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SuperKEKB
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- Electron (7GeV) – positron (4GeV) double-ring collider
- Successor project of KEKB B factory
- Beam commissioning W/O final focusing system (QCS) from Feb. 2016 to June 2016.
- Collision operation was started Mar. 2018.

Circumference = 3km HER

LER
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Collision Scheme  - Nano Beam Scheme -

4

- Collision with an extremely small beam size large crossing angle in the horizontal plane.
- Realize small overlap area to realize small        while avoiding hourglass effect.
- It is equivalent to head-on collision with shorter bunch length

Top view Equivalent head on collision

�e↵ective
z = �⇤

x/ sin(�c/2)
<latexit sha1_base64="jYQFAttbvlk0QzNekuQmYwaullA="></latexit><latexit sha1_base64="jYQFAttbvlk0QzNekuQmYwaullA="></latexit><latexit sha1_base64="jYQFAttbvlk0QzNekuQmYwaullA="></latexit><latexit sha1_base64="jYQFAttbvlk0QzNekuQmYwaullA="></latexit>

<latexit sha1_base64="ap/ZBc7AAI6yJB7i1ZkNHhg+LgU="></latexit>

�c = 83 mrad
<latexit sha1_base64="5+AwfM4S5uF+4DbO/CSWbSDXk7o="></latexit><latexit sha1_base64="5+AwfM4S5uF+4DbO/CSWbSDXk7o="></latexit><latexit sha1_base64="5+AwfM4S5uF+4DbO/CSWbSDXk7o="></latexit><latexit sha1_base64="5+AwfM4S5uF+4DbO/CSWbSDXk7o="></latexit>

�z = 6 mm
<latexit sha1_base64="jPYbISW+8iLcx8HLbWIgzdqTTkc="></latexit><latexit sha1_base64="jPYbISW+8iLcx8HLbWIgzdqTTkc="></latexit><latexit sha1_base64="jPYbISW+8iLcx8HLbWIgzdqTTkc="></latexit><latexit sha1_base64="jPYbISW+8iLcx8HLbWIgzdqTTkc="></latexit>

�⇤
x = 10 µm

<latexit sha1_base64="ndkuR6ybw7dwvPr0iajd1bTCqCg="></latexit><latexit sha1_base64="ndkuR6ybw7dwvPr0iajd1bTCqCg="></latexit><latexit sha1_base64="ndkuR6ybw7dwvPr0iajd1bTCqCg="></latexit><latexit sha1_base64="Dul2d+SLsSRULb82JJzBcJrt+74="></latexit><latexit sha1_base64="ukp2mQiQG8Bkngs7jXEixIElMRA="></latexit><latexit sha1_base64="ukp2mQiQG8Bkngs7jXEixIElMRA="></latexit><latexit sha1_base64="g7SrNrAlnmnlpKRSzmUzhXXHQxg="></latexit><latexit sha1_base64="ndkuR6ybw7dwvPr0iajd1bTCqCg="></latexit><latexit sha1_base64="ndkuR6ybw7dwvPr0iajd1bTCqCg="></latexit><latexit sha1_base64="ndkuR6ybw7dwvPr0iajd1bTCqCg="></latexit><latexit sha1_base64="ndkuR6ybw7dwvPr0iajd1bTCqCg="></latexit><latexit sha1_base64="ndkuR6ybw7dwvPr0iajd1bTCqCg="></latexit><latexit sha1_base64="ndkuR6ybw7dwvPr0iajd1bTCqCg="></latexit>

�e↵ective
z = 0.24 mm

<latexit sha1_base64="Feti4T/zr7L/Og078CXrmV7klss="></latexit><latexit sha1_base64="Feti4T/zr7L/Og078CXrmV7klss="></latexit><latexit sha1_base64="Feti4T/zr7L/Og078CXrmV7klss="></latexit><latexit sha1_base64="Feti4T/zr7L/Og078CXrmV7klss="></latexit>

