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Summa

'y of Phase-2 & 3

e Collision wit

929 > 10 has been

h large Piwinski angle, >
X

performed in Phase 2 & 3.

* Squeeze B,
e Beam-beam

step-by-step.
parameter was kept squeezing [3y*.

* Squeezing beta contributed the luminosity increase

following L =

Vligyi
2erefy

* Luminosity 10%* cm=s! was achieved at the end of

Phase-3.
e Beam-beam

parameter has been limited to be

$y— =0.02 for e- beam due to blow-up of e+ beam.

* Multi-bunch effect in luminosity was weak.



Commissioning of Super

* Phase-2 (2018)

Start collision insta

CEKB

lation of Belle

2 detector. Squeeze [3,=200-100, 200mm, [3, =8->6-

>A4->3->2mm.

* Phase-3 (Mar. 2019-) Belle 2 data taking at 3,=100,

200mm, ,=3mm.

Phase 2.0
detuned

* B,=2mm, Jun21. ——
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Test of Nano-Beam
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Luminosity/bunch history in Phase-2

Nyuncn=788 (398 in July 13)
=10

GZH
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Luminosity hlstory in Phase-3
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* Increase currents
Nb=1576.
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Beam Current [A]

Fire trouble

* No collision
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* Belle-2 data taking with 3,=100, 200mm, B,=3mm.

* Peak Luminosity 1=617, 644 mA. L=5.49x1033 cm™s,

 The beam-beam parameter is 0.0176, 0.0295.
e Accumulate 6 fb™.
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Luminosity/bunch history in Phase-3

* N,,ncn=1576 (788 in June,26)
—~ =10- 15
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Beam Current [A]

L [10% em?sT)
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Linear X-Y coupling correction

* |n early stage of Phase-2 commissioning, luminosity was lower
than that estimated by emittance (XSRM) at low current.

- Disagreement between c,” and /¢, 3,

* Before R2 corection |
After R2 correction

x June 30, 2018
U

30

* OmA, GZ=O.25|,L 0.25pum, Lsp=49
* 200x80MA, #,,=0.5um, 0.61m, L,;=23  *+ 200x160mA, &5=0.4um, 0.6um, Lsp=24.4

* 285x340mMA, G,,=1.5um, 0.6pum, L =11 * 28>X340mA, 0,70.6um, 0.6um, Lsp=20.7

] Sp .
Lsp disagrees with geo value at low current LSP agrees with geo value at every current



IP coupling and beam distribution at IP
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Relation of R and skew strength of
QC1 in a simple model

Transformation of R2,

NS

Ap = A =

] * ]

H = —R,p,py H = R;pxpy

N[

H = iRszpy Y=Yt Rpy
Assume 1/2 for phase difference between IP to both QC1.
R

H = i * : *
\/ﬁxﬁx,lx/ﬁyﬁy,l
Skew quad at QC1 is B’L/Bp=R,, which is independent of 3*.
Deviation from m/2 induces R3.

Control of inside of &t section is hard from outside. It should be
corrected by both side of skew. (like waist correction)

xy = *Ryxy

H = dsp3
waist shift



Vertical Beam size measurement

using collision scan

* Beam size is larger than /&, 3, for existing R1, R2.

* After R2 correction, 6,"=1.25um->0.33um
* R1,R2 is measurable .
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R scan in the simulation
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TbT measurement .

* y motion in X mode. s (% 9)
—\0 By
X = RBX n 0 1 -1
0 —T T
R = v T'()_ 3 1 B IIBX 0
&} 1 0 BX =
-3 1 0 71 —ax/\Bx  1/\/Bx
rl: cos component of y for x betatron motion ,r2: sin component

a

Yy = —1X — 1P, = —1acosp(s) +r, [% sin(s) + \/Eacos cp(s)]

= c cos(2mnv, + ¢y) P(s) = 2mnvy + Py
Ecos(qb —¢y) = (-1 +ri C i — _2
a y X 1 2 \/E aSln((],')y ¢x) = ﬁ

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

Dy = T3X — TyPy = 13aC0SP(S) + 14 l% sing(s) + \;%a COS gb(s)]

= d cos(2mnvy + ¢g)

d _ a d . N
ECOS((pq_(px) - <T3 + 7 \/_E> ESln(qbq_qu) - _E



FFT of BPM data

* Small y,,, but enough p, =05
* R1,R2 are y for x and px. R3 and R4 are py for x and px.

e R1 and R2 are hard to\be measured.
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R1 (rad)

R3 (m")

LER

* R1, R2 are ambiguos, but R3, R4 are well determined.
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Lesson from linear x-y coupling
correction

* We have to always confirm that the beam size at IP

equal to /&, B;, estimated by XSRM.

