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* FCC-ee machine & beam parameters used in the simulations

* Parameters obtained from electron density distributions at the pipe center
* FCC-ee Collider Arc Dipole and Drift Build-up Results

* Wake Potentials due to Electron Clouds

e Conclusions & Future Plans



FCC-ee Collider Arc Dipole Parameters

Simulation Parameters * bunch spacings, BS : (15, 17.5, 20) ns
' S PYECLOUD
beam energy [GeV] 456 e circular beam pipe radii, r : 30 mm . p
bunches per train 150 P : : N
trains per beam 1 * SEY Models: ECLOUD, Furman-Pivi Drift region
r.m.s. bunch length (o;) [mm] 5.40 is included
 Total SEY:(1.1,1.2,1.3, 1.4) - o
hor. emittance [nm] 0.71
. .
ver, emittance [l > PE generatlon (# thtoeIectrons,to be generated per 1
number of particles / bunch . positron and per unit length) , n,, : (1e-3, 1e-4, 1e-5) m
(10%) '
bend field [T] 0.01415 | ¢ threshold density (single-bunch instability) :
circumference C [m] 90.65 ) B ZW/QSweO’z/C
synchrotron tune Qs 0.0299 thr —
. V3KQr, By C
average beta function B, [m] 91.044 . _
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threshold density (1012 [m-3] ) 0.018 9 1/2 ee, Int. Journal of Modern Physics A, 31(33), 1644014 (2016).
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Parameters for electron density at the pipe center
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Parameters for electron density at the pipe center

Dipole Region Drift Region
ECLOUD SEY Model, bunch spacing: 15 ns, FP SEY Model, bunch spacing: 15 ns,
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Parameters for electron density at the pipe center

o

e density [m ]

1.875 1.8

Dipole Region
ECLOUD SEY Model, bunch spacing: 15 ns,
ng, =le-3m* SEY=1.4

1

********** B

Time [s]

le—6

80 1.885 1.890 1.895 1.900 1.905 1.910 1.915

10

o

e~ density [m 3]

N

Drift Region
FP SEY Model, bunch spacing: 15 ns,
ng, =le-3 m* SEY=1.3

92}
T

o

w
T

L) -

1.875 1.880 1.885 1.890 1.895 1.900 1.905 1.910 1.915
Time [s] le—6

[




Parameters for electron density at the pipe center

Dipole Region
ECLOUD SEY Model, bunch spacing: 15 ns,
ng, =le-3m* SEY=1.4
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Distributions of the Parameters in Saturation

Drift Region
FP SEY Model, bunch spacing: 15 ns,
ng, =le-3 m* SEY=1.3

Dipole Region
ECLOUD SEY Model, bunch spacing: 15 ns,
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e” density variations at bunch arrival and bunch center
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e density decrease

15ns-17.5ns > 17.5ns - 20ns

e densities increase regularly w.r.t
SEY

bunch arrivals indicate close
density values for each n,,

effects of photoemission for
nb,) = le-4 mland le-5 mtare
similar for bunch centers

e densities increase after bunch
arrivals, but how much?
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e density variations at bunch arrivals and bunch center

(ba) : bunch arrival
(bc): bunch center
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nb,) : 1le-3m!

Dipole, FP SEY Model, n}, = 1e — 3, max.
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min. e density values are over the
single-bunch instability threshold

max. e” density values decrease more
significantly w.r.t. bunch spacing as
compared to min. values

when we decrease

nb,) = le-4 mlto néy) = le-5m!

e densities decrease in the range of

~ [1e10 - 15e10] e/m3 for max.

~ [1e9 - 4e9] e/m3 for min.
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Max. and Min. e~ density variations
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» for the selected photoemission range, simulations with 15ns and 17.5ns bunch spacings and SEY=1.3 & SEY=1.4
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* the minimum reachable e~ density occurs as ~ 1ell e/m3 for nb,) = le-5m?tand SEY=1.1
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Comparisons for different regions and models
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Max. values in the density distributions are
used for these comparisons

e- density decrease between 17.5ns and
20ns is smaller with ECLOUD SEY model

factor ~ 2.46 between two SEY models

factor ~ 5.43 between Dipole and Drift
Regions for Furman-Pivi SEY model
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Reference densities

Dipole Region, Furman-Pivi SEY Model

bunch spacing: 20 ns, SEY = 0, nb,) : le-6mt bunch
unch spacing: 15 ns, SEY=1.4

4.0 1€8

lell

1 1 —  Furman-Pivi, DRIFT
35 Fcry ol sl — Furman-Pivi, DIPOLE [
ECLOUD, DRIFT 6
ECLOUD, DIPOLE 1 1

