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Overview

* FCC-ee will be a highly complex machine

* Interplay of various effects
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Overview

FCC-ee will be a highly complex machine

* Interplay of various effects

b

* Presence of beam-beam collisions
further complicates beam dynamics

e Self-consistent simulations are
challenging

lattice nonlinearities
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Interaction point (IP)

FCC'ee d@Slgn Synchrotron radiation

Beamstrahlung + radiative Bhabha scattering

4 1P

Technical site
PL

30 mrad

2 1P

Technical site
13.4m 10.6m —_ ster PE
Interaction

03m Paint :
t \_. A i Ve
f A FCC-ce Booster " Techny 8-site layout: -
PJ t PD ) Basic 45 degree sector module
experime N N
RF system - e RF system site repeated eight times

mercion| 5 WOrking points 4 working points
Z:45.6 GeV Z: 45.6 GeV
W+: 80 GeV W+: 80 GeV
ZH: 120 GeV ZH: 120 GeV
ttbar 1: 175 GeV ttbar: 182.5 GeV
ttbar 2: 182.5 GeV
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Design studies so far

« Design strategy: balancing several effects
« Past studies on parameter optimization [1,2]

« Constraint on beam current: 50 MW synrad power
« Constrains beam parameters at IP
« Different challenges at each energy

beamstrahlung
« In general: high energy & charge density ‘ non-Gaussian tails

reduced beam lifetime

« Goal: increase lumi by keeping lifetime long enough & avoid instabilities

« This talk: overview of ongoing studies
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Radiation at FCC-ee collisions

Incoherent
Radiative Bhabha

Collective - -

. Beamstrahlung
scattering

Deflection in collective
field of opposite bunch

Deflection in field of
single particle of opposite bunch

1 Beamstrahlung photons
1 Bhabha photons

Normalized count [1]

Radiation particle losses

TL v 0,04 a

lifetimes:
BS ~100 min
BH ~30 min
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Beam-beam force

High lumi » strong beam-beam force
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Consolidation...

» Radiation (synchrotron radiation,
beamstrahlung, Bhabha)
* |P tuning & feedback

 Beam asymmetries
« Top-up injection

Qy [1]

0.70—

0.65

0.55

‘wio radiation

0.0 LY — 2my0g,y(0xtoy)
0 2 4 6 8
Amplitude [o,]
Qx,i;B:SSSOSI ) - - N -3
Qy,i=0.675304 —_
Qu+Ex0.61 >< -
7 Qy+Ey:?.68 SN ; L~
linear model s
+
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GUINEA-PIG [3]
COMBI [4]

BBWS [5]

BBSS [6]

SCTR[7]

IBB [8]
LIFETRAC [9]

BeamBeam3D [10]

Xsuite [11]

Different beam-beam codes exist,
with different features

FCC-ee: self-consistent & fast
modeling needed including many
effects

Xsuite: development driven by
needs for FCC-ee

Available

G. ladarola, talk @ this workshop
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) Power as function of vertical dispersion, FCCee-Z

IP tuning & optimization

75

50

25

Power (kWh)

Design schemes to infer and correct for imperfections
based on different signals (radiation, orbit
measurements, ...)

0

=25

N
&
=}

-50

220
=75

« Waist & dispersion shifts, beam offsets (fast IP B T T . R

Dispersion in e- beam (um)

Dispersion in e+ beam (um)

feedback)
« Using GUINEA-PIG (single passage), multiturn = _Mﬁﬂ
effects with Xsuite need to be considered p I‘*ﬂ’%%ﬁf.k{
E FH NE'[‘-{‘LI
é,, ~10 4 ﬁHHiII{L;H{“ g,
_ i e,
V. Gawas, talk @ this workshop § 7] 3 Ried
20 4 z —-
- =f= ww fe i

y-offset [ay]
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IP tuning & optimization
Xsuite, FCC ttbar
relaxed optics [12]
300 turns
- Development of tuning knobs to vary beam 1e5 macroparticles

configuration at the IP (waist)

