FUTURE
CIRCULAR ( FCC) ({w
. COLLIDER 7

Optics measurements at
SuperKEKB

Jacqueline Keintzel

Acknowledegements:
M. Benedikt, Y. Funakoshi, T. Ishibashi, H. Koiso, G. Mitsuka, A. Morita, Y. Ohnishi, K. Ohmi,
K. Oide, S. Terui, M. Tobiyama, H. Sugimoto, R. Tomas, R. Yang, F. Zimmermann, D. Zhou

FCC WP 2 WOI'kShOp i FCCIS - The Future Circular Collider Innovation Study.
) ] * * This INFRADEV Research and Innovation Action project
Optics Correction and Beam Measurement W rcceives funding from the European Union’s H2020 Framework

6" December 2021 * o % Programme under grant agreement no. 951754,




FCC-ee

PA (Experiment site) Azimuth = -10.2°

Electron-positron double ring collider

Technical site

PL Technical site

Virtual crab-waist collision scheme

-| transformation between sextupoles

Top-up injection at collision energy

* of
 Record low By of 0.8 mm oy gh SSS=1400m -
{Secondary {Secondary
T |.| T T | T T T | T T T I T T T I T TT I T T T experiment E!erl’imenl
X : . site) site)
| seear History of 3,
107°F e LEPBEPC VEPP-2000 —
PETRA P .
TRISTAN
. CESR-C BEPCHI
PEPI p
]0-2:_ CESR : L4 SuperKEKB ]
- DAFNE ]
Fcc-ee
- mm-world KEKB 1 Technical site Technical si
: LSS =2160m echnical site
I E PH
10— 7 CEPC O_ PE
é (Phase-3 20190)’2020 E
p [ ® Design value: .
| | [ [ ~0.3mm PG (Experiment site)
-4t P PR B F R O (I L4 PR S R N AT Y SR T T AT ST T S ']
f 01 970 1980 1990 2000 2010 2020 2030 2040

K. Oide, https://indico.cern.ch/event/1077162/, 2021.
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https://indico.cern.ch/event/1077162/

SuperKEKB - A small FCC-ee?

Interaction

Region Belle |l detector
K . —

* Electron-positron double ring collider

* Virtual crab-waist collision scheme electron ring

e -] transformation between sextupoles
* Top-up injection at collision energy

* Record low By* of 0.8 mm

positron ring electron / positron

linear injector
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2 sz 1P ] KEKEB SuperKEKB is a small version of FCC-ee!
Lol ~03mm ) Understanding SuperKEKB essential for FCC-ee!
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K. Akai et al., SuperKEKB Collider, arXiv:1809.01958v2, 2018.
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Record Luminosity

06/21/2021 23:59 - 00/22/2021 23:59 3T
Peak L 2.122 [10%/emé/fs] @ 2021-06-22 18:30 HER Leq: 6906 [ma] 40, 1.00[mm] Ny 1174 Physics Run

° POS|tr0n rlng Wlth 4 Gev (LER) and Int. Liday 1917.67 { 2153.28 [/pb] LER [eait 830.5 [ma] 80, 1.00[mm] Ny 1174 Physics Run

Bx*/By* = 80/1 mm with 80% CW = = "
-
* Electron ring with 7 GeV (HER) and z| ;& 5 |
Bx*/By* = 60/1 mm with 40% CW g ' :
'g I L S B R 1
* Record luminosity in June 2021 =
* About 3.1 x 10%* cm™s™? \ T gH
* Specific luminosity defined as i ]
g
L
LSP | — & .
an_|_ I_ 6/22/2021 _ o L
www-superkekb.kek.jp Y. Funakoshi, Private communication, 2021.
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SuperKEKB Goals

CE/RW
{

VSZ

3 times lower By* functions An international task force has been formed to help achieving
-20 times higher luminosity dgs:gn goals In various subgroups
Kick-off meeting in July 2021

