FUTURE
CIRCULAR C\w
COLLIDER s

Beam Tests for FCC-ee at
SuperKEKB and PETRA Il

l. Agapov, Jacqueline Keintzel, and Rogelio Tomas
On behalf of

The FCC-ee collaboration
Acknowledgements: Gero Kube

- 2022 FCCIS - The Future Circular Collider Innovation Study.
FCC-IS WOI‘kShOp 0 This INFRADEV Research and Innovation Action project

- *
* *
WP2: Accelerator i > receives funding from the European Union’s H2020 Framework
8" December 2022 * o % Programme under grant agreement no. 951754,




Introduction

* Integrated FCC project spans over this century

Switzerland

e FCC-ee first stage with commissioning in 2040s
* FCC-ee requires

* Emittance tuning techniques

* Understanding alignment tolerances

* Robust and fast optics measurement techniques
* M. Benedikt:

Low-risk technical solution based on 60 years of e*e circular colliders and

particle detectors ; R&D on components for improved performance, but no need for

“demonstration” facilities; LEP2, VEPP-4M, PEP-II, KEKB, DADNE, or SuperKEKB already used
many of the key ingredients in routine operation

Requires beam tests at existing machines to test FCC-ee challenges
Here: SuperKEKB and PETRAIII/ IV

FCC-IS WORKSHOP JACQUELINE KEINTZEL 5 ( FUTURE

CIRCULAR

08 DEC 2022 BEAM TESTS AT SUPERKEKB AND PETRA I COLLIDER



SuperKEKB

e Collider with 3 km circumference
* Record luminosity of 4.65 x 103 cm=s™
* Very similar to FCC-ee

Positrons

* Non-interleaved sextupoles with -I transformation
* Crab-waist collisions

* Top-up Iinjection

Photon

Factory

Positron Positron
Damping __ Generator

W

SuperKEKB is small FCC-ee
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M. Wendt

Beam Position Monitors

* Beam Position Monitors (BPMs) are crucial devices for beam optics measurements
* Button BPMs are the most common type, spoiled by resolution, calibration, non-linearity, ...

Leptons:

AYy

Vv \Y

4 3

Buttons typically rotated
by 45° due to strong
synchrotron radiation
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Single bunch measurements for SuperKEKB

positron ring s P00
Estimated BPM resolution improves with bunch i
intensity °
— Probably similar for FCC-ee

- Requires specifications for single bunch/multi 200
bunch and average orbit and turn-by-turn 02 04 0-6 8.8 1o 12 14

BPMs could be installed next to every
guadrupole

No additional space presently presumed
How would it look for placement next to BPM s in
sextupoles?
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H. Sugimoto

Orbit Response Matrix SKEKB

* Explore Orbit Response Matrix (ORM) approach for FCC-ee
* Including Closed Orbit Distortion (COD) method with fewer correctors as in SKEKB

In SuperKEKB:

Closed Orbit Distortion (COD) performed

3 pairs of orbit correctors generate 6 closed
orbit distortions

+ Routinely performed and used to calculate
corrections

+ Very good resolution of about 5 pm

- Rather time consuming procedure

- Orbit limited to 10-20 um to avoid distortions
from interaction region quadrupoles and
sextupoles

.A'.' (rad).h'." (rad) sp/p, (%) 8Bu/By (%)
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Orbit Response Matrix FCC-ee
* Explore orbit response matrix approach for FCC-ee X X X @ X @ X
* Including closed orbit distortion method as in SKEKB 4~ >~ ° "1 1 & &

e Strong synchrotron radiation needs to be considered

AE/E [%]
o

In FCC-ee tthbar mode:
Beam energy 182.5 GeV >
Radiation losses/turn about 10 GeV

Effect on ORM with strong synchrotron radiation to be studied

Large energy variation of about = 2 %, tapering applied

Hor. CO [pum]