0.30

0.04
0.15

« Determine whether optics can be relaxed for

better performance (e.g. easier startup) 0.00

0.02

-0.15
» Design experimental methods for waist

correction based on luminosity

0.00
-0.30

—0.02

Horizontal Waist Knob [m]

« Larger sensitivity in luminosity for vertical but 04

smaller in horizontal waist

Log(Luminosity/Baseline Luminosity)

-0.60
-0.04

° i i i -0.75
Tests with machine errors in progress —0.010  —-0.005  0.000 0.005 0.010

Veritcal Waist Knob [m]
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Dynamic aperture

w/o errors
* Negligible reduction from beam-beam

« Compares well with SAD results from K. Oide [13]

. Ay [0"]

6 [05,sr]

w/ errors & corrections

tt_182_noerr_bb0.as00_09 seed_2_t1.as00_09
oy i i 3.0 @, L 3.0

0.35 — 0.35
°
1

ox

% | D shatilov[z] | .

T T T T -27 T T
T 0.27 0.16 0.27

L. van Riesen-Haupt, talk @ this workshop

More lattice induced resonances are seen with
beam-beam due to large amplitude detuning

Full lattice needs to be optimized with beam-
beam included

Tools are ready, requires work with tuning
working group to establish correction strategies
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Top-up injection & asymmetry scans”

¥ % 1.00
o

[

Longitudinal top-up simulated with Xsuite
» Perturbed bunch init. with 95% intensity

e
B 0.98

d
WVW‘WMMVMW,%‘

Pt
J

» Track till equilibrium & top-up

« Luminosity lower than in symmetric case (L,) due to vertical
blowup

« Should be avoided (e.g. working point optimization)

Ex [EX,O]’
e — *
Ey [Ey, 0]
* * | +
BX [BX, 0] = %’Vt — .
ZH °
* rr % - — -
By [By 0]7 ‘- t : ‘ °
10" 10" 10"

Clup] (WE{B", €})

7
N [
N |

PN A A AR

setup

0

5000 10000 15000 200000
Turns [1]

5000

10000 15000 20000
Turns [1]

Evaluate asymmetries in emittance/beta
leading to 50% vertical blowup

Derived coarse tolerances for machine tuning
Some seem hard to reach e.g. for W
Working point needs to be optimized

=3
o
=3

lower due to
asymmetric (0.

LumLihnosity [Lo]
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5.0
Case study at the SuperKEKB . 0
B 3.0 3OTE>,<
- Beam-beam excites synchro-betatron resonances ., , SuperKEKB LER 20 §
(collective [14], here single particle) < linear tracking + X
1.0 beam-beam 10 ©
« Interplay with longitudinal wakefield enhances 0.0
) ) S A\GF GIP\50 PO B2\ H
amplitude dependent incoherent x-z resonance 07 P07 R 07 9507 o5 0!
- Impact on FCC-ee W [15]? (high Q,) Qx [1]
« Successful Xsuite benchmarks against BBWS, _ 40
BBSS, PyHEADTAIL SuperkEKB LER 30"
' linear tracking + s
« Crab-waist imperfections - beam-beam + 20 ¢
longitudinal 10 g

D. Zhou, talk @ this workshop

wake

. 0.0
° - - B
Transverse impedance + beam-beam @ FCC-ee 06\’0;}&60?)7'0;)’2,60?)’506560?3 Qf)uﬁgfﬁ
R. Soos, talk @ this workshop Qy [1]
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Summary

Work so far
» Xsuite beam-beam model developed:
« Benchmarked against other codes GUINEA-PIG, BBWS, BBSS, PyHEADTAIL,
COMBI, BBBREM, SAD, MAD-X
« Tools are ready to combine beam-beam + lattice / IP + errors & tuning
« Consolidated tolerances for asymmetries (bunch intensity, emittance, beta)

Lots of work still ahead...
« Errors & misalignments + beam-beam: needed for realistic estimates
» Parameter optimization of FCC-ee W
* |P tuning with multiturn tracking