面衝突していると見ることもできる。この場合、ル
ミノシティは次式で与えられる。

L =
N�N+nbf0

4⇡(�z�x)
p

"y�⇤
y

' �±
2ere

I±⇠y±
�⇤
y

　　 (3)

　⇠y± =
reN⌥

2⇡�±(�z�x)

s
�⇤
y

"y
. (4)

N± は、バンチ内の電子または陽電子の粒子数、nb

はバンチ数、f0 は周回周波数である。ここでは、�⇤
y

と "y は電子と陽電子では同じであると仮定した。式
(3) と式 (4) より、�⇤

y を小さくすれば、垂直ビーム
ビーム・パラメータ (⇠y)は

p
�⇤
y に比例して小さくな

るが、ルミノシティは、逆比例して大きくなる。ま
た、�⇤

y を絞るにつれて "y も同じ比率で小さくでき
れば、⇠y を変化させずに �⇤

y に逆比例してルミノシ
ティを増大させることができる。一方、水平方向の
ビームビーム・パラメータは値が非常に小さいので、
ダイナミックな効果（ダイナミック・ベータやダイ
ナミック・エミッタンス）は無視できる。

2 . フェーズ 2コミッショニングの目標
SuperKEKBのコミッショニングはフェーズ 1、フ
ェーズ 2、フェーズ 3 の３つの段階に区分される。
フェーズ 1は、2016年 2月から 6月末まで運転が行
われ、コミッショニングの詳細は、参考文献 [3]およ
び [4]で報告されている。フェーズ 2の始まる前に
陽電子ダンピングリング (DR) [5]のコミッショニン
グが 2月 8日より開始された。DRは、周長 135 m、
エネルギー 1.1 GeVのリングで、フラックス・コン
セントレーター [6]を用いた陽電子源からの陽電子

ビームのエミッタンスを減少させる。フェーズ 2は、
2018年 3月 19日から 7月 17日までの約 4ヶ月間行
われた。Figure 2にコミッショニングの経緯を示す。
フェーズ 2 では、最終収束系の超伝導磁石群 (QCS
と総称) [7]及び Belle II測定器 (ピクセルを用いた崩
壊点位置検出器はインストールされない) が設置さ
れ、加速器のハードウエアとしては、ほぼ最終形に
近い状態でコミッショニングが行われる。
フェーズ 2の目標は、

• ナノビーム方式の検証
• Belle II測定器に対するビームバックグラウンド
の理解と低減

• 入射システムの確立

である。まず、ナノビーム方式の検証では、�⇤
y を

バンチ長よりも小さくしてもルミノシティが上がる
こと及び �⇤

y を 2⇠3 mm程度に絞った状態において、
ビームビーム・パラメータで 0.03以上を達成するこ
とを目標とした。また、ルミノシティの目標も LER
電流 1 Aにおいて 1034 cm�2s�1とした。
ビームバックグラウンドは、入射ビームによるも
のと蓄積ビームによるものに分けられる。フェーズ
2期間中の入射ビームについては、衝突点付近に設
置された、ダイヤモンド・センサーのビームドーズ
を主に測定し、入射調整において高い入射効率を保
ちつつノイズの低減を試みる。蓄積ビームについて
は、残留ガスとのクーロン散乱または非弾性散乱、
タウシェック効果によるビームロス、ルミノシティ・
バックグラウンドなどが検討項目となる。バックグ
ラウンドは、基本的に、入射効率やビーム寿命を鑑
みながら可動式コリメータによって制御される。入
射条件を変えてのバックグラウンドの測定や垂直方

Figure 2: History of Phase 2 commissioning. The red points indicate the beam current, cyan for the beam lifetime, purple
for the average vacuum pressure. The luminoisty is indicated by yellow.

