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Ver. Emittance [pm] 1.42 2.98 10— '~z.o§0[n'm' 2040
B /B, [mm] 1000/ 0.8 1000/ 1.6 www-superkekb.kek.jp
Synchrotron radiation loss/turn [GeV] 0.040 10
Luminosity/IP [10%* cm2s?] 182 1.24

M. Hofer and K. Oide, FCC Week 2022.
FCC-ee designed for high precision physics

Severe synchrotron radiation losses, i.e. 5 % of the experiments —» demands precise optics control
beam energy per turn at highest beam energy and thus accurate optics measurement techniques
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Experience from Other Synchrotrons

Interaction

] Region Belle Il detector
S_up_erKEKI_B._ International Task Force formed, including , S
Similar colliding scheme as FCC

o dedicated optics working group to push
Similar arc layout as FCC . iz
Record Iumin)ésity of 4.65 x 10% cm2-1 performance of SuperKEKB further:

SuperKEKB is a small version of FCC-ee! https:/lkds.kek.jpl/category/2242/
* FCC-ee would be commissioned in the 2040s

positron ring

electron / positron

* Experience from existing facilities essential e linear injector
* Lessons from e.g. LHC, SuperKEKB, etc. KEKB
e = a— positron damping ring \

K. Akai et al., SuperKEKB Collider, arXiv:1809.01958v2, 2018.

Optics Measurements and Corrections (OMC)
team at CERN
om i ISOLDE Experience on LHC, PS, PSB, LEAR,
‘ m TR e SuperKEKB, IOTA, PETRA lll, ESRF:
b D Ethne https:/Ipylhc.github.io/
b ICLEAR

s —) Other examples of beam tests for the FCC-ee:
E. Mobs, The CERN accelerator complex - 2019, 2019. J. Keintzel, Experimental beam tests for FCC-ee, 10.22323/1.398.0877, 2022.
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Beam Position Monitors - LER

* Beam Position Monitors (BPMs) measure the center-of-charge

* Button BPMs are the most common type, spoiled by resolution, calibration, non-linearity, ...

Hadrons:

Leptons:
300
£
Vz 18 V1 3-
© 250
® 200
ES AT 0.2 0.4 0.6 0.8 1.0 1.2 1.4
» X I [mA]
Single bunch turn-by-turn (TbT) measurement for SuperKEKB positron
ring (LER)
Vv, A
- Estimated BPM resolution improves with bunch intensity
_ . _ - 200 pm for 1 mA bunch current for LER
Buttons typically aligned on Buttons typically rotated
the transverse axes by 45° due to strong

synchrotron radiation
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Beam Position Monitors - HER

* Beam Position Monitors (BPMs) measure the center-of-charge

* Button BPMs are the most common type, spoiled by resolution, calibration, non-linearity, ...

200

Hadrons: Leptons: Single-bunch measurement ~ _17s.
for SuperKEKB electron ring '\Eil& :
AY (HER) .
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Beam Current [mA]
y y Multi-bunch measurement for SuperKEKB electron ring (HER)
- Estimated BPM resolution improves with beam intensity
Buttons typically aligned on Buttons typically rotated - 120 pm for 1 mA beam current for HER
the transverse axes by 45° due to strong

synchrotron radiation
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Beam Position Monitors - FCC

* BPMs in arcs and straight sections required, probably with different specifications
Tuning and exploration of optics

Possible BPM placement in present lattice _ _
Next to all quadrupoles (red) Wh(_are 'S _the best placement for BPMs in measurement techniques will show
Next to sextupoles (green) the insertions? best solution

Interleaved with sextupoles?

BPM fits in
this blue box

M. Wendt, eeFACT, 2022.

BPMs could be installed next to every
guadrupole, no additional space
What is the situation with sextupoles?

