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SuperKEKB

 Asymmetric e+e- collider with energy 4 and 7 GeV.
* Collision with large Piwinski angle, ¢.c,/G,=26.

 Arc design ~ Very high current 37 generation light
source

* Interaction Point : Extremely low 3*, 3cmx0.3mm.

* Very large chromaticity and local correction in the
Interaction Region.
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Number of bunches
Bunch Current
Circumference
Ex/ &y
Coupling
Bx*/By*
Crossing angle
Up
O3
VC
Oz
Vs
Vx/Vy
Uo

Tx,y/Ts

Ex/ &y

Luminosity

Machine Parameters

LER HER unit
4.000 7.007 GeV
3.6 2.6 A
2,500
1.44 1.04 mA
3,016.315 m
3.2(1.9)/8.64(2.8) 4.6(4.4)/11.5(1.5) nm/pm (:zero current
0.27 0.28 includes beam-beam
32/0.27 25/0.30 mm
83 mrad
3.25x104 4.55x104
8.08(7.73)x10-4 6.37(6.31)x10-* (:zero current
9.4 15.0 MV
6.0(5.0) 5(4.9) mm (:zero current
-0.0247 -0.0280
44.53/44.57 45.53/43.57
1.87 2.43 MeV
43.1/21.6 58.0/29.0 msec
0.0028/0.0881 0.0012/0.0807
8x103> cm-2s!




X-y coupling
* Eigenvector to resolve x-y coupling, R.
X(s +C) = UX(s) u=(g y) w=(Ca )

x(s+C)=M(s)x(s)

x = RBX

M(s) = R(s)B(s)UB™1(s)R™1(s)
e R(s) as Twiss parameters

9 O T. —T
R(s) = 0 non B=<BX O) po=| VP 0
D=\ = =m0 0o B T \canm A

- T'3 - T'4 0 T‘O

TO - \/1 - T1T4 + T2T3
e Beam envelope matrix

0 0 0
& 0 O
0 0
0

&

(X(s)XE(s)) = < > (x(s)xt(s)) = R(s)B(s){XXt)Bt(s)RE(s)

X
0
0
O t ’ ’ — 42
xt = (xx"y,y) (yy) Oy

0 &y



Normal mode XY and emittance

* Normal mode with eigenvalues, exp(Xiuyy).
* Betatron motion, oscillation with frequency, py y.

* Emittance rms of the normal mode amplitude, ey =
(1X12), &y = (|Y]?).

* Emittance is determined by radiation excitation and
damping along the normal mode.

% Yyny + 2aynyny + Byny
gy &

3 ds Nxy(S) = R7U(S)Myy (s)

* To reduce g, X-y coupling in bend should be
suppressed.

* Global coupling determines vertical emittance.



Local x-y coupling and beam size

* Beam size at location given Twiss parameters.

152

Bx
oF(S) = Br(ey  0E(s) = oF(S) = Fx()ex

* Local vertical beam size consists of the vertical
emittance and local x-y coupling R(s).

+ 1%+ (ny0'5)2

o7 (s) = oy + oy

* x-y coupling at IP enhances emittance growth due
to the beam-beam interaction.

e Beam size at Interaction Point determines
luminosity performance.



Local coupling and beam distribution

A A

Yy V4
R1 R2,M
*—>} Oy .—>} ©y
A ' A
Y y

- =
X 2 0=Ap/p
g2 ] * (nyos)

R3 and R4 are explained by the same picture for p,.

0, (s) = 07 + 0 [



X-y coupling correction in SuperKEKB

* Exciting 6 horizontal steerings one by one, measure
closed orbit distortion in each.
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* Vertical orbit is corrected by skew quads

HER

P
I

rl and r2 at every s is corrected, r3 and
r4 are corrected as the result.