- Low vertical emittance is also essential to keep beam-beam parameter high. 
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Local Chromaticity Correction(LCC) and Crab Waist(CW)
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Y-LCC+CW Y-LCC+CW

- Vertical local chromaticity correction (Y-LCC ) consists of 2 pairs of sextupole magnets.
- CW is incorporated to both LER and HER in 2020.
- CW is realized by applying different strength of sextupole field to these magnets. 

LER <latexit sha1_base64="Av9yC4kst8DJZa15wrEA2i6Us/8="></latexit>
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Inspired by
K.Oide, et al., 2016, Phys. Rev. Accel. Beams 19, 111005.
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Present Machine Parameters and Status
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SuperKEKB : June 8, 2022 SuperKEKB : May 22, 2022 Unit
Ring LER HER LER HER

Emittance 4.0 4.6 4.0 4.6 nm
Beam Current 1321 1099 744 600 mA

Number of bunches 2249 1565
Bunch current 0.587 0.489 0.475 0.383 mA

Horizontal size σx* 17.9 16.6 17.9 16.6 μm
Vertical cap sigma Σy* 0.303 0.250 μm*1

Vertical size σy* 0.215 0.177 μm*2

Betatron tunes νx / νy 44.525 / 46.589 45.532 / 43.573 44.525 / 46.589 45.532 / 43.574
βx* / βy* 80 / 1.0 60 / 1.0 80 / 0.8 60 / 0.8 mm

Piwinski angle 10.7 12.7 10.7 12.7
Crab waist  ratio 80 40 80 40 %

Beam-Beam parameter ξy 0.0407 0.0279 0.0309 0.0219
Specific luminosity 7.21 x 1031 8.74 x 1031 cm-2s-1/mA2

Luminosity 4.65 x 1034 2.49 x 1034 cm-2s-1

*1) estimated by luminosity with assuming design bunch length 
*2) divide *1 by √2

Machine Parameters
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Machine Parameters
- The nominal      in the present operation is 
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- The most recent operation run (2022ab) is devoted to increase beam current to    

boost up the peak luminosity performance.

2022ab

Y. Ohnishi
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Global Optics Correction and Optics Correction for IP 

• Global correction and low emittance tuning
- Based on analysis of closed orbit response

- Performed at low beam current (~50mA) without beam collision

- Gain calibration of BPM electrodes are performed every other week

• Optics parameters at IP
- Estimation is, in principle, possible.

- However, It’s so difficult to confirm its reliability.
~ Poor sensitivity due to the extremely small 
~ Uncertainty in the modeling of the interaction region (IR)

- Eventually, the correction is based on daily luminosity tuning with knobs.

8
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Global Optics Measurement

• Measurement with closed orbit response.
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- Horizontal-vertical Betatron coupling (XY-coupling):
Vertical leakage orbits induced by horizontal kicks.

- Beta function:
Orbit response analysis with DC dipole kicks.

- Dispersion:
Response with RF frequency change. Phase slip factor

Orbit change

Frequency change

RF frequency

⌘x = f0
�x

�f
⇠
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Optics Correction

- Corrector strength is obtained by the model response matrix and the measured optics residual.

10

Betatron functions XY-coupling

Dispersions

- Numerical parameters for solving
the above eq. is chosen empirically. 

- Betatron functions, dispersions and 
XY-coupling are in general coupled 
to each others.

Response matrix (model)

<latexit sha1_base64="6IMMgpfVBHl3zxSmjiLn6x6A06A="></latexit>

A⇥�k = �(xmeas � xmodel)

Corrector strength

Residual of optics 

- Corrections of them are independently 
and iteratively performed to break down the
size of problem to be solved.
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Correctors
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* Betatron function & horizontal dispersion

- Quadrupole magnet families

- Corrector coils in almost ALL quadrupole magnets 
- Horizontal orbit bump at sextupole magnets

* XY-coupling & vertical dispersion

- Skew quadrupole coils in ALL sextupole magnets
- Skew quadrupole magnets installed around IR

Corrector: X-Y Coupling and Vertical Dispersion

5

Skew Q-like corrector coils are installed for each 
sextupole (SD).N

N

N
S

S
N Skew Q generates X-Y couplings. 