0 100 200 S[m]3°0 400 500 -1700 -900 -600 300 0O 300 600 900 1200
S [m]
Experimental insertaion: Z-mode

Arcs: Solid -~ Z-mode, Dashed - ttbar-mode
JACQUELINE KEINTZEL . ( \ (F:llo'ggLF}LEAR
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Turn-by-Turn Measurements

 Orbit recorded ideally horizontally and vertically Turn-by-Turn (TbT)

* Requires beam excitation =
: : m— SR
* Single kick E S
£
Top: F_CC-Z mode 45.6_ GeV begm energy '®) RO W-mm IR
Damping of single particle tracking orbit after 100, 5_- IEREON ..-ﬂ‘-efﬂ"’n‘ﬂ"‘-‘
10, kick = FCC-Z mode 45.6 GeV
2300 turns damping time —
- Slow enough to be used for TbT measurements -
E :_ g gt L ST T
Bottom: FCC-ttbar mode 182.5 GeV beam energy ¥ 0 S Zoom,
Damping of single particle tracking orbit after 100, o k 1 e 100
100, kick ] e '
40 turns damping time o . . FCQ—Z mode 1‘82.5 GeV
. Too fast to be used for TbT measurements 0 500 1000 1500 2000 2500 3000

Turn [#]
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Turn-by-Turn Measurements

 Orbit recorded ideally horizontally and vertically Turn-by-Turn (TbT)

BPM BPM

* Requires beam excitation l

- Single kick | S

| i@b - %%%
. . 500Wx4
* Driven motion [ DCadi } presell £+ K Bomz-zswm

From vertical

509MHz detector

| iGp12 4? é § %
500Wx4

; 10kHz-254MHz
SOOMHz et h D

FCC-Z mode with 45.6 GeV beam energy s %}
Single particle tracking without radiation damping Y

E AN :“"-'1-"«“ ¥z ‘*-‘*‘_""-"’h'*' A A A A A A oA *"“Z‘:":'-’*'f’,‘""“,'*"‘"’_’ff“,_:*"’:" SuperKEKB Transverse Bunch Feedback System

E 0.05 _,.‘.:-_:::;:_.‘ ) ey RS i ' AT A _‘,::: " t:'::':

= l_-',::-. "."-. He o '-:"’__’:1.-'_’_; Continous excitation achieved in SuperKEKB using

g 0'00'::'.--;,"'--;__':.-. g transverse feedback system and amplification

@) 5l + Drives the beam at the natural tune (no compensation)
L —0.05 et e S e e ‘i."-,':j'i-.‘ - Typically limited in amplification (low excitation)

> Fiow? -‘ .:-._‘:r‘.:u-*-.,.r et ‘u’ A, ...:-t'-- BAA “.w'f-'-"v‘::.-.m .-r-*‘ﬂ-l.m:. »“'.-m'a-.- LA SR O AN I At a-":'.-“m R LA

0 500 1000 1500 2000 2500 3000
Turn [#]
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Turn-by-Turn Measurements

 Orbit recorded ideally horizontally and vertically Turn-by-Turn (TbT)

* Requires beam excitation
* Single kick

* Driven motion u(s,N) =

A7 B 5 \/ﬁu(s)ﬁu 0 X
cos(27Q"N + ¢, (s) + du.0

FCC-Z mode with 45.6 GeV beam energy
Single particle tracking without radiation damping
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R T W e L e e S compensation techniques in analysis required)

+ Typically sufficient amplitude (larger excitation)

.
-

" - w - s
L . el ..’. 04 - e K s. '.n . ' epe, t N -

.
. G ot . o s
. “ ,.‘N’, 0.‘ .'o' #’ R (I o“' "‘3 g . vy .
Ly MR ’o':"s: *.‘ P
s ‘%3"' . 2 . )
e 38 2000 o c.;.y«&. . AR ey PR MDA YRS T
- o+ % ges q:‘ . " e sant e -ta
A S S SR, rv\.ﬁroc L) RS ek @
- ." . 00 - e,

—0.5] : - . .
1000 1500 2000

Turn [#]

Ver. Orbit [mm]

2500 3000

MDI WORKSHOP
21 OCT 2022

JACQUELINE KEINTZEL
OPTICS MEASUREMENTS FROM KICKED BEAMS

FUTURE
9 CIRCULAR
COLLIDER




Turn-by-Turn Measurements

 Orbit recorded ideally horizontally and vertically Turn-by-Turn (TbT)

. : S Example of horizontal and vertical frequency spectrum,
ReqU|reS beam excitation obtained by Fourier transformation of cleaned TbT orbit data