N
u

=
w

e~ density [m™*]
N
o

e~ density [m™3 ]

=
(=}

o
8]

- L R

0 1 2 3 4 5 ny=lle—6 nv=1le—3 nv=lle—2

Time [s] le—6

o
o

photoelectron generation rate [m™1 ]

results via two SEY models agree well for SEY = 0

reference center e- density = 5e7 e-/m3 for Dipole and = 3.25 e8 e-/m3 for Drift Region
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Electron Cloud Simulations with CST-PIC
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Wake Potential Post-Processor for PIC solver

a typical RF Cavity example 025
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Longitudinal Wake Potential Calculations (Preliminary

W(s) (V/pC})

0.1
0.08
0.06
0.04
0.02

-0.02
-0.04
-0.06
-0.08

-0.1

Wake Potential due to Electron Cloud

Bunch
Ecloud (n_= 1.2de11) m*
-0 0 10 20 30 40
s (em)

50

W(s) (V/pC)

0.1
0.08
0.06
0.04
0.02

-0.02
-0.04
-0.06

-0.08

-0.1

Wake Potential due to Electron Cloud

0.1

Bunch

|

Ecloud (n_= 1.24e12) m=

0.08

0.06

0.04
0.02

W(s) (V/pC)

-0.02
-0.04
-0.06

-0.08

s (cm)

-0.1
50

Wake Potential due to Electron Cloud

Bunch
Ecloud (n_= 1.24e13) m=

|

s (cm)

Wake Potential due to Electron Cloud

Ecloud (n_= 1.24e11) m

Ecloud (n_= 1.24e12) m™

Ecloud (n = 1.24e14) m

Ecloud (ne= 1.24e15) m™3
Bunch

Ecloud (n_= 1.2413) m™>|]

circular beam pipe
‘J | | | | |
0 10 20 30 40
s (cm)

50

0.1

Wake Potential due to Electron Cloud

0.08

0.06

0.04
0.02

W(s) (V/pC)

-0.02
-0.04
-0.06

-0.08

-01

Bunch
Ecloud (n_=1.24e14)m™

0.3

s (cm)

Wake Potential due to Electron Cloud

0.2

0.1

W(s) (V/pC)

-0.1

-0.2

-0.3

Bunch
Ecloud (ne= 1.24e15) m?

s (cm)

17



Longitudinal Wake Potential Calculations (Preliminary)

«10° Wake Potential due to ECloud (Winglet)
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e According to initial results, winglets
significantly decrease the magnitude of the
wakes due to Ecloud

* Higher computational power needs for the
accurate wake and impedance calculations




Conclusions and Future Plans

» Reference center e- density = 5e7 e-/m3 for DIPOLE and = 3.25 e8 e-/m3 for DRIFT (SEY = 0).

» Reference density by factor = 2.5 increased according to the former parameters (= 2e7 e-/m?3 for
DIPOLE*)

* Min. values are over the single-bunch instability threshold level via Furman-Pivi model
* factor ~ 2.46 between two SEY models

e factor ~ 5.43 between Dipole and Drift Regions for Furman-Pivi SEY model
* Verifications and Accurate Wake Potential Calculations
* Longitudinal Impedance calculations due Electron Clouds

e Simulations with the measured SEY data

19
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PE generation rate

fine structure constant ¢ = 1/137

Dy
nﬁy =Y,
2v/3p
/ : ) the Lorentz factor Y = 10°
~ (.1 !

number of

phgtoelectrons radius of curvature of P ~ 11000 [m]

emitted the particle path

per length
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4 IPs (ng,y = le-6 m™, bunch spacing: 32ns) Dipole Region 4 |Ps Parameters
beam energy [GeV] 45.6
; 1e8 1le8 bunches per train 150
—— Furman-Pivi Model (SEY=1.1) —— Furman-Pivi Model (SEY=1.1) trains per beam 1
6 - —— ECLOUD Model (SEY=1.1) 57 ﬂ —— ECLOUD Model (SEY=1.1)
n'?_' —— Furman-Pivi Model (SEY““‘O) n'l’w_' —— Furman-Pivi Model (SEY““D) r.m.s. bunch |ength (Oz) [mm] 4,32
E 31 ECLOUD Model (SEY~0) .E. 4 - ECLOUD Model (SEY~0)
iy 4. Foy h. rm.s. beam size (0x) [um] 207
@ € 3-
g 3. é 1'00“\ v. .m.s. beam size (oy) [pm] 12.1
s 5 s 2 number of particles / bunch (10't) | 2.76
Q@ 4 Q
v N v ] bend field [T] 0.01415
O s L A R R [ '-.' ; — e circumference C [m] 91.2
0 . . -.‘ . ..-,I oo o T PR : C .I - - 0 'I-- ! |
0 1 2 3 4 5 6 7 1.885 1.890 1.895 1.900 1.905 Synchrotron tune Qs 0.037
[sec] le-6 [sec] le—6
average beta function B, [m] 50
. . ) threshold density (10*2 [m3]) 0.043
* results via two SEY models agree well for SEY = 0 (min. = 2e7 e/m?3)