X-Y couplings can be corrected independent of physical 
vertical dispersion (vice versa). 

X-Y coupling corrector Dispersion corrector

-I' -I'-I' -I'
SD SD SD SDSF SF SF SF

-I' -I'

physical ηy
physical ηy

same sign of K1 opposite sign of K1

SF SFSF SF

R1,R4

R2

R3R3

R2

R1,R4

K1s K1s

+ K1s

- K1s

* QCS has both linear and nonlinear corrector coils.

However, we do not touch them in usual global optics correction because they may drastically change operation condition. 
We need much time to evaluate its effectiveness. We may lose stable operation at the worst case.

Skew quadrupole winding
to sextupole magnet

* Beam orbit at IP also can be used to correct beam optics
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Performance of Global Optics Correction 
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Optics function LER HER
5 / 5 *) 5 / 5

0.016 0.012

10 / 5 30 / 5 

20 ~ 40 **) 20 ~ 40 **)

0.5 ~ 1 0.4 ~ 0.9

(�y)rms / (�x)rms

(�⌘x,y)
rms [mm]
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- Typical residual errors just after optics correction (~50mA).
Example: Beta-beating in LER

*) Two outliers are removed from the evaluation. IP
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- The urgent issues is how to keep the corrected beam optics during the operation.
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**) Depending on daily machine condition.



Several Topics and Issues
from Recent Operation

- Field drifting of the final focusing quadrupole (QCS)
- Beam current dependence of betatron tune and orbit at SLY magnets
- Optics degradation due to unknown error sources
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DK1/K1(QC1RP) = -1.4x10-2 %

Tune Drifting

15

- It was pointed out in 2021 that discrepancy between measured tunes and the model tune 
used in a tune feedback gradually increased.

- Measured tune shift and beta-beating can be explained by QC1s field error of ~10-2 % 
- It seems that the drifting starts after QCS startup.
- We suspected drifting of QCS magnetic field after its startup.

Expected beat-beating after correction with QC1s

QC1LP and QC1RP quench

Maintenance

QC1RP quench

Measured tune
Model tune

QC1LP and QC1RP quench DK1/K1(QC1LP) = -4.2x10-3 %
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Drift of quadrupole magnet strength
• SuperKEKB is constant energy, so QCS operates in DC mode.

• We observed that the setting tune changed after powering on the quadrupole magnet.

• It corresponds to the variation of 10-4 of the quadrupole field of QCS in a few hours.

• We performed measurements with the QC1P R&D magnet and found that the quadrupole field is 

varied by 3x10-4 in 7 hours.

• We deduced that it is caused by flux creep.

• We avoid this by changing the ramping pattern of the magnet.

Variation of 
3x10-4 per 7 

hours

0→1600 A 0→1640→1600 A

Variation of 
0.2x10-4 per 10 

hours

Drift of quadrupole magnet strength
• SuperKEKB is constant energy, so QCS operates in DC mode.

• We observed that the setting tune changed after powering on the quadrupole magnet.

• It corresponds to the variation of 10-4 of the quadrupole field of QCS in a few hours.

• We performed measurements with the QC1P R&D magnet and found that the quadrupole field is 

varied by 3x10-4 in 7 hours.

• We deduced that it is caused by flux creep.

• We avoid this by changing the ramping pattern of the magnet.

Variation of 
3x10-4 per 7 

hours

0→1600 A 0→1640→1600 A

Variation of 
0.2x10-4 per 10 

hours

Field Drifting Measurement with QCS Prototype
- Measurement with different ramp cycles.
- Field drifting was observed depending on the ramp cycle.
- QCS ramp cycle in the operation was modified considering the results. 

