| ’\
e

VACI Suite updates

FCC Booster and Main Ring optimization

Ali Raiabi Thanks to:
| Rajabl Rainer Wanzenberg (DESY), A Ghribi (CNRS), M. Migliorati (UniRoma)
Hamburg, 13t June, 2024 O ‘
HELMHOLTZ Rl e L UTURE
ey program under grant agreement No 951754 CIRCULAR

COLLIDER



Table of content

Collective Effects and Instabilities

1. VACI Suite

e Behind the Scenes
e Benchmarks

2. FCC Main-Ring

 Results
 Main Ring optimization

3. FCC Booster Ring
* Results

« Copper to Stainless Steel

4. Conclusion

DESY. | VACI SUITE STATUS | Ali Rajabi, 2024

Page 2



VACI Sulte

Behind the scenes

However difficult life may seem, there is always something you can do and succeed at.

Stephen Hawking
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Introduction

What are collective effects?

» Interactions between particles within a beam
are generally known as collective effects ;

1. Incoherent qp— qo—=

% Space-charge

s Scattering
2. Coherent N _J

% Wake-fields Free space

T I 1 T T T T '

O

L)

Wake fields following a point charge in a
cylindrical beam pipe with resistive walls.
(K. Bane)

2/(2x)"®p
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Source of Impedance in the Ring

FCC Rings (old parameters, CDR)

« Beam pipes (Resistive Wall Impedance, ~90.7 km)
 RF Cavities (No. 48 in a 4-cell array)
 RF Cavity Tapers (No. 12 double tapers)

« Synchrotron Radiation Absorbers

* Collimators (No. 8)
« BPMs (No. 8000)
* Bellows (No. 12000)
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Wake-field

Maxwell’s equation

divD = ppm,
curlH — jwD = J,,,
curlE + jwB = 0,

divB = 0,

p(r,z; w) = J,(r,z; w) BO““

Jn="2 0(r; a,b)ePe iks
where:

o(r; a,b) means particles are in a ring with a thicknes of (b—a)
A is the ring area

0 is the angle distribution of electrons around the ring
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F=-Vp-24i And F=Vxd
ﬁ A=0 Coulomb gauge
= —lw r Transform
‘ : ‘ \d‘t‘o pipe Appr.
V. (EV(p) = Pm

Vx (YuVxA) — ew?d = —Jpé, + icwVe

N
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Resistive wall wake-field

Simple Geometries

16g [ e* V2
B, = c - . (14.114
pE— ( cos(\/_u) / x6+8 :c) ( )
8qr
E,=cBy = ——+
PO e e
e \/_ z?
X (? cos(V/3u) — 75111(\/_11,) . :c6—|-8 da:)
(14.115)
where: L —1
z
- o (14.116)

Wolski, A. (2023). Beam Dynamics in High Energy Particle Accelerators 2" Edition
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FIFTT

Resistive wall wake-field wakcod | RQEEEM | moedance

How to calculate impedance UFFT

Based on: Robert L. Gluckstern and Uwe Niedermayer

[e%e) oo
e XAR 1
=l =1 =l =1 = Fr=1l =1 _ + I
Z(rl,r ,CO)=" W(I’l,l‘z,s)e lws/y'—'- - g(rl,rz,w)—— F( zw)e 'm/ldz
8 v 0192 ) _o
Single particle
one should note that the integral is not a Fourier transform, but
the wake integration in the frequency domain.

’ -
Js(?L’z’ t) = qlc(?l)tS(z — U[)l-/.

L(FL,Z, a)) = QIG(FL )e—iwz/néz.

" o

Integrating over the beam in FD ) - F(rL 7l iwz/v Lot
Like Convolution in TD Z(w, T ) T 4, " E(F,7,,2,w)e o (7 )dr; dz.
eam

1 -
Z”(w):—_zJ E-J dv.
q beam
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Resistive wall wake-field FFT
Wakefield a Impedance

How to calculate impedance JFET
L

Based on: Elias Métral

* Non axis-symmetric structures:
» A current density with some azimuthal Fourier component may create an electromagnetic field with various different azimuthal
Fourier components
v A more general beam coupling impedance is REQUIRED to treat coupling of different azimuthal Fourier components

Zmn(w) = f dvE, * J: over the beam area

J —Lé(r—a)e””e'ﬁ” andmn=0,+1,4+2, ...

n_ 2Ea|"|+] /

Consideringm >0 instead of m = 0. +1,+2, ...; <

Pl b me) g fav(Es e (e )

Em=En+E_n
Form=0: Zo = Zoyo
Form=1: zm = Lmm t Zm,—m + Z—m,m + Z—m,—m
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Resistive wall wake-field

How to calculate impedance

di
Based on: Robert L. Gluckstern, Elias Métral, and Uwe Niedermayer Z L — A(Z ) + 1Z L p + .X'Z Z jd_et