X-y coupling in LER is somewhat worse
than HER.
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Optics Correction Summary

LER HER LER HER
(ABry/Bey)™ (2] 3 [ 3 3/3 214 3/3

(ay)™ /ax™ 0.009  0.006 0.014 0.008
(A7) [mm] 8 [ 2 11/2 10/4 9/3

A&y 2/-4 <1/<1 2/3 <1/3

HER (8, 8,) = (100 mm, 3 mm)
LER (35, 8;) = (200 mm, 3 mm)
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Vertical Emittance in Phase 2
LER HER

| —— CH1: BMLXRM:BEAM:SIGMAY | | —— CH2: BMLDCCT:CURRENT| ~ [——CH4: BMHXRM:BEAM:STGMAY | | —— CH3: BMHDCCT: CURRENT

IV Bl ! — H300 EL: 1199
140 ] :
=z | E 2c45¢ ]
= f 12502 = f go 2
G120 _ | E Saef -
w o r gfmittan 72995 N3sk 160 A
=100 1 9 = F 160 ©
< | 1500 = -
= f 1150 =T30F
@ gof- 1 2 o [ 110 2
~ 80r ] =125
= | {10033 =-F 1 3
g ] ot -
> 60 1 = ><20F 1. B
EI [ 50 5 I ¢t 20 5

: ] S15F ]
@ g0f : @t

-l i i i i 1 i i I i i B 10" i lal oy PR B i i % al 4 PR ' i B

17"e"e° 30" 18"@" 3" 19"@" 3" 23MgMes 20M 1he™
7/13/2018 6/28/2018

Time Time
oy =40 pm 5, = 69 m oy =16 pm [, =28 m
Ey ~ 23 pPM & =3nm ey ~ 9 pm

e Emittance of HER is improved compare with Phase 1.

e Emittance of LER is larger than that of Phase 1.
Note: Residual of XY coupling is larger compare with Phasel.
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Beam size measurement using
XRM

Masks: ~20 um Au on 600 um
CVD diamond substrate
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X-ray beam line under
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Beam life time vs vertical emittance

June 12, 2018 LER lo =320 mA
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SuperKEKB as a low emittance collider

* Compatibility of low emittance, beam-beam tune shift
and luminosity

* Collision with Large crossing angle to avoid large
horizontal tune shift.

* Extreme small B3,.

* Small x-y coupling for keeping vertical beam-beam
tune shift

_ NeT, Bx _ NeT, :By
Av, = Avy, =
Zﬂyp ox(0y + Uy) 27T)/p gy (o, + o'y)
[ NeNy fror B N,y,Av, Effective horizontal beam size
— = l
A oyoy 2B, 77 Ox =\ Brtx + ($c0,)?

¢.: half crossing angle



Commissioning of SuperKEKB, Phase |

* Low emittance operation
* X-y coupling, vertical dispersion correction.
e X-ray beam size monitor using coded aperture.
* Global X-y coupling <1% is achieved.
* |,=1A and | =0.7 A achieved without emittance growth.

* Check electron cloud instability, and other instabilities.

* EC Instability was observed early stage, but suppressed by
winding solenoids in bellow section not coated by TiN.

* Beam size blow-up due to electron cloud is suppressed by
1mA/bunch=6x101%/bunch, C=3016m

1A at least. N, ,,.,=1500.
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Commissioning of SuperKEKB,
Phase |l

* B squeezing




2018/7/23 Monday Meeting

History of SuperKEKB Phase 2
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Lspec at June 10, 2018

?‘( Observations
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OmA, <Fy0=0.3u , 0.4um, L =35
200x80mA,

v0=0.5um, 0.6pm, L
* 285x340mA, 6,,=1.5um, 0.6pm, L =11
| Lsp agrees with geo value at high current

6/10/2018

=23

Lsp=20 was at lowest current, 0.01mAx0.01mA.

1

Ls, =

2
27Taxco-yce fO

Lca=1.2x10°3 cm2st,
285x340mA, N =788

Blow-up of e- beam was serious.

— ’ 2 2

1mA/bunch=6x101%/bunch



Optics aberration and tuning at [P

In early stage of Phase Il, luminosity of very low current contradict with the
measured emittance.

Luminosity did not increase for squeezing beta.

Local coupling R2 at IP could be suspected.

R.? 2
062 ~ g2 + 02 |—% + R 2] + (n,o 62(s) = By (s)ey
yoor g (1y05) 02(5) ~ 02(S) = fx(s)ex

R2 can be induced by skew rotation of both side of QCS.
Induced R2 does not change for squeezing of B*.