. — — CTE— 60 https://kds.kek.jp/event/38899/
(2 » ]
£ s ?50 Parameter June 2021 Design
. | 40 _ LER HER LER HER
= B 2_
i - o Beam energy [GeV | 4 7 4 7
2 4 v Number of bunches [-] 1174 1761
E 2 Beam current [mA] 790.3 686.6 2800 2000
3 2 - B [mm] 80 60 32 25
x | : 8, (mm] 1 1 0.27 0.3
g ol S AR e R [ - do o* [pm] 24 22 101 10.7

2019 2021 2023 2025 2027 2029 2031 O'; [pm] 0.26 0.23 0.048 0.062

Design goal foreseen around 2028 Lomax [103*cm =257 1] 3.12 60

www-superkekb.kek.jp N. Taniguchi, kds.kek.jp/event/34739, 2020. Y. Funakoshi, Private communication, 2021.
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Optics Measurements

* Beam Position Monitors (BPMSs) crucial [E

Transmission line 2 Transmission line 1

* Axis rotated by 45° due to synchrotron radiation v,
» Record horizontal and vertical orbit by

m_vl‘|‘v4_(v2+v3) _V1+V2—(V3+V4)
Vi+Vo+ V34V, vy i+ Vo+V3+V,

* Two recording possibilities
* Average for Closed Orbit Distortion (COD)
* Turn-by-Turn mode (TbT)

i £
i Pt

Gain g4

Transmission line 3 Transmission line 4

H. Sugimoto et al., IPAC’19, TUZPLM2, 2019.

‘ - FUTURE
(f))  FCCIS WP2 WORKSHOP JACQUELINE KEINTZEL 6 () SR A

vSZs 06 DEC 2021 OPTICS MEASUREMENTS AT SUPERKEKB



Closed Orbit Distortion

* 3 pairs of orbit correctors

generate redundant set of 6 ‘i = o rﬁ,,_,;_f,,,_,,._,.l.
closed orbit distortions (CODs) o A *fm |

* Average orbit over several turns
are recorded at about 450 BPMs oo

 Large matrix generated

» Optics retrieved by analytical £l “L,‘T.w%:w"if_w,_}.a'"-. LTk
equations S of T A R A
» Optics measurements with COD o = | ' T ' : .

I I ‘_‘ Py 'ﬁ:.“ " . . T . "ol ..::°5..
used for optics corrections g‘eﬁ" g “{.:"“'\.-“ -'f.'.'"."-"-‘":"cf."-."s":'*:"-"iet.':z': '°.:.,‘-"H.=.r AR h,_.-a\'...' R
* Regularly performed hy IR PR . D BN A A

-1500 -1000 -500 0 500 1000 1500
s [m]

Y. Ohnishi et al., IPAC’16, THPORO0O07, 2016.
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Turn-by-Turn

* About 70 BPMs record TbT data e —— SR —— Env.
e Demands beam excitation S,

5-9 s =

'.'f'u"'.- e “. .\‘.
o _-,-- o ;n.bV-n.f i
: . _-:.:.--\._ ; -.. '.. #_5 -, gs . (? r h‘l\‘ﬁ'

= - L S 2 II,-l‘.-l'l‘n-l = Sand ‘“. :il-
) e e ?.-e"""r_ﬁ: ﬁ-.?i-‘n‘f\*-
"'8.‘ - _-_..' _‘ .‘*h pO\'o"}‘)f‘

P L el g

'\';{‘E'-."_"..'_.' ::.EW‘? e PR 2
o erde . P
L 3

* Single kick with injection kicker (1K)

Hor. Orbit [mm]

* Only horizontal kicks

un

Ver. Orbit [mm]
o

|
Ul

0 1000 2000 3000 4000
Turn at BPM MQC2LP[-]

: = FUTURE
L\E/RW FCC-IS WP2 WORKSHOP JACQUELINE KEINTZEL 8 CIRGULAR
vSZs 06 DEC 2021 OPTICS MEASUREMENTS AT SUPERKEKB COLLIDER




Turn-by-Turn

 About 70 BPMs record ThT data
e Demands beam excitation

* Single kick with injection kicker (1K)

Hor. Orbit [mm]

* Only horizontal kicks
* Driven motion with phase lock loop (PLL)

* AC-dipole like

* Can excite both planes

* Essential for vertical plane

Ver. Orbit [mm]