16

after ~10 hours

今回の立ち上げ

• プロトタイプの測定結果にもとづき
以下のパターンで励磁


• 励磁パターン 

1. 設定電流の2.5 %増しで励磁


2. 0 Aに下げる


3. 再び設定電流の2.5%増しで励磁


4. 2.5%下げて電流設定

今回の励磁パターン
QC1RP

2月15日(2022) に実施

Beam on まで(2月21日)にちがあるのでこの効果は見えないと思われる

(各電流値で2分間保持)

対象主四極磁石: QC1LP, QC1RP, QC1LE, QC1RE

Ramp cycle adopted in 2022ab

Cu
rre

nt
 [A

]

Time [min]

1640 A

0 A

1600 A

0 A

Y. Arimoto

after ~7 hours

Y. Arimoto will gives details in WG10, Wed.
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Tune Drifting after the Change of Ramp Cycle

17

- Tune drifting after QCS startup is much reduced in 2022ab owing to the new ramp cycle.
2021ab 2022ab

QC1LP and QC1RP quench

Maintenance
QC1RP quench

QC1P and QC2P quench QC1LP and QC1RP quench

Measured tune
Model tune



Several Topics and Issues
from Recent Operation

- Field drifting of the final focusing quadrupole (QCS)
- Beam current dependence of betatron tune and orbit at SLY magnets
- Optics degradation due to unknown error sources
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Y. Ohnishi / KEK

Dependence of Total Beam Current

 Tune shift due to a quadupole field induced by resistive-
wall of a chamber in HER. The cross section of the
chamber is non-axisymmetric.

 horizontal tune shift: Δνx = +0.026/ A

 vertical tune shift: Δνy = -0.037/ A

50 mm

104 mm

Cross section of HER chamber

T. Ieiri et al., Proc. APAC2001

Pilot Bunch Tune Shift and Total Beam Current 

19

- According to beam study in KEKB era,

It was considered that resistive wall tune shift is dominant in HER.
- In 2022ab, beam current dependence of tune shift is estimated by the model 

lattice tune used in a tune feedback system.

Y. Ohnishi, KEKB Review 2007

HER

KEKB SuperKEKB
04/26 2022
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Day to Day Variation

20

Horizontal Vertical

- Horizontal tune shift does not depend on days, while vertical tune shift depends on days.

HER

- Other sources of vertical tune shift was suspected. 

200 400 600 800

Beam current Ib [mA]
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Sextupole Magnets for LCC (SLY)

21

SLY pair in Right-side

SLYTRE1 and 2 
SLY pair in Left-side

SLYTLE1 and 2 
SLY pair in Right-side

SLYTRP1 and 2 
SLY pair in Left-side

SLYTLP1 and 2 
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- Sextupoles pair connected by a – I ’ transform are installed in both side of IR.
- Horizontal orbit change at SLYs could cause large tune shift. 
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Tune Shift due to Horizontal Beam Orbit at SLY Pair

22

- Horizontal orbit Dx at SLY pair and tune shift
Sine-like orbitCosine-like orbit 
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- Assuming cosine-like orbit of 10µm in HER, for example,
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- Only cosine-like orbit causes tune shift in non-CW case because of  

* Only 10 µm orbit can cause
sizable tune shift
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Tune Shift Estimation using Model Lattice

23

- Beam orbits at SLYs are imported to the model lattice as misalignments 

of the SLYs
- Tune is evaluated by the model lattice with the misaligned SLYs. 

Gray: Horizontal

Black: Vertical
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Comparison with Measured Tune Shift

24

- Beam current dependence of horizontal orbit at SLYs reproduces
the measured vertical tune shift.

- Where is resistive wall tune shift in vertical direction?  -> No clear explanation so far.

Gray: Estimated horizontal tune shift
Black: Estimated vertical tune shift

Blue: Measured horizontal tune shift
Red: Measured vertical tune shift
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Day to Day Variation

25

- Day to day variation of vertical measured tune shift is consistent with that of
orbit at SLYs.