Applying Panofksy-Wenzel theorem:

kZ, =(2,, +Z,_, )‘+

kZ,=j (Zn,l - Zy )*Q’Dzy +J X (‘ Ly v 2y -2+ 2, )
-2 (Z(},Z + 2y )@*‘ 2 (Zn,z =2y )f X

{Z;Iriving _ Zx I k Z;lriving _ Zy !k chluning ) ( Zu,g " Z“,_2 ) /ﬂ

- —
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\/A\i' Q% g%i. ;

A versatile tool for calculating the RW impedance in arbitrary pipe

cross-sections
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VACI Suite

Finite Element PDE solver

Impedance

Wakefield

/

Kick &
Loss
Factor

WELG!
potential
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Round pipe

Impedance

Longitudinal impedance

1015 (a)

100 ]

RZ, [Q]

—#— Real VACI
--#-- Real Formula
--&-- Real IW2D

101 (b)

100 ]

3z, Q]

—#— Imag VACI

—-#- Imag Formula
--&-- Imag IW2D

102 10

DESY. | VACI SUITE STATUS | Ali Rajabi, 2024

10°

108
Frequency [Hz]

ldl(] 1012

RZ | [Q/m]

3z, [Q/m]

Transverse Dipole Y impedance

107
101 ]
10—1 ]
—#— Real VACI
10-3
--#-- Real Formula
--«-- Real IW2D
103 |
101 ]
107!
—#+— Imag VACI
1073
--#- Imag Formula
--&-- Imag IW2D
102 10° 109 10° 1010 102

Frequency [Hz]
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MultiLayer Pipes

NEG coating

Coupling Impedance, different NEG coating

ol @
_ 10—1_
<)
N
& 10-3 e Formula (Cu)
--®- Formula (NEG)
—— [W2D
—&— VACI -->NEG: 0.01 um
1073 —k— VACI -->NEG: 0.15 um
—&— VACI -->NEG: 1.00 um
104 ]
102 ]
£
g 100 ]
-
'I}I) --#- Formula (Cu)
10~2{ --®- Formula (NEG)
—— [W2D
—&k— VACI -->NEG: 001 um
10#] —%— VACI -->NEG: 0.15 um
—&— VACI -->NEG: 1.00 um
102 10* 10° 10° 101 1012

Frequency [Hz]
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W I [V/ pC]

Wakefield, different NEG coating

30
20 i
10 1
0 i
—101 Yokoya
: —— IW2D
=20 —#— No coating
VACI -->NEG: 001 um
-30 —k— VACI -->NEG: 0.15 um
== VACI -->NEG: 1.00 um
—40 . .

100 200 300 400 500
Wakelength [um]

600 700 800
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Round pipe

Wakefield, Green Function

Zlong WakeField

10

=30

—40

200

400 600
length [pm]
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800

1000

ZtransX WakeField

—— .

200

ZtransY WakeField

800 1000

—— .

200

800 1000
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Round pipe

WakePotential o = 0.4 mm

X104 Longitudinal wakefield for a bunch with 0= 0.4mm
j —— Formula

0.51 -=%-- VACI

0.0 “r e .
[®)
2
>
> 0.5

-1.01
=5 0 5 10 15
z [mm]
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W [VipC/m]

x10* Dipolar wake potential for a bunch with 0= 0.4 mm

—— Formula
- VACI

Z [mm]
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Elliptical pipe

Compare with IW2D and Analytical Formula

o (@) »

100

107!

10-2

1073

1o~ —— Real VACI

108 ,” --=-- Real Formula
:' --a== Real IW2D

107¢

) )

10° ?

107!

1072

10}

R g —— IpAe—

10-5 ~#=- Imag F a

--a-- Imay
l07&102 104 10° 10% 10"

Frequency [Hz]

DESY. | VACI SUITE STATUS | Ali Rajabi, 2024

RZ, [Q/m]

Transverse Dipole X impedance

—#— Real VACI
—-#-- Real Formula
--a-- Real IW2D

—+— Imag VACI

~-=- [mag Formula
--a-- Imag IW2D
2 10 10° 10% 10 10"

Frequency [Hz]

RZ, [Q/m]

3z, [Q/m]

Transverse Dipole Y impedance

10*
10%
100
0] = Real VACI
—-- Real Formula
--a-- Real IW2D
104
10?
100
W
10-2 —#— Imag VACI H
-~ Imag Formula 1:'
--a-- Imag IW2D H
10? 10 10° 108 10" 12

Frequency [Hz]

Transverse Detuning X impedance

—#— Real VACI
--=- Real Formula
--a-- Real IW2D

—+— Imag VACI

10 --#-- Imag Formula i
--a-- [mag IW2D ¥
10? 104 10° 10° 10 10"
Frequency [Hz]
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Elliptical pipe