* Improvements ongoing

10000 20000 30000 40000
Turn at BPM MQC2LP
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Turn-by-Turn

 About 70 BPMs record ThT data
e Demands beam excitation

* Single kick with injection kicker (1K)

Hor. Orbit [mm]

* Only horizontal kicks
* Driven motion with phase lock loop (PLL)

* AC-dipole like

* Can excite both planes

* Essential for vertical plane

Ver. Orbit [mm]

* Improvements ongoing
e Stored in SDDS format

10000 20000 30000 40000
Turn at BPM MQC2LP
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Harmonic Analysis

* Performed with codes developed by the Optics Measurement and Correction (OMC) team

. Requires mOdel for anaIySiS OMCS3: github.com/pylhc/omc3 Beta-Beat.src: github.com/pylhc/Beta-Beat.src.

* Cleaning based on Singular Value Decomposition (SVD) - 20 modes kept for SKEKB

Using fewer modes
. Better noise reduction
Information might get lost

=
o
-

Using more modes
*$000eseeerreees, Less noise reduction
., " =
e000000000000000ssseesessasescesseseesone Fewer information lost

Singular Value [a.u.]
=3
<
L

0 10 50 30 40 50 60 70 Trade-off individual for every
Singular Value Number [-] machine and measurement
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Harmonic Analysis

LER optics with B, *= 80,2 mm

* Output is the harmonic _owey S
spectrum in both planes j_llo_l ’
: £
» Shows tunes and higher = 3
order resonances £
€ 10-3
* In example 5
104
* (1,0) Hor. Tune Q_
1004 (1,0) (0,1)
* (0,1) Vert. tune Q, = (3,0
o
Z -1
* (3,0)3Q, S 18
Q
>
‘K\\ £ 1072
Possible skew optupoles errors S
or octupoles in combination with

coupling? 0.5 0.6 0.7 0.8 0.9 1.0
Fractional Tune at BPM MQCI1LP [-]
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Optics Analysis

* Codes also used for e.g. LHC

[B-functions either
/ measured from amplitude (calibration dependent)

measured from phase advance (calib. independent)
and compared

e ONn-momentum measurements
 Off-momentum measurements

* Relative momentum offset by

_ Possible BPM calibration errors - only phase used
* Measured closed orbit (CO )

0.081
° I I 1 LER
Model dispersion (n ) 0,06 —1 HER
dl 9
m
5 . <77m CO$> 50.04—
T )
" (( 1$nd1)2> = 0.02
0-09 00 ﬂ?%o 25 0 25 50 75 100
TbT results benchmarked with - - - (— o oh) /350 (901
optics obtained using COD BL™P = BXMIBX" [%
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COD or ThT?

Closed Orbit Distortion Turn-by-Turn
* 450 BPMs per ring (~ 5 um resolution) * 70 BPMs per ring (~ 200 um resolution)
 Used for optics corrections * Typically faster than COD
* Double plane measurements * Improvements ongoing
 Lower orbit distortion feasible for smaller * PLL required for vertical optics
*
B* (below 80 mm) * |dentification of resonance driving terms
— poorer measurement quality Optics beating between TbT and COD
for more queezed optics 0.100] ———
50_075 [ HER | Fach method shows
§0 oo different merits and
Relative horizontal error E limitations
between COD and TbT-IK is 0.025
about 6% rms 0.000

—-40 -30 -20 -10 O 10 20 30 40
(BRM — BLoh)/BSo? [%]
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Chromaticity

* Injection kicker used for off-momentum optics measurements
* LER linear chromaticity about 1.7 for all measurements, no second-order chromaticity

* Second-order chromaticity in HER measurements with , * = 80,2 mm

* Measurements Q '=0.54 +/- 0.04, Q " = 680 +/- 35
HER optics with ﬁx’y* = 80,2 mm

* Model QX’ = 2.14, QX” =470
1.07 — Ft

* Different Q ' could be from sextupole settings
—— Model
| —— Mod. Model

* Larger second-order chromaticity than model
=

* Possible octupole sources
10

* Second-order contributions from sextupoles
-10 -5 0 5
6, [1074]

Modified Model: Qx’ from measurement, Qx” from model
FUTURE

CIRCULAR

COLLIDER

Helps finding non-linearities in lattice
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Horizontal Betatron Damping

LER optics with B, * = 80,1 mm * Faster damping of TbT data than expected
single bunch in ring from synchrotron radiation (SR)
0.3 mA bunch current

* Faster damping from...