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

9
[

Difference of closed orbit with radiation to closed orbit without
radiation or RF sections using same MCB
0.5 pm maximum difference and 0.12 ym rms

v
A Hor. CO [um]
o
o

|
o
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H. Burkhardt, M. Liickhof, H. Nakayama

Background and Models

* MDISIM developments: rebuilt SuperKEKB interaction region based on SAD
* Simulate SAD-model vertical closed orbit in the presence of solenoid and quadrupoles

Aim to measure orbit using e.g. beam-gas vertex in SuperKEKB

1 Start Intermediate Final
14 : S:Dtr;cfking o B ZﬁDtrraecka(CS) 5 i Zﬁ:cfko €5
E.
7 =3 -2 -1 S[Om] 1 2 3 4
e Strong 10 keV photon line in synchrotron radiation background
g — E0.05:—104 Photon peak T
wewes | [CC-e€!
I - Code development driven by SuperKEKB experience
- Accurate model of the interaction region with solenoids
Beam pipe next to - Help to determine number of collimators in interaction region
Interaction point

ol v 1wy Lo L L |
=0 10000 20000 30000 40000 50000
cluster charge / eV
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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
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Turn-by-Turn Measurements

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

* Requires beam excitation
* Single kick

W
i ae Tat Rt e .
MR A O N P Tt W -
F . PO Al Sl i e TN PP L PR LT RRS4  T
R P ;;.:s'lt..:‘J:‘g;..s‘.l,:;.::.r.}é.' a'\-n-"',.-.‘.’ﬂ-' L
et _,:“n‘: .‘,_:‘u__.‘;*.-uﬂ:-:ﬁ;’ws"ﬁy v
L A M T L
o e

Top: FCC-Z mode 45.6 GeV beam energy
Damping of single particle tracking orbit after 100,

100, kick
2300 turns damping time

FCC-Z mode 45.6 GeV

- Slow enough to be used for TbhT measurements 2 \
Bottom: FCC-ttbar mode 182.5 GeV beam energy 0-:, 1 — ZO?miOO

Damping of single particle tracking orbit after 100,

Hor. Orb. [mm] Hor. Orb. [mm]

100, kick _of o
40 turns damping time . . FCQ—Z mode 1182.5 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 e
| I N

4

. . I ‘ 4xRF
° Slngle kICk | _ R HZ[> [iGpi2 4%) % § D
. . 500Wx4
* Driven motion P> T S B E E

10kHz-254MHz
FCC-Z mode with 45.6 GeV beam energy | T s : >
o] [FiGp12 L]
Single particle tracking without radiation damping e e %% R "f’ B o
D Q- ooekd | - .% 10kHz-254MHz

=

SuperKEKB Transverse Bunch Feedback System
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Continous excitation achieved in SuperKEKB using
transverse feedback system and amplification

+ Drives the beam at the natural tune (no compensation)
- Typically limited in amplification (low excitation)
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Single Kicks in Measurements

* Aiter kick is applied, orbit is aftected by Amplitude detuning for FCC-ee Z-mode also

* Synchrotron radiation (SR) needs to be considered in addition to SR
. . 0.2610+
* Decoherence from amplitude detuning —— 9.439x10° m™!
* Head-tail effect and impedance o—
. - O .
* Detailed analysis of SKEKB TbT data
Q' =1.70£004,Qx"=-22218 22090500 0.2 0.4 0.6 0.8 1.0
10F2 2Jx [m] le-7
E 5 0.4501 —— 3.42x10%8 m~1 / ©
5 01 . 0.425]
S B 3
gk 0.400°
—101s
0 1000 2000 3000 4000 0.0 0.5 1.0 1.5 2.0 2.5
Turn [#] 2Jy [m] le—10
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Lepton Decoherence

* Decoherence from amplitude detuning enhances damping of center-of-charge
* Only pseudo-damping —» amplitude of individual particles not affected by decoherence

Decoherence illustrated for 3 hadrons

o . . o M ... Amplitude detuning N ... Turns
Leptons: individual amplitudes damp over time too Existing th for had : )
Amp. —— Individual particles Average XISting theory tor hadrons Z ... Kick Strength
R R 1 s
' ’ [N — — —
AN AR RAAARAAL Apee= ol -2 L 9 = dmuN