. . . 0] (1,0 (0.1)
Single kick 10 0. 0,

* Driven motion

* Harmonics analysis

Norm. Hor. Amp. [-]
=
2

* Optics analysis

104
(1,0) (0,1)
= 100_
For example: B-function from phase advances - Q, Q,

[eR

gPh(j) = cot (@u(i — j)) + cot (pu(i — k)) & oa
u Mll(’i—>j) _|_ Mll(i—>k) E
Mlg(’i—hj) M12 (Z—>k“) E

5107

0.5 0.6 0.7 0.8 0.9 1.0

Fractional Tune at BPM MQCILE [-]
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BPM Errors and Phase Advance

* Relative rms phase advance error with respect to the model used for figure-of-merit for
guality of TbT measurements

* First TbT tracking over 500 turns for FCC-Z mode and 360 installed BPMs (arcs and IRS)

* With and without synchrotron radiation FCC-Z mode at 45.6 GeV single particle tracking
* Kick amplitude of 60 , 60 = &
y N | e« No Rad. e 10 X o(uy) .
» Gaussian BPM noi lied 7 30 :
ausSian noise applie IO o Rad. . U(Uy)
—
Including radiation damping has no significant : 20 ° y
impact on phase error 3::" ° o 9
. IR _ ST ¢ ¢
Phase error increases with increasing BPM noise - 10 e ¢ ")
X ® @ e
Effect on vertical plane 20 times more severe % 0 g 8 ¢
0 20 40 60 80 100

BPM Resolution [um]
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Kick Strength and Phase Advance

* Relative rms phase advance error with respect to the model used for figure-of-merit for
guality of TbT measurements

* First TbT tracking over 500 turns for FCC-Z mode and 360 installed BPMs (arcs and IRS)

* Without synchrotron radiation FCC-Z mode at 45.6 GeV single particle tracking
* Gaussian BPM noise applied 20

N o Opum o 10 x o(uy) ¢
Without BPM noise phase error increases with |
increasing excitation strength S o 10 um o 0uy)

= °
With BPM noise (here 10 pm) optimum kick ~ 10 © °
strength found at 4 ox, 4oy = Q ¢

o] ° o o °
Excitation needs to be sufficiently large to = ¢ @
compensate for BPM noise :"f_ 0l o e ¢
Effect on vertical plane 20 times more severe © 2 4 6 8 10 12 14

Kick [0y, oy]
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Kick Strength and Phase Advance

* Relative rms phase advance error with respect to the model used for figure-of-merit for
guality of TbT measurements

* First TbT tracking over 500 turns for FCC-Z mode and 360 installed BPMs (arcs and IRS)

* Without synchrotron radiation FCC-Z mode at 45.6 GeV single particle tracking

* Gaussian BPM noise applied 20
FCC-Z mode N o 0 um . 10 X o(uy) ®
500 turns, no synchrotron radiation |
Minimum hor and ver. phase advance error with 2 o 10 um o U(Uy)
10 um BPM noise: 0.24 x 103 (2m) and 5.28 x 103 (211) =— °
- Especially vertically too large and to be understood —~ 10- © ¢

. : > °
— Using more turns (AC-Dipole) 3 e, e
— Lower excitation amplitude B o o
— Higher BPM resolution below 10 um (multibunch?) = © ° ®
> 8

Comparison LHC % 0. ° : | | . | |
6600 turns, AC-dipole ? 4 3) 8 10 12 14

Ni —_ s :
Minimum hor and ver. phase advance error, ~100 pm Kick [er Oy]

BPM noise: <1 x 1073 (21m)
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Summary and Outlook

* First promising studies for TbT measurements in FCC-ee
e Strong synchrotron radiation damping influences measurements
* Lessons to be learned from existing machines such as SuperKEKB, LHC, etc. essential

* Some future studies:
* Differentiate arc and IR BPMs and help defining specifications (resolution, ...)
* See impact of field and misalignment errors on measurement techniques
* Combine measurement techniques with tuning algorithms
* Explore beam-based alignment techniques for the FCC-ee

A lot of things to be explored and tested in the future!
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K-Modulation
Minimum B-function not always