« Beam-beam + transverse impedances

Thank youl!
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Simulation parameters

Machine setup FCC 4 IP baseline FCC 4 IP baseline, W FCC 4 IP baseline SuperKEKB
LER
Lattice model nonlinear linear linear linear

Beam-beam model weak-strong 1st part: quasi-strong-strong guasi-strong-strong strong-
(fupdae=100), 2" part: strong-strong (fupdate=100) strong

# slices in beam- 100 (200 for Z) 100 100 (200 for 2) 100
beam
4ed 1e5 1e5 (1e6 for 2) 1e5

2% SR damping 2e4 1e4 (Z, W), 5e3 (H, T) 2e4
time
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FUTURE

FCC-ee collider parameters as of July 30, 2023. 8IORLCLILJDLEARR
Beam energy [GeV] 45.6 80 | 120 | 182.5
Layout PA31-3.0
# of IPs 4
Circumference [kem] 90.658816
Bend. radius of arc dipole [km)] 10.021
Energy loss / turn [GeV] 0.0391 0.374 \ 1.88 10.29
SR power [/ beam [MW] 50
Beam current [mA] 1279 137 26.7 4.9
Colliding bunches / beam 11200 1780 380 56
Colliding bunch population [101] 2.14 1.45 1.32 1.64
Hor. emittance at collision &, [nm)] 0.71 2.17 0.67 1.57
Ver. emittance at collision £, [pm] 1.9 2.2 1.0 1.6
Lattice ver. emittance £y attice [pm] 0.85 1.25 0.65 1.1
Are cell Long 90/90 90/90
Momentum compaction a, (1079 28.6 7.4
Arc sext families 75 146
By [mm] 110 / 0.7 220 / 1 240 / 1 800 / L.5
Transverse tunes Q./, 218.158 [ 222.200 | 218.186 / 222.220 | 398.192 / 398.360 | 398.148 / 398.216
Chromaticities Q ,, 0/+5 0/ 42 0/0 0/0
Energy spread (SR/BS) o; %] 0.039 / 0.109 0.070 / 0.109 0.103 / 0.152 0.159 / 0.201
Bunch length (SR/BS) o [mm] 5.60 / 15.5 3.46 / 5.09 3.40 / 5.09 1.85 / 2.33
RF voltage 400/800 MHz [GV] 0.079 / 0 1.00 /0 208/0 217938
Harm. number for 400 MHz 121200
RF freqgeuncy (400 MHz) MHz 400.786684
Synchrotron tune @, 0.0288 0.081 0.032 0.089
Long. damping time [turns] 1158 219 64 18.3
RF acceptance [%] 1.05 1.15 1.8 3.1
Energy acceptance (DA) [%] +1.0 +1.0 +1.6 -2.8/+2.5
Beam crossing angle at IP [mrad] +15
Crab waist ratio (%] 70 55 50 40
Beam-beam &Ifﬁy“ 0.0022 / 0.097 0.013 / 0.128 0.010 / 0.088 0.066 / 0.144
Piwinski angle (0,0, 5s)/o% 26.4 3.7 5.4 0.99
Lifetime (q + BS + lattice) [sec] 10000 4000 3500 3000
Lifetime (lum)® [sec] 1330 970 660 650
Luminesity / [P [103% /em?s] 141 20 6.3 1.38
Luminesity / IP (CDR) [1034 /em?s] 230 28 8.5 1.8

“incl. hourglass.
bonly the energy acceptance is taken into account for the cross section 4
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Top-up injection
* Maintains luminosity levels & compensates for

decreased beam lifetime

Single booster feeds both beams

Longitudinal top-up simulated with Xsuite
Perturbed bunch init. with 95% intensity
Track till equilibrium & top-up