However effect of R2 is enhanced for squeezing B*.
M = exp(—: RZP;p;) = EXp(—: szy:) M = exp(: Rzp;p;) = exp(; szy;)

f 2 =3 26 =2 /> Bp*~1m?
-




Super

< Overview of IR magnets

-

Length of solenor$
=0.7m

" QCSR

QC

RN NN N

Bz (Belle ONLY), T
BZ. T

1 1 " i 1 i i 1

R A A O

hl]lll

* Inthe left cryostat, one solenoid (12 small solenoids) is overlaid on QC1LP and QC1LE.
* Inthe right cryostat, the 1%t solenoid (15 small solenoids) is overlaid on QC1RP, QC1RE and QC2RP.
— The 2" and 3 solenoids on the each beam line in the QC2RE vessel.

2016/06/14 SuperKEKB Review 2016 9

* Linear and nonlinear correction coils including skew are wound in QC1-2.
* R2 was corrected by al (skew Q) correction coil of QC1.



R scan in operation and beam-beam simulation

2.2%~ T T I I
225 L X R1 >|<— 4
I .
0.7= ~ 22} -
F [ 13 5
uB.E_—!. : “¥st® 12.58\" 215 | }K -
NS, f *e o ...! 12 " E
1 LRI | = o ol A | ¥ -
2 50.4 vend "q%,e il §o 205 .
F PP T LA L *§ 10.52
0.3 yg  #99¢ .I | | | * L 2r T
g 320
=458 LT 1.95 | .
5355— ... “.’ 25@5’ 0 1 2 -3 4 5
Eigi:" ..|' ] Soougeg, 2407 R1 (x10°3)
[ o bl e m
EZBE— .'P. | | . 22'3‘:: 2j:J T T T
s TR Re —fh
uw 20 - ..:': 335 — oo b _
10E 4120 !
-.E 13;... 2008 0000000C GOGO ....'.!":::-_qillgg. “-'Z 2.15 | .
E_;gg . » "! *ety LA :;;g'}: o 21 F ]
g:?v@; ..'I I .'i':. o S i M R %3‘3 5 mg 2.05 7
13:—' T -18.003( — 2+ —
Ball Sl - il
ghb ¢ $s 20 Joge . 1.9 : . '
= 10 o 0% ’. L P ) 0 0.5 1 1.5 2
§o .0 ..=;,t;g-gg;: R2 (x10°3)
8 :
E ool bbb b b T gB. 002
-0.0035-0.003-0.0025-0.002-0.0015-0.001 -5E-4 @ Z: ' ' R4 |
HER IP:R2 T I i
'.-w 21 F 7
‘E 2 4
. . 8 19 .
* R2 is changed 7mm in July 15-30, | _
. . . ~ 1.7 F
corresponding QCS rotation is ~7mrad. [ . .

0 0.2 0.4 0.6 0.8 1
R4



June 30, 2018

Observations

3
T T T T T T T T T T T T = 200
1 | | AERE

HNN
-
o o S -] =]
=22} =1 =]
R R R

=]
D Vo uno oo
e |

1 | I L 1 1 1
aMg"gs 1h oh 3h 4h 5h &h 7h gh gh
6/30/2018

1
* 0mA, 6/,=0.25um;0.25um, Lsp=49 Lsp =
m Op D 3 P P Zﬂo-xco-ycezfo
e 200x160mA, yo=0.4um, 0.6um, Lsp=24.4 10%° cm2sL/mA?
* 285x340mA, 6,,=0.6um, 0.6pm, Lsp=20.7 Gye = \/Gyz+ ol
Lsp dagrees with geo value at every current 6/29 21:00- R2 using
L ear=2.5x10%3 cm™?st, (2 times higher) QCS corrector

285x340mA, N,=788

Blow-up of e+ beam was serious.



Specific Luminosity and Beam-Beam Parameter
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Spelcific luminosity dropped at very low current.

. 74 1 125X 10 s Beam-beam tune shift was
sp — = ; 7 G ” = . cm S m

nply I 4m(0.¢z)e? foo} o saturated at Avy(e_)=0.02 due
L, at very low current is consistent with beam size measurement. to e* beam blow-up.