 Successfully performed in SuperKEKB, LHC, ... at IP but shifted by waist w
* Used to determine [3* by varying quadrupole strength
* B-function at quadrupoles estimated by tune change

AKL ... relative change of integrated quadrupole strength A A
AQ ... relative change of tune B~ + TAQ
AKL
: : 2
* B, propagated from 3, at the final focus quadrupoles and (3* given by B* = B, + E_
* 2
L* ... distance from IP to first quadrupole Bo =B + (L + w)
B Hysteresis from magnets could
o _ disturb optics
e Main limitation is tune accuracy measurement Fewer problem with

superconducting magnets

P. Thrane et al., Phys. Rev. Accel. Beams 23, p. 012803, 2020.
P. Thrane et al., CLIC-Note-1077, 2017.
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Orbit Response Matrix

X X X @® X @ X
 Orbit correctors excite the beam, average orbitrecordeda 8 o ¢ 6 H | L A
* Optics then retrieved by analytical equations 3

AE/E [%]
o

In FCC-ee tthar mode:

Beam energy 182.5 GeV

Radiation losses/turn about 10 GeV

Effect on ORM with strong synchrotron radiation to be studied

I
N

N
wu

Large energy variation of about £ 2 %, tapering applied

Hor. CO [pm]
o

Example of generated closed orbit with one kicker (MCH)
Including radiation and 2 RF sections

Difference of closed orbit with radiation to closed orbit without EL
radiation or RF sections using same MCB @)
0.5 pm maximum difference and 0.12 um rms > L_)
T
q i T T T T
0 20 40 60 80
S [km]

FUTURE
MDI WORKSHOP JACQUELINE KEINTZEL 17 CIRCULAR
21 OCT 2022 COLLIDER

OPTICS MEASUREMENTS FROM KICKED BEAMS



Single Kicks in Measurements

* Experience from existing machines such as LHC and SuperKEKB essential for FCC-ee

* After kick is applied, orbit is affected by FCC could experience decoherence from

FCC-Z mode at 45.6 GeV amplitude detuning

* Synchrotron radiation

0.2610 -
* Decoherence from tune spread ) (9.83 £ 0.10)x1G% m
* Head-tail effect and impedance 502605
SuperKEKB 4 GeV positron ring (LER) TbT measurements ‘ ‘ ‘ . ‘ ‘
0.0 0.2 0.4 0.6 0.8 1

.0
2Jx [m] x107

Measurements for SuperKEKB 4 GeV positron ring
Single bunch with rather low intensity of 0.3 mA

wu

Faster damping after applying horizontal kick than predicted from
synchrotron radiation

I
un
e D

Hor. Orbit [mm]
o

by Since bunch current is low, additional damping tentatively
QX" =-22+18 attributed to decoherence

0 1000 Tzooc[a#] 3000 4000 Impedance model presently being updated in SuperKEKB
urn

|
|_I
&
PR
i
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Hor. Orbit [mm]

Lepton Decoherence

* Decoherence from amplitude detuning enhances damping of center-of-charge

* Only pseudo-damping — amplitude of individual particles not affected by decoherence

M ... Amplitude detuning N ... Turns

Decoherence illustrated for 3 hadrons Existing theory for hadrons: -

Leptons: individual amplitudes damp over time too , --2KiCk strength
1 Zc 0
Amp. — Individual particles ~—— Average ADec = 5 €XPy — 5 9 — 47TI.LN
M ) i 1406 2 1+6
RN

“‘ﬂ“m&mWWM

Jl‘lx

-==

|| | | \ , ;‘ / ‘Z' M\ .‘ Turns Here extended for leptons: [9 = 27T)U‘ TS (1 — 6_2N/TSR) J
"Uv\y &u\mwi\; :

SuperKEKB LER amplitude detuning

Damping explained by synchrotron measurement, 10 % larger than model
radiation and decoherence 2.0 .
— TbT orbit data scaled to reproduce o

1.5{ —— Model
-4 Measurement

radiation damping "
— Measure tune for various actions and fit 21.0
gives amplitude detuning 3

0.5
: Method applicable for all lepton storage
0 1000 2000 3000 4000 ) 0.0
Turn [#] rings such as FCC-ee 00 03 02 G 08
2/x [pm]
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