HER
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Estimated Optics Distortion due to Orbit at SLY Magnets

26

HER

LER

- Orbit at SLYs causes not only tune shift but also beta-beating.
- Vertical beta function at the waist becomes smaller as beam current becomes higher.

-> It indicates that we operated SuperKEKB with                    without knowing. 
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Optics Distortion in IR  - Model Calculation -

27

- The sign of orbit change is somehow always positive.
- Beam is always squeezed too much and vertical beta function in IR becomes larger.

- It makes stable operation more difficult in high beam current.
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SLY Orbit Tuning with Orbit Bump

28

- Bump orbit at SLY is applied to
compensate current dependence of
horizontal beam position.

- The orbit tuning improves injection
efficiency and reduces beam background.

- We now watch the beam position at SLY
carefully in the operation.

- The orbit adjustment in advance to optics
correction reduces # of iterations of the
correction.

SLYTLE1 SLYTLE2

~20 µm

Injection Efficiency

Beam background

Beam background

Horizontal orbit

Initial orbit tuning on 05/15 2022, Ib=800 mA



Several Topics and Issues
from Recent Operation

- Field drifting of the final focusing quadrupole (QCS)
- Beam current dependence of betatron tune and orbit at SLY magnets
- Optics degradation due to unknown error sources
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Earthquake (EQ)

30

- Japan is a country of many EQs.

- EQ causes beam abort in most cases.
- HER beam becomes unstable after EQ in some cases.

- Global optics correction is necessary to recover the stable operation.
- Skew quadrupole at sextupole magnets and/or QCS can 

explain the observed XY-coupling distortion, but there is no direct evidence.

Expected XY-coupling after correction with 
skew quadrupoles at QCS

Luminosity

Vertical 
emittance

Injection
efficiency

Beam
background

Beam current
Earthquake

Optics correction

IP parameter tuning

KEK campus
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Optics Degradation with Time

31

- Originally, optics correction is performed every other week (maintenance day)

Luminosity

Vertical emittance in HER

Injection efficiency in HER

Beam background

- It seems that beam abort and 
recovery from the abort somehow 
change machine conditions, and 
we can not recover the beam optics.

- Reason of the degradation is not 
understood yet and we need to 
perform optics correction every
2 or 3 days. 

- Recently, we observe the optics degradation when we try high beam current operation.
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Orbit Fluctuation and Drifting

32

- A possible reason for the optics degradation is orbit fluctuation and/or drifting.
- Numerical estimation indicates that orbit at strong sextupole of a few ten µm 
is not negligible.

Blue: Cosine-like component
Green : Sine-like component

Red: Cosine-like component
Orange : Sine-like component

Horizontal orbit at a sextupole magnet 

Vertical orbit at a sextupole magnet 

Example of orbit drifting at sextupole in arc section

50 µm

Residual of closed orbit correction is
20~30µm in RMS.
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More Examples

33

HER

- BPM reading depends on not only real beam orbit but also various effects such as, gain drifting, 
beamline deformation, air temperature, beam current dependence of the BPM system, etc.
- We need to deal with these effects to obtain real beam position change. 
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Summary

34

- Global optics tuning is based on analysis of closed orbit response.
- Optics parameters at IP is based on daily IP knob tuning and observed machine performance.

- Field drifting of QCS depending on ramp cycle was experimentally confirmed.
-> We modified the ramp cycle in its startup, then the drifting is much reduced.

- Beam current dependency of vertical tune shift is attributed to the beam orbit change at SLYs.

-> Where is resistive wall tune shift in vertical direction? 
-> The mechanism of the beam current dependence is not understood yet.

( Beamline deformation due to SR and/or HOM heating? )
- The orbit at SLY is very important parameter to be carefully monitored.

- Optics degradation in a few days is  an urgent issue in high beam current operation.

It seems that a few ten microns orbit change at strong sextipole is not negligible.
More precise orbit control is probably needed.