' ' m U V W W /H. w m Ww\mms

Synchrotron radiation and decoherence over-

Here extended for leptons: [9 = 2mpusr (1 — e 2N/™sw) J
estimate damping — growth contributions

SuperKEKB LER amplitude

Damping explained by synchrotron detuning measurement

E radiation and decoherence R
= — TbT orbit data scaled to reproduce 13 Model
2 radiation damping L., + Measurement
c _» Measure tune for various actions and fit =
- gives amplitude detuning Q0.5

: Method applicable for all lepton storage 7

° +000 Ti?r??#] 2000 000 rings such as FCC-ee 0'%_.0 01 02 03 0.4 05 0.6

2/x [um]
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D. El Khechen

Beam-Beam and Luminosity Dither

* Beam-beam simulations Head-tail motion * Luminosity dither system
] during SuperKEKB ) )
* Emittance blow up commissioning * Increase luminosity With feedback
( 8x8 B*x,y = N~ . o Lo im
o : y prove beam-
Benchmark codes 8xdesign) - ¢ beam positon at
0.1 . : £« i & the IPusing
(@) 1=0.8mA, I,=ImA o i 5% :
Beam-beam 008 i ©n R bumps to increase
parameter 006 | . 5 . %% luminosity
withand ™ ooa} 4x8,CW | % é-m ™
without crab- o002 | BXE?SW gy = v @ -+ 10,002 .
waist in g ol & o 1 ¢
SuperKEKB @ 2000 @000 1S0ND o 2000 4000 6000 bl o | ®
Ll turn 5/15328?35 o

Vertical emittance blow-up due to beam-beam in FCC-ee Figure 8: V, (green) and bump height at the IP (blue) are
o B " eam Beam N ™ w/beam beam— plotted with luminosity (orange) during the dither feed-

o3 25 back test.

E. 0.2 EIS E FCC'ee:
% ol B ] - Gain experience with possible similar luminosity dither system

. - - Benchmark beam-beam simulation codes
*”0 50 100 130 zogoles:msw 350 400 450 500 %6 S0 100 150 200 250 300 350 400 450 500 - RebUIld pOSSIble emlttance b/OW-Up Chal/enges

# of turns
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S. Ogur

Studies at Injectors

* Beam |itter studies in electron mode * Beam based misalignment determination in

* Result of mismatch in linac arc quadrupoles

* Avoid emittance blow-up

XIO-i 6 I =1 I I . I . . |-l :"H'\I'I'ﬂ : : l:!.ﬂl' ; I'I'\ I. : T M M
3 i = normaised horizontaljiersari(m) | * RMS alignment precision of 37 um
g2 N
-6 ==
XJ‘O_i 6 . narmaliced vertical iittereartimy. | I
E4F| normalised vert PLLLSIBCL UL UL F - — . .
=2 Wes il P Wy Steerer magnet Precise alignment
g -2 k=) AR Thihd ) _ _
=4 e - also possible with
2.6F E Beam virtual BPMs
g%i&wnﬂm-- ssse 2 100)] '':'_'.;;,;,:'99”'e i ——BPM;
222  [———— | —
IH}:S — RN e ol bl -2 Applicable to other
E |
Z 8 ] B . .
R 1 A N _ﬁzlwg}\ — cusrupo mfg%gﬁ; ;%;?pr ove
X QW“ Mﬂ.\h MMAWV \M{FJ \v’ [Vt e =1
ke
0 200 600 m Fig. 5. A sketch of the orbit change caused by the dipolar kick from a displaced quadrupole.
L LW Lt Lo ey e L L Kbuombmw owmwonn Fcc-ee:
2R REB BB 00 RQG NG BESRNNS 24 8888 & 9098 : : . .
SUk A&k aBRE shaaaRS OIRMARER OF AR saksanss - Gain experience for Injector optics
! ' . - Improve magnet alignments and determine number of
Fluctuation starts Target for positron .
in linac arc prodction required BPMs
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PETRA 1l