°
1.02

6 . : _ 8 098
L : 0-0i00s, Bs
z No(1 — €) w/ = Nol +¢€)
wW=—" S Nm 13
Nm e m
* Luminosity lower than in symmetric case (Lo) &'
« This reduction cannot be avoided
but currently not taken into account in design

multipole

f-quad

compensation
kicker

kicker

stored
beam

d-quad

septum
injected
beam

1.07

:I: fixed bunch
U -» perturbed bunch 1.20
Mwwwww *}
bntwllllat. AL f 1.15 O,
il >
/ o
A f 1.10
MWWMWWMVWWM :
5
WWW 090 5
0.95N, Ao lower dueto| &
asymmetric 085'@
N | setu =
”‘W*«(,)»mwvmfw p )4
0 5000 10000 15000 200000 5000 10000 15000 20000
Turns [1] Turns [1]
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Simplified tracking simulations with Xsuite

« First studies with 2 IP baseline from CDR
* Recent studies with 4 IP design

« Xsuite tracking setup:

IP+ BS | lin.arc | sext. | lin. arc + SR | sext. | lin. arc

1 IP + tracking over arc superperiod START
with linear transfer matrix

. t
Arc split into 3 segments Mpea/

2 crab sextupoles between arc segments (3,=3 m, 3,=500 m)

Each iteration begins in front of the right sextupole
» Observation point for coordinates

Synchrotron radiation (damping+noise) in arc, beamstrahlung+bhabha scattering in
beam-beam element
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Dynamic aperture with beam-beam

—— 0=0
2000 20§ —— o=m/4 400 —
— o=n/2
— —— 0=3n/4 350 2 2
1500 O - 300 @ 4 — — —|— Pu
= = 250-2 u o* o*
s 5 Z u Py
1000 a s 200 (:/5)
n < 150 "
500 E IOOE u G {ZE, y}
=) =)
= 50
0 0
120 =0 35
— o=n/4 —
— o=n/2 30,':,|
100— ©=3m/4
8 26=*23% 258
80 > >
= 202
> >
60 5 5
n 150
40 0 0
10
:
20 |2 5 =

o

0
6 [05,sr] 6 [0, sr]
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Dynamic aperture test grid

e =0 o O=m/4 o=1/2 o o=3mn/4
Au, max=30 [0:]

z=0 [m]

dmax=30 [0s, sr]

ue {xy}
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10°

Benchmarking radiation in Xsuite

104 T~

10° 5 i ™

Several benchmarks

102 .

dN/dE [1/(eV s)]

/
ettt
/

.. . AN
v Synchrotron radiation with MAD-X and SAD 10!
. . . . 10°+4 \
Optics, orbit, energy with and without errors
1 | — Xsuite photon histogram \
1079 | e AQa_IytiSal . \‘
Quantum excitation and damping sl e R SR ' _\
104 10° 10° 107

Energy [eV]

Equilibrium emittance w/ vertical wiggler

Tracking and matrix methods

Bhabha + beamstrahlung lifetimes

AN N N N RN

Issue with synchrotron radiation loss rate resolved
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Beam lifetime

1. Bhabha lifetimes simulated & compare
well to reference estimates (GUINEA-PIG

+ BBBREM)
—s50l T ® Linear tracking Y Xsuite WS 20 coll. stat. oy, jattice
c @ Full lattice tracking (3 repeats) ¥ Xsuite WS 20 coll. stat. oy,gs
E 40
© °
£30
£ Y
F 20 f

20

ATghabha [%]
o
L
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Small angle Bhabha scattering

« Dominated by t-channel (scattering) process

b » luminosity in lepton colliders

E’'~E » primary particles lost within a turn

Y beam

« Main limitation of FCC-ee beam lifetime (alongside beamstrahlung)



Bhabha lifetimes

1 1 4N, 1

_ _ _
TSN, dr N, OBhabhe Linsi*Nip = 7 Ro* frev * Nip

7. Bhabha lifetime [s]

* Ng: bunch intensity [1]

*  Opghabha: Bhabha cross section [m”2]
* N,p: number of Ips [1]

L.,=L*f,: Instantaneous lumi of 1 bunch crossing [m"-2 s™-1]

