~ 054 [ T
R1=0.0230, R2=0.426, R3=-0.00165, ool ey © 001 F L]
R4=0.05457 at D6V1 (interpolated). 051 [ 002 EN
0.5 1 1 1 1 1 ] 1 Ll -0.03 1 ] 1 ] 1 ] 1 L
0 02040608 1 12 14 16 0 02040608 1 12 1.4 1.6

Both of v, and v, and their sidebands are seen. | (mA) | (mA)



Summary

Vertical Beam size blowup has been observed in SuperKEKB-LER.

The threshold is lower than that of the ordinary TMCl at v,, < 0.6. The blowup is
related to a resonance v, —v,, + 2v;.

The threshold at v,,>0.6 is around Ib~1.2mA, while the design is Ib=1.4mA. This seems
to be the ordinarny'MCI.

The blowup for v, —v,, + 2v is caused by nonlinear chromatic coupling as a
incoherent single particle effect.

Increasing the bunch intensity and/or transverse impedance (collimator aperture)
enhanced the blowup. It also couples to the transverse impedance.

Squeezing B, * enhanced.

Preliminary simulations were shown to explain the phenomena atv,, < 0.6.
Accuracy of chromatic coupling measurement is expected to be improved.

The phenomena can be explained by x-y coupling at collimator, or even only W..

Measurement of the beam frequency spectrum is key to solve the TMCl(generalized)
issues.



Thank you for your attention



Equation for dipole and quadrupole wake

Quadrupole wake induced by the monopole component

* Transverse motion
* Longitudinal motion is assumed to be solved independently.

;\: € i .,-2 — qy? |

H=H,+ E vF,(2) + yF,(z) — = . T Fp(2)

JL | _

1 [ - o - . ]

Hy = 5 _'pi + K, (9, 8)x? —|—'pi + K, (9, 5’)?]2_

F:r,y(Z) — /;x If{xir_;;f;(z — Zf)pg_-ﬂg(zf)dz FQ(Z) _ [x IIFQ(Z o ZI)‘O(ZI)dZ’
i?\'rlrﬁ
Api(z) = —TH(R() = Fol2)a(2)

N,

Apy(z) = ——2(F,(2) + Fo(2)y(2))