* R3,R4 are well determined by TbT measurement, but
R1,R2 are not.

* R1,R2,ny at IP can be measured by collision scan.

* R3,R4 are measurable. The tolerance for luminosity
degradation in simulation is O(1). Insensitive for
monitor rotation. R3,R4 are well managed.

 All linear coupling parameters are well managed.



Vertical angle at IP, June 20, 2019

* Vertical angle scan was limited due to heating on HER V
angle change (done in KEK without problem).

* Change of LER V-angle vertical has induced vertical
dispersion at IP.

* VV angle scan with dispersion correction was done in 20,
June 2019.
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Vertical crossing angle

* Correction of full crossing angle 20,=0.5mrad
contributed 20% luminosity up (June 20, 2019).

Oy0, = 1.5 um

Oy : half V-angle

U
Oy

Overlap area — = 0.8mm

Oy

Ox
Comparable with 0. = 0.5mm
c
55 ale‘_ I éy S=40pmI - 40 T T T | T | T
8 ". ' 10pm --=J--- 7 — 35 e . _
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z 55 4 3 15 | 1mrad -
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. = — 5 | . -
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0
0 0-5 1 19 2 O 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04

V angle (mrad)
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* For V angle 0.5mrad, luminosity loss is small for I, 1.
<0.2mA?. It is 20% at 1,1 =0.4mA?. Initial condition ¢,
(S)=40nm, ¢ ,(W)=40nm.

* For initial condition g, (S)=20nm, ¢, ,(W)=8nm, 20%
lumi loss at I,1.=0.15mA?, but Lsp is very high.

* Accuracy of vertical angle is ~0.1mrad at |, =0.4mA?.
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Present beam-beam performance

@—Kfi Specific Luminosity and Beam-Beam Parameter
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IR magnets and their nonlinearity

studied at early stage
* There are many nonlinear field components in IR
maghnets.

* Chromatic coupling are induced at IR.

» Realistic lattice: lum. drops at low beam currents

» Crab-waist: D. Zhou,
e To cancel beam-beam driven resonances %EEB MAC
e Work well at high currents, but not well at low currents
* BBWS —— BBWS : arc expressed by simple transfer
ler-1689 SAD ;
T og W/ CW Sler. 1689 SAD - | matrix _
e . w/ SC sler-1689 SAD = SAD: complex lattice structure
- - Design
PR
&
2‘2
£ .
3 | )
e
© " ® o .
305/
0 0.4 0.8 1.2 1.6 2 2.4

+ 2
Ibunch(e )"'Ibunch(e ) [mA ]



Lum. 1 Oascm'23'1]

Luminosity for H=c,4p,p, and
chromatic Twiss, design parameter

10

" SAD BBWS

p,%p,: SAD BBWS

p,:
py§5+ypy8+pxy6+xpyg: SAD BBWS
5+ypy8+pxy6+xp 5: SAD BBWS
dier_1689: SAD
Design

PPy +Py

4 L 1 L 1 1 L L
0 5 10 15 20 3 25 30 35
Turn [107]
3 BBWS ——
sler-1689 SAD -
o w/ CW sler-1689 SAD e |
< gamssssssssses A w/ SC sler-1689 SAD =
Eq 2 Design
o :zﬁ"—’—" :'\
rg;’.fi.--u-: ------- = 1
E
3 4} .
£ —
3 - L
§05 " -
% 0.4 2 24

08 , 12 _ 18,
Ipunch(@")Xlpunch(®@’) [MAT]

2.5 f I I I 1 1 1 I
N
= R
2 15 -
£
Skew sext N
. 8] - -
Chromatic = 1
Sum TS
o 05 F .
SAD P
C10=-0.072 —+—
0 1 1 | | | 1
0 02 04 06 08 1 12 14 16
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e The luminosity degradation due to Skew sext component and

chromatic Twiss almost explains that of beam-beam simulation
with SAD.