L: integrated lumi of a single collision (luminosity per bunch crossing) [m”-2]

fe,: revolution frequency [s"-1]

Ry,= Oghabna'L: NUMber of emitted Bhabha photons with E above mom. acceptance [1]
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Beam-beam In Xsuite

1. Lorentz transform into head-on frame /><\

2. Longitudinal slicing

3. Beam-beam kick in soft-Gaussian approximation [4]

A Nrovam T+iy B [_ 2 yz} 2ty Ze
Ay —I_ZAZE 7\/03:2_01}2 (W [\/2(0_3:2_0_”2)] eXp 20'332 20’1,'2 \/2(0'1 — 0y

' — ' + Ax!
yl — y/ + Ay’ w[t]—exp —t2 ( [exp )
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Beam-beam In Xsuite

T DT e t Multiturn tracking

> IP|arc|IP|arc]|IP ...

Faster & less accurate

Weak-Strong L ¢ TTIr* 11 1rr1rr .

(WS)

Quasi-Strong-Strong == o . HER AN R
(QSS)| Fccee | ¢ 'J

___ (eg fu date: 2)
Strong-Strong i p
(SS) I W/E 444» 111* HEER 11+
Slower & more accurate ij\.' ' \.|:|

I:I : untracked bunch I:I: bunch slice with ¢ - oft-Gaussian kick I:I : compute statistical
with fixed moments macroparticles moments of slice
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Flip-flop

* Flip-flop instability (1D) observed in other colliders (VEPP-2000)

» For FCC-ee: 3D flip-flop - direct consequence of beamstrahlung, triggered by an initial
asymmetry in bunch intensity

) Slightly less populated g < § Slightly more populated
W/ bunch: N,-AN >< bunch: N+AN
N

Undergoes more intense Undergoes less intense

1] ’”
beamstrahlung beamstrahlung weak bunch
Bunch length increases ¢ < Bunch length decreases 1

Undergoes even more

Undergoes even less
Beamstrahlung

Beamstrahlung

“strong bunch”
Bunch length increases Bunch length decreases
even more even more Nb+AN

« Inflation of one bunch mEEp beam loss

* Above a threshold ¢ longitudinal blowup drives transverse diffusion ‘ 3D flip-flop

* Relevant for FCC-ee top-up injection
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Vertical emittance | w beam-beam

FCC_H +beamstrahlung FCC.T
Np,=1.00e+03, Ntr=1.00e+03 N=1.00e+03, Nt+=1.00e+03
Oide 4 T Oide —}— €= Xsuite tracking
_ L5 +  Xsuite —+- 73] + Xsuite = aih
£ e £ e error bars:
% 1.0 e < % 5 stat. of last 2500 turns
0.5' p = 1 2
. Reference data
02 04 06 08 10 12 05 1.0 15 2.0 by K. Oide
€y o [pm] €y,0 [pM] .
" O 1l Jattice
FCC_W FCC Z
Nm=1.00e+03, Ny=4.00e+03 Nm=1.00e+03, N¢=1.00e+04
Oid i Oid
| e + | e H{’ji—
. +  Xsuite e _ 157 + Xsuite T+ * Independent
g T g . benchmarks with SAD &
27 + 210 P Xsuite
& + & -~
1 2 -
. 0-5 . * Good agreement
0.5 1.0 1.5 2.0 0.2 0.4 0.6 0.8 1.0
Ey,[l [pm]

Ey,O [pm]
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Workflow for emittance scan — everything in Xsuite

Prepare Xtrack line once:

Loop over a range of €, values:

load MAD-X
sequence

add wigglers

convert to Xtrack
line

build + twiss 4D
slice sequence
build + twiss 4D

save Xtrack line

load Xtrack line

add observation
point @ RF

build + twiss 4D

twiss 6D mean
synrad + tapering

match Gy

twiss 6D mean
synrad + tapering

add beam-beam
element (optional)

build

set quantum
synrad

track

repeat with next g,