Lsp = 4x1031 » Oy* = 300 nm (& = 30 pm)

< & = 23 pm Single beam measurement (LER) 16

Achieved: L,=15x10°°¢cm2s*mA~ at 0.4mA?, Av,=0.02 at 3, =3mm
Final goal : L,=220x10*°cm™s'mA~ at 1.5mA?, Av,=0.08 at 3,=0.3mm

1mA/bunch=6x101%/bunch



TbT measurement of x-y coupling at IP

* y motion in X mode. (% 9)
0 By

X = RBX n 0 1 -
0O r, -—r r e
R = . 0_ 3 1 . ﬁX 0
&1 &) 1o 0 BX =
-3 —1, 0 1 —ax/\Bx 1/4/Bx
rl: cos component of y for x betatron motion ,r2: sin component

a

Yy = —1X — 1P, = —1rpacos g(s) +r, [% sin ¢(s) + \/Ea coS qb(s)]

= ccos(2mnvy + ¢y) P(s) = 2mnvy + Py
Ecos(qb —¢y) = (-1 +ri Csi _ _2
a y b 1 2 \/E aSln(¢y (Px) = ﬂ

r3: cos component of y for px betatron motion ,r4: sin component

Dy = T3X — TyPy = 13aC0sP(S) + 14 [% sing(s) + J%a COS ¢(s)]

= d cos(2mnvy + ¢g4)

d a d
ECOS((pq_(px) — (7'3 + 7 _> ESIH(qu_qu) - =

T
/B B



FFT of BPM data

* xL,yL left side and xR, yR right side monitor of IP.
* Small y,,, but enough p,,=q;,. R1 and R2 is hard to
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Toward Phase Il (start Mar. 2019)

e Squeezing beta*®, Luminosity increase is not trivial
at all without IP optics tuning.

Lspec without error Measured Lspec

40 :
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25
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|
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CG_OPR:S
=

1 1 | |
0 005 0.1 0.15 0.2 0.25 0.3 0.35 0.4 R
0.058 0.1
1,1 (mA?) #1 #2 * 1.61e-6 *

Luminosity is half at |1 =0.4mA?.
Design 1.5 mA2. 3, * 1/10



Beam-beam simulation considering
optics aberrations at IP

 Linear
* Nonlinear
 Chromatic

e Recent operation showed e+ beam is weaker than
e- beam. Weak(e+)-strong(e-) simulation is
performed.



Weak(e+)-strong(e-) simulation
with errors

* Error strengths of R3 and R4 are much larger than
measurement. Discard.

* R1 and R2 were already scanned and given
optimum.

 We cleared linear aberrations in Phase-Il.
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Nonlinear aberrations
M = exp(£: c1op3°py:) = exp(F: cx?y:)
. pxzpy term was studied before commissiong.

. pxzpy term well reproduces measured L,

* The strength is 100 times larger than the value
given by design of QCS. c,y=c(p,’p,)=0.07m.
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Chromatic coupling

M = exp(: Rypxpy0: £:R1x"p;0:) = exp(£: Ryxyd: £: Rip,y6)
 R3’ and R4’ were measured to be R3'=300, R4’=20.
* The behaviors for R1” and R2’ are plausible.

 R1” and R2’ are hard to be measured in the present

monitor. R1” ~-10 was measured. Reliable?
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Summary

* Phase Il commissioning was done by July 2018.

* Collision with 3*,=0.1m(e"), 0.2m(e"), p*,=3mm was
established.

* Luminosity gain squeezing 3* is not trivial, considering
various errors.

e L=5x1033 cm?s1 was achieved. Beam-beam tune shift is
limited to be Av, (e”)=0.02 due to e* beam blow-up.

 Electron cloud instability seems to be managed well.
e Phase Ill commissioning starts Mar. 2019.
* Av,(€77)=0.04 is minimum target. Final goal 0.06-0.08.

* We expect nonlinear/chromatic aberration at IP as sources
of the luminosity degradation.

* The correction can be done skew sextupoles and QCS
nonlinear coils.

e Otherwise our luminosity tuning may become deadlock.
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QCS superconducting magnet system
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* R2 was corrected by al correction coil of QC1.