* max. = 5e8 e//m3 is verified with both models for SEY = 1.1

F Yaman, Updates on the Electron Cloud Build-up Results for the FCC-ee, 159th FCC-ee Optics Design
Meeting & 30th FCCIS WP2.2 Meeting, Nov.10, 2022 23



Furman-Pivi & ECL

OUD SEY Models
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that £,, > E, E,. / /

is T P1.(00) + Py ,(c0) provided

TABLE I: Main parameters of the model.

Copper Stainless Stecl

Emitted angular spectrum (Sec. I1C1)

& 1 1
Backscattered electrons (Scc. TI11B)

Py .(o0) 0.02 0.07
P . 0.496 0.5
E. [cV] 0 0
W [eV] 60.86 100
P 1 0.9
oe [eV] 2 1.9
e 0.26 0.26
eo 2 2
Rediffused electrons (Scc. TI1C)

Pi(00) 0.2 0.74
E, [¢V] 0.041 40
r 0.104 1
q 0.5 0.4
1 0.26 0.26
o 2 2
True secondary electrons (Sce. 111 D)

St 1.8848 1.22
Ep [eV] 276.8 310
s 1.54 1.813
t) 0.66 0.66
ty 0.8 0.8
ts 0.7 0.7
ty 1 1
Total SEY"”

E, [oV] 271 202
3 2.1 2.05

I/

002 0.2

aNole that By 02 Fre and 8¢ =~ dpq + 71 e(o0) 4+ P p(o0) provided
that Em > Ee,}:‘r.

M.A. Furman and M.T.F. Pivi, ‘Probabilistic
Model for the Simulation of Secondary
Electron Emission’, SLAC-PUB-9912, 2003




Furman-Pivi & ECLOUD SEY Models

— §¢s (Furman-Pivi model)
= §e (Furman-Pivi model)
= §r (Furman-Pivi model)

Maximum energy for true
secondary electrons = 276.8 eV

T
600 1000

Incident Electron Energy [eV]

o o X E.G.T. Wulffand G. 12
M.A. Furman aqd I\/I.T.F. Pivi, ‘Probabilistic de(Fo, ) = 0.(Fo = 0)[1 + e1(1 — cos® 8y)] ladarola, ‘Implementation
Model for the Simulation of Secondary S5 ) — 1 1 g and benchmarking of the 104
Electron Emission’, SLAC-PUB-9912, 2003 r(Fo, 00) = 6p(Eo, By = 0)[1 + r1(1 — cos™ 6 )] Furman-Pivi model for
_ n Secondary Emission in the
TABLE I: Main paramcters of the model. 6t5(E0’ 90) T 5(90) (EU/E(QU))’ PyEcloud simulation code’, 081
Iy . CERN-ACC-2019-0029, 2019
Copper Stainless Steel ¢ .
w 0.6 1
Emitted angular spectrum (Scc. IIC1) n
a 1 i 0(Eo,bo) = dc(Fo, bo) + 0-(Fo, 00) + 01s(Fo, 0o)
Backscattered electrons (Scc. 111 0.4 1
Py o(0) 0.02 a
i e Note that £, =~ E, and 5,=6 ,S + P1 () + P, ,(00) provided o
£ V) o |that E,, > E B, rk
W eV 60.86
P 1 0.9 / 0.0 T T
oo [eV] 9 1.9 A 0 200 400
e 0.26 (0.26
2 0.88 ) 0. oz 02
Rediffused electrons (Scc. [11C) .
Py () 0.2 0.74 . .
E, [eV] 0.041 in this StUdy
" 0.104
g 0.9 total SEY = {1-1’ 1-2’ 1.3’ 1-4}
Tt 0.26
o 2

True secondary electrons (Sec. 111D}

e 1.8848
E [eV] 276.8
Kl 1.51
Ly 0.66
ts 0.8
ta 0.7
Ly 1
Total SEY"

Fy [eV] 271
d, 2.1

“Note that Ay =~ Kig and 8 >~ 05 + Pl e
that Fys > L., By

v i
(f + Pr - (00) provided

T | T | T I T | T
2.0
1.5
d

1.0

I.” - 5; (£it) normal incidence
0 5% — 8.+8.4%. . (fit)
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