* The strength of p,?py term is 0.072.

e Study of Space charge force is next.



SAD simulation for detuned lattice :

studied at early stage
* By=2.2, 2.4mm

* No difference between SAD and BBWS(simple
arc+optics aberrations)

8 T )
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SAD sler-1689-d4-8 -~
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Specific Luminosity and Beam-Beam (Phase 2)
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2 stage blow-up of LER beam

(1) Verysmall bunch current, 1,1,

=0.01mAZ2.

(2) High bunch current 1,>0.5 mA

HER beam | >0.2mA.
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Lepec (10%° em?s™/mA?)

Chromatic, nonlinear aberrations

Possible errors to explain measured luminosity
R1’=12rad

R2’=3m \
2 _ 100 times larger for the earl
C(px py)_8m - § /

estimation (page 22)

n with nonlinear IP aberrations

\Weak strong simulati

2
5 | Rg=35000 K |
R, =1500 (]
0 I : ' . l 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04
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Measurement of IP chromatic aberrations

e Effect on vertical beam size of the aberrations

o 8=Ap/p=0.17%. &x=31nm, &, = 0.03 nm gy, = 0.3um
fx =0.2m
* R,(0)=20.4mrad Agy, = Ry(8)0,= 0.50 um
° R2(8)=5'1mm Ao'y — R2(5) Oy = 0.62 um R1’=12rad
By R2’=3m
C(p*p,)=8m
e H= 8p§py Aoy, = 8(p2) = % = 0.12um = 0.40,

e Aberrations with clear vertical beam size increase as
synchroton/betatron amplitude affect luminosity
performance.

* Errors, which affect luminosity performance, are visible
ones.

* Linear coupling, which gives 0.1-0.2c6,, affect luminosity
performance.



If a chromatic beam size variation are seen, it
can be source of luminosity degradation

Af=400Hz - 5=0.17%
n, R1’ R2’

+ - + P 4 ? \+0.5um. ? .+O.6um

-400Hz Af=0 400Hz -400Hz Af=0  400Hz -400Hz Af=0 400Hz

Measure the beam size using beam-beam scan
(Luminosity.)



Vertical offset scan with different
RF frequency
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Dispersion at IP

 Af=400Hz, IP Knob ON
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Latest data June 25,2019

Beam size variation for energy change was
observed. Chromatic coupling exists at IP.
Nonlinear dispersion also exist at IP.
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Chromatic and nonlinear coupling
correction

e Chromatic coupling knob for HER was available. The tuning
range was R1’~0.8rad (req.12rad), R2’~0.1m (3m).

* LER sextupole hardware rotation system is prepared, but not
tried yet.

* Measurement showed no big aberrations, but 8-10 times
wider range is desirable.

* Squeezing By* further, wider range is required.
e Correction of Chromatic aberrations has started.

* Nonlinear coupling correction has started. It affects Dynamic
aperture.



B,=2mm

* L ..=1.24x103%* cms?, £,=0.02 was achieved.

. 8y=12, 18pm, 8y=6mm.

* 820mAx820mA, 1576bunch

 Simulation shows 2 times higher luminosity, 2.3x103% .
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Beam-beam limit

* Beam-beam parameter has been limited to be
$y— =0.02 for e- beam due to blow-up of e+ beam.

* The tune shift limit 0.02 does not depend on [3, =4,
3, 2mm. The limit is somewhat high 0.025 at
B,=8mm.

* The low tune shift is caused by difficulty related to
the large Piwinski angle, if the limit is independent
of 3,?

* The tune shift limit at 3, =8mm



What determines the low beam-
beam |limit?

* Key parameters
* p,, chromatic effects

L 0,0
* Piwinski angle Z*C bunch length/overlap area
O-X
Oy . ,
* Hour glass effect 5 ratio of overlap area and f,,
cPy

8. : half crossing angle




Choice of [3,, Hour glass effect

0_: Half crossing angle
* Key parameter c,/(6.B,), characterize hour glass effect.