e Light source with 2.3 km circumference
* Hybrid between FODO and DBA

FODO m “
mln
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l. Agapov

PETRAIV _ - -21"- . ==._ _PETRAIV

NEW DIMENSIONS

* Upgrade of PETRAIII
* 6 bend achromat optics

Paul P. Ewald

Max von Laue

new Hall
Girder A
0.06 D QD0 QF1 FC QD2 pLQ1 QF3 DQ2 QD4 SD1A /—IIASH
— Dx
E 75mm 79 mm 47 mm 47 mm 75 mm European XFEL ‘
£ /o / ‘i
& 002 2 3 : ‘
LI : g= e B . Ada Yonath gy
' |
- rr———rt,,
10 A B d
E
= j
& 5
0 . .
‘ll] R b s el Illi . Higher brillance than PETRA IlI
0 '5 1'0 ]'5 2'0 H6BA Lattice PETRA Il T‘r = . - T T "
Parameter brightnessmode  timingmode  continuous  timing mode o
s [m
[ml g 10%| PETRA IV. 3
Number of Bunches 1600 - 1920 80 (40) 480 - 960 40 £ : i L
01'2027: Start of civil construction work ~ |
g‘g;gﬁvﬁ%eﬂg End of PETRA Il operation Total current / mA 200 80 (80) 120 100 E
S 012029: Startup Bunch current/ mA 0.125 10(20) 0.25-0.125 2:5 T 10%F | |
project proposal PETRAIV a2 UE65-10m
E—— r——— e Arc ID Bx/By /' m 22 22 high 8: 20.0/ 4.0 §
NPSR, LEAPS. project phase operation long ID Bx/By / m 40/40 low:1.4/4.0 4 Q
" 21 |
- Hor. Emittance ex / pmrad 20 35(38) 1300 = 10 =
EETRALY r ‘ Vert. Emittance & / pmrad 5 7(8) 10 2 i
phase [} arciD-BM
2 FS-TM !
— Bunch length o2/ ps 30 65 (75) 40 43 E 50 UEGE-6m
Sl F”””‘ o Bunch separation / ns 4 96 (192) 16-8 192 = 107 Fusnma S
i Energy spread op/ 103 0.9 iL22(AL) i 13 " PETRA Il
2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 m&‘ 202¢ 2029 | 2030 | 2031 Touschek lifetimet/h >10 >5 9-13 15 i |
[ 10 1
Number of beamlines 33—35+1VUV 26 +1 VUV 10? 10° 10°
L} {]
J Photon Energy (eV)
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I. Agapov, T. Charles, R. Tomas

FCC-ee and PETRA

* FCC-ee and PETRA Il (IV) have comparable vertical emittance of <10 (3) pm
* Very tight alignment tolerances for girders and elements
* Understand vertical emittance growth from not corrected misalignments

- Median f,-beating = 1.77%
PETRA IV tolerances Median f3,-beating = 6.29%
Type AX AY —~ 501
* Magnet errors (um)  (um) X
— Dipole offset =50 ym £ 0. )
_ O.ther magnets offset = 30 um Arc quadrupole™ 50 50 g
— Girder offset =350 pm Arc sextupoles® 10 10 Q 301
— Girder roll = 200 prad Dipoles 1000 1000 A
— Magnet roll =200 prad Girders 150 150 £ 2.
— Magnet calibration = 1E-3 IR quadrupole 100 100 & T Charles
IR sextupoles _ 10 1048 l. . AL EALOnS
Assuming beam-based alignment possibly with .
movers+BPMs+displacement sensors (design 0 10 20 30 40 50
concept needed to reach 10 pm). rms Bx-beat (%)
CE/RW FCC-IS WORKSHOP JACQUELINE KEINTZEL (F:llJRT éJSLE e
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G. Kube: Beam Instrumentation Workshop (Slides)