=] e ... Orbit errors?
§ * Usually orbit well corrected
‘E * ... head-tail?
- * Expected to be small as low bunch current
o 1000 2000 3000 aooo0 ° -+ decoherence?
Turn [#]
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Decoherence

» Originates from finite tune spread Linear chromatictly
_ _ Decoherence and recoherence
* Particles do not oscillate synchronously RE. Meller. SSC-N-360, 1987,
- After applying a kick particles start to decohere ~ S€cond-order chromaticity
o Decoherence
* Not observable for AC-dipole excitation G.Rumolo and R. Tomas, NIMA 03, p. 206, 2004,
Amplitude detuning
Decoherence

_ —— Individual particl =R '
Amp Ve Palieles bt Effect different for hadrons and leptons

WA ii\, , v,"i‘,".,m,m’* o
IR R LA hihi T ——

radiation damps amplitude

Decoherence illustrated for hadrons of each particle
Individual amplitudes remain constant over time
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VSZ

Hadrons and Leptons

y 1 WA 2 92 Decoherence factor over estimated
Dec = 1+ 02 €XPy — 2 1+ 62 when synchrotron radiation damping
is not included
R.E. Meller, SSC-N-360, 1987.
Hadrons: 1.0
—— Dec. hadrons —— Dec. leptons
0 = 4dmuN 0.8
R.E. Meller, SSC-N-360, 1987. ';'
Leptons: © 0.6
0 =2mutsr (1 — e_QN/TSR) <t§0.4-
0.2
N ... Turns
Z ... Initial kick 0.0

0 1000 2000 3000 4000 5000 6000

... Amplitude detuni lized b tt
i mplitude detuning normalized by emittance Turns []

Work in progress
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Decoherence Measurements

e Evaluation of amplitude detuning and chromaticity needed

LER optics with ﬁxy* = 80,1 mm
*Q/=1.7+0.04 (Model: 0.04) Q" =-22 + 18 (Model: -199) Single bunch in ring

0.3 mA bunch current

* Amplitude detuing dQ /d2J 0.004!
 Measured: (1.925 + 0.050) x 10% m™ 6,669 —— R
+ Model: 1.758 x 10° m- < 0.000
i F— ] ~ _0.002

—— Model o

—0.004

7°1.0 . . . . .
= -20 -10 0 10 20
“x 6p [1074]
So05 | |
« Emittance during measurement unknown
0.0— .
0.0 01 0.2 03 0.4 05 oe ° Estimated 2 nm

‘ - FUTURE
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Decoherence Measurements

* TbT closed orbit measurements with IK single kick used

* Equations over-estimate damping
* Emittance unknown
* BPM reading could be
spoiled by calibration and
resolution
* Additional growth mechanisms
* Possible closed orbits could

Hor. Orbit [mm]

lead to different damping

Many things to be understood
Work in progress

FCC-IS WP2 WORKSHOP
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LER optics with Bx’y* = 80,1 mm

Single bunch in ring
0.3 mA bunch current

SR — Dec

— Dec+SR

JACQUELINE KEINTZEL
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Summary

» SuperKEKB is demonstrating FCC-ee key concepts

* Crab-waist optics, similar lattice and optics, top-up injection, tilted solenoid, etc.

e Studies and results at SuperKEKB will influence the FCC-ee design
* Help defining beam optics measurement system (TbT with single kick, AC-dipole, etc.)
* Understand commissioning challenges and might help avoiding them

* Numerous future studies could be performed

Optics corrections and measurements SuperKEKB is small FCC-ee

* Impedance studies
Understanding SuperKEKB challenges is

* Hands-on experience in control and operation inevitable for FCC-ee design

* Etc.
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O &5 G @)
Thank you!

Jacqueline Keintzel
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