* Vertical tune shift increase as function of horizontal
amplitude.

* Synchro-beta resonance in head-on collision => x-y
resonance in large crossing collision

* 5,/(0.8,)=0.16 (2018-2019, By=3mm, Bx=100/200mm)
. =0.16-0.23 (By=2mm, Bx=80/80mm)
* 5,/(6.8,)=0.9 (design Py=0.27/0.3mm, Bx=32/25mm)

* Enough margin for the hour glass effect at present.

* |f we see such Hour glass effect, crab waist must be
necessary in SuperKEKB.



Summary

* Squeezing By was very successful. Luminosity
increased twice, L=1.23x103% cm2s1, in the last one
week, 23 June - 1 July.

* Beam-beam parameter did not change for squeezing.

VItSy+

2erefy

* This is fortunate result, because squeezing 3, makes
sensitive for errors.

Luminosity increases as L =



For beam-beam parameter and

luminosity performance

* Beam-beam parameter increases for luminosity
increasing due to e+ current up. Somewhat more
beam-beam parameter may be possible.

* However in present condition, higher e* current than
transparency condition was better. It seems e* beam
has some problem.

* We have factor 2 discrepancy between simulation and
achieved luminosity.

* The discrepancy was factor 2 in crab crossing.

e Choice for near future

1. We continue to search and correct error sources to
explain the discrepancy.

2. In parallel, we go crab waist.



Coherent Beam-Beam-Head-Tail
instability study in Phase |

* Typical condition

* B,=0.2m, 0.1m, B, =3mm

¢ |,.,=270mA (e+)x 225mA (e-), Nb=395,

* |,=0.68mAX0.57mA (design 1.44mAx1.04mA)

* Np=4.3x10%%, 3.6x10%°, (design 9.04x10%% 6.53x10'9)
* v, (e+)=0.022, v, (e-)=0.026



Horizontal beam size measurement

e 16:50 (instability start) & 16:57 (peak), data taking
using streak camera x-z and BOR.

* Tune scn, v, (e+)=0.022, v, (e-)=0.026
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Beam oscillation at the horizontal
size blowup
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Vertical offset noise, slow

* “Hz component
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Luminosity degradation for Collision
offset

* Luminosity Vs Y ... (BBWS simulation)
* L decreases for vertical offset at high bunch current.
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Vertical offset scan with RF phase

offset

Fit Result
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K. Ohmi

Vertical beam size/offset variation
for z

* Low and high bunch current because beam tilt may
be caused by impedance asymmetry.

Top view

—————

Side view
‘ Beam-beam scan
Measure offset as function of z
Measure Bunch length, z-profile




Phase scan

* Equivalent to pan cake collision with projected
longitudinal distribution




Luminosity integral

L = NNpfeor j Pe(X,Y,Ze; 5)py (x, Y Zp; 5)5 (s — ) dxdydz.dz,ds
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Luminosity in nano-beam collision

* Luminosity- collision is done in area ¢,/0.<<c, at s*.

Neprcol
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fo'e) 0.; .
f Pe(y,2;5)pp(y,2;s*)dy dz 5, <P
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20, I,%, €xp 252 2., is measurable.

L(zy) =

* Non-Gaussian longitudinal profile
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Impedance estimation- transverse

 Tune shift as function of bunch current
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Betatron tune v,

» Single-bunch betatron tune shift: HER
e Linear fitting model: f(x)=a+b*x
o Zeff, ~48.7 kQ/m, Zeﬂ.y ~164 kQ/m

Linear fitting: Linear fitting:
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Bunch Length [mm]

Bunch length measurement
* H.lkeda
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Measured by a Streak camera

The behaviors are similar as KEKB for both of LER and
HER.
Bunch lengthening is stronger than that of simulation.



RF phase scan

Luminosity
rfLum2019 06 25 21 07 50.dat
) A S e

w
(=)
T
.
|

N
o
—
»
[
|

—

Luminosity

=
(=)
o
(]
.
o
E
o
|

[ *8%" gge0®
| I

’-_10 0110
ROOMPHASE SET

P | ,...7.7.15
20 30

[deareel

CDT—EMDNFREFMTESITY
S>FEZRPLTAELY

Luminosity
& O @
o O O

N
o

(=]
o

N
o

. $pec. Lum(10%°)
N
(=]

=
k‘()

Oyx (LER
(=] (]
N W

0033

oy« (HER)




e set IP knob
e Af=-400Hz

Vertical Scan

OHz

yp2019 5 20_20_40_27.dat

!