BPM System for PETRA IV

long term stabilization scheme including cable paths R
F. Schmidt-Fohre et al., Proc. IBIC 2021, Pohang (Korea)

MOPP36.
* pilot tone compensation

L - i G. Kube et al., Proc. IBIC 2022, Krakow
. @crossbar swﬂ@ long-term drift study (Poland) WEPOS.

performance studies at PETRA Il continuous mode timing mode

. 480 bunches @ 120 mA . 40 bunches @ 100 mA

position readings

-

T;T :

position readings

E £
S0 £ o0
x %
50 RMS value: 26.0 nm -100 RMS value: 59.2 nm
- . 0 10 20 30 40 50 60 7O 8O 80 100 0 20 40 B0 80 100 120 140 160 180
- i
e\e@\'o : 50 . .
@‘Crc 6\ 1 RMS value: 33.8 nm
\,\){‘\“ i 1
; £ £
i Lo £
i > >
1 ?
)I) t*“ i e | RMS value: 13.4 nm
e Libera Brilliance+ 50 L L L L L L T T T T L | L L L L L L L
- ’ e 0 10 20 30 40 50 60 70 80 90 100 0 20 40 B0 80 100 120 140 160 180
|| b 2:2 difference time / h difference time / h
J 12
1
Sync 5 ‘ . . . g .
i well within specifications < 1um
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https://indico.cern.ch/event/1209598/contributions/5092291/attachments/2551721/4395957/FCCWorkshop_Kube.pdf

rms position / nm

G. Kube: Beam Instrumentation Workshop (Slides)

BPM Tests at PETRA Il

Additional Measurements

Closed Orbit Resolution Single Bunch (Single Turn) Resolution = Beam Current Dependency (SA)

rms displacement
T T T T

357
L Q. — ® —girculating
80
\ ®  njectin
30 : jecting
70 \
\
60 - Ezs \\ E
50 [ f g 207 \Q E
= \ k=
r ] = 4
40 rms(f)=\/f df PSD(f') | 3. :
v \ =
0 - ]
L 2 ® ghrisid
0 E joboccmaot Lotiooris s secienton <10 m g
20 e
X 5 hab ® - — — — PY
10 y
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0O 0.1 0.2 0.13 0.14 0.15 0.16 0.17 0.18 0.9 1 -5 -50 -45 -40 -35 -30 -25
bandwidth / Hz bunch current / mA gain level / dBm
<100 nm (rms) <10 ym + 2 um
@ 1 kHz BW 0.5 mA bunch current 60 dB range, centered beam
2 well within specifications
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https://indico.cern.ch/event/1209598/contributions/5092291/attachments/2551721/4395957/FCCWorkshop_Kube.pdf

L. Malina, E. Musa

Optics Measurements

* Errors applied to PETRA Il |attice * Optics measurements with AC-dipole

* LOCO successfully applied * Aim for faster optics measurements and

- Presently also being explored for FCC-ee corrections compared to ORM

with errors
40 1 5x[m] 1.0 0.2
"é‘" = I ﬁrlm]
7 | Nxim] 0.5 r%"
o 204 ! =
« fibul 0.0
VAN ' '
01 , ' : , l—0.5 0.2
1000 1100 1200 1300 1400 1500 500 1000 1500 2000

Location [m]

after corrections

BxBy (m)

0 1 : ; . : | 500 1000 1500 2000
1000 1100 1200 1300 1400 1500 Location [m]
s{m)
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- - 0.5
Amplitude Detuning
* No SR, with sextupoles 0.4
0-20101 4 430%10% m-1
- 0.3-
& 0.2605 &
02000700 0.2 0.4 0.6 0.8 1.0 0.2-
Kick [m]
0.450| —— 3.42x108 m~! / 0.11
Eo.425-
y 0.0+ . . . ,
0-400] 0.0 01 02 03 04 05
0.0 0.5 1.0 1.5 2.0 2.5 Qx
Kick [m]
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