Vertical Scan

Vertical Scan

yp2019 5 20 20 _16_21.dat

-11.75F ¢

+400Hz

yp2019 5 20 21 19 31.dat

T T T T T

o F B _ Fe® E
¥-11.75F - $ege° . g o*s,, ] e tins :
2 o;"' ] 2 11.8F 0.0D: 1 4 -11.8F o &
g . ol ] g “$oe th ] g iser Y. et E
§ -11.8} b LT 7 g i IS $.11.84} S AP A TN E
: W e g-11.85¢ LI CHn . H £.11.86} biadd
-11.85p 8 “eay ] .11.88} o
L 1 1 ] -11.9k L L i -11.9E L 1 i { 1 [
0 5 10 15 0, 5 16 15 4 6 8 10 12 14
iBump Heiaht luml iBump Heiaht [uml iBump Heiaht [luml
GoToFit | Go ToFit | Go ToFit |
Fit Resut Fit Resut Fit Result ‘
{datafyLum22019_5_20_20_40_27.dat /datafylum22013_5_20_20_16_21.dat fdatafyLum12019_5_20_21_19_31.dat
e = A hRRYaRe-=4L £8 i - - -
el i b i errion SR gy R ot I N M
T T T T3 ! ! ! '] 0.13F 1 T T T T e
> 2F B > 2F E >
L ] - & 0.12F .
n 1.5¢ g wi.Sh E v o.11F 3
o ] o
£ 1f E o E c 3 E
] 1 = 0.1
Eo st 5 So.sh E S 0.00} E
| ] — § 3" ]
(0] = 1 L *- - = 1 i = 0.08F "¢ i ; i =
0 5 10 15 L3 16 15 276 8 10 12 14
iBump V offset iBump V offset iBump V offset
Luminosity Fit ’ RePlot ‘ ReFit ‘ Luminosity Fit l RePlot , ReFit ‘ Luminosity Fit | RePlot ‘ ReFit
Lum offset P03 offset OB (.1, otset [ oo
Luminosity I - inosity A | inosity [ o044
o, [um] 0.568 9y [(Hm] 0.577 | o, [um) 0619
Vertical Offset [urm] 8.804 Vertical Offset [Lim] . 8.583 | vertical Offset [um] 8749
iBump V-offset target: 10,000 Bump V-offset target: [ 0.000 | Bymp v-offset taret: 0.000




Beam-beam scan with Afq.

e [P knob off
* Af=-400Hz
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2018/7/6 Swing HBC tune scan
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LER tune scan 2019/3/31

* nx+4ny=int is seen. Bx=200/200mm
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LER tune scan 2019/3/31

* Shift of o, peak for v.,.
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LER tune scan 2019/5/13

* No resonance is seen at v,+4v, =int at fx=100(H),200(L)mm.

* The resonance appeared for 3,=200,200mm (2019/3/31)
but does not for 100(H),200(L)mm

* This crab waist effect, (1,4) resonance, is weak.
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1. 2019.06.22: Beam-beam tune shift study

» Experimental observations

e First observation: 14:13 PM
e 70 mA (e+) x 57 mA (e-)

e oy*(e+)=0.18 um, oy*(e-)=0.29 um [XRM]

e Lum. ~5%1032 cm-2s-1

e Beam-beam parameter estimated from lum.:

§,. ~0.022, §,. ~0.011
e From feedback system:

&+ ~(38.79-37.89) kHz /99.39 kHz ~0.009

Fairly good consistency?
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3. 2019.06.23: Tune scan study
» HER vy scan with vy =43.605

e Plausible resonance around vx = 45.537. How to explain it?
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3. 2019.06.23: Tune scan study

» LER vy scan with vy =44.53

e No resonance around vy = 44.586 ?! Unbelievable...

e Need optics correction around (.53,.58) ?
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