Compare to IW2D and Yokoya’s Code

(a) Longitudinal WakeField in an Elliptical Pip (C) Vertical dipole WakeField in an Elliptical Pip (b) Horizontal dipole WakeField in an Elliptical Pip
n —— VACI 30
5 J’ 1‘ —=- [W2D
; ‘i_ ***** Yokoya asi b Yy e Yokoya
1
I
o 20 ‘
— |1 i = \
Eglir 1y E \
(SR N Y g
20y Zuslh |
E T z
=, :Il l‘ \“ w \
it P Lo
i \ \
i oo
;I' . i (P
—60 .‘! \__.M 05
I
-80 f oy 00
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
length [pm] length [pm] length [Lm]
(e) Vertical Detuning W i i (d) i eld i i i
g WakeField in an Elliptical Pipe Horizontal Detuning WakeField in an Elliptical Pipe
" ~w VACI 00
i —m TW2D
0 ':i! " ----- Yokoya ﬂ
; .}l 0.5 ,-"’ f
i
I
_ 15 I i% _ ;ff
B it 0 il
2 I 3] i
S i s i
=10 ) = i
2] W =] f
A -15 {
[E%
\'\ I
05 el
\—-\_.\‘._ i ;’ “ VACI
=20 hY7 —=- TW2D
W}
0.0 1 25 L Yokoya
] 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
length [Lm]

length [Lm]
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FCC Main Ring

* Round pipe with Winglets



FCC main Ring

Monopolar Impedance

E -> 45.6 GeV

Pipe -> Cu (5.96e7 S/m)
NEG -> 1e6 (S/m)

R -> 35 mm

(a)
101 ]
10714
G
= 1073
N
=3
10731 —— Real Longitudinal (TW2D)
—— Real Longitudinal (VACI)
07 Real Longitudinal (Analytical formula Cu)
——- Real Longitudinal (Analytical formula NEG)
102 10° 102 10*  10° 108 100 102

f [Hz]
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(b)

3Zy Q]

006

101_

—— Imag Longitudinal (IW2D)
—— Imag Longitudinal (VACI)
----- Imag Longitudinal (Analytical formula Cu)

——- Imag Longitudinal (Analytical formula NEG)

102 104 10° 108 1010 1012
f[Hz]

rrrrr

002
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FCC main Ring

Dipolar Impedance

(a)

104,

102

RZ, [Q/m]
3

—— Real Dipole H (IW2D)

—— Real Dipole H (VACI)

10744 ot Real Dipole H (Analytical formula Cu)
——=- Real Dipole H (Analytical formula NEG)

10-2 10° 102 10+ 106 108
f[Hz]

ldl(]

1612

103
103
E
S 10
—
N
(] N
10"'{ —— Tmag Dipole I (IW2D) T
—— Imag Dipole H (VACI) y
03] T Imag Dipole H (Analytical formula Cu) E
——- Imag Dipole H (Analytical formula NEG)
102 10° 10? 104 10° 108 qo0 o

f[Hz]

()
104,
102 ]
E
g‘ 100 ]
-
N
& 102
—— Real Dipole V (IW2D)
—— Real Dipole V (VACI)
1074 - Real Dipole V (Analytical formula Cu)
——- Real Dipole V (Analytical formula NEG)
10-2 100 102 10* 10° 108 10°  po»
f [Hz]
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10°
103
E
S 10
—
N
(] y
10'{ —+— Tmag Dipole V (IW2D) T
—— Imag Dipole V (VACI)
03] T Imag Dipole V (Analytical formula Cu)
——- Imag Dipole V (Analytical formula NEG)
102 10° 10? 104 10° 108 qo0 o
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006

[[[[[

06
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.....
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FCC main Ring

Detuning Impedance

W, = A(z) + x, WP + x,, W det

om w0 002

104 —— Real Dipole H (IW2D) 104 —— Imag Dipole H (IW2D)
—+— Real Detuning (VACI) —— Imag Detuning (VACI)
_ 10?1 10?1
£ £
c c
-+ 100 = 100
N
& X
102 102
10+ ; ‘ ; . . . . 104 ; . . . ‘ . .
102 10° 10 104 10° 108 10'° 10" 102 10° 102 104 10° 108 101 10"
f[Hz] f[Hz]
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FCC main Ring

Changing Radius
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>
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FCC main Ring

Changing Radius

Comparison of Longitudinal impedance over different beam pipe radius

—— R=30mm, LR

257 —— R=35mm, LR
204
154

g
10
54
o
T T T T T
0.0 0.5 1.0 15 2.0 25 3.0
Frequency (Hz) lel2
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RZ, (Q/m)

Comparison of Dipolar impedance over different beam pipe radius

20000

15000

10000

5000 A

—— R=30 mm, DxR
—— R=35 mm, DxR

o

T
2000

T
4000
Frequency (Hz)

T
6000

T
8000 10000

Rz, (Q/m)

Comparison of Detuning impedance over different beam pipe radius

10000 +

8000 -

6000 1

4000

2000 A

—— R=30 mm, DetxR
—— R=35mm, DetxR

=y

200

T
400
Frequency (Hz)

600

T
800

1000
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FCC main Ring

Minimizing Detuning impedance
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eSO o
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FCC main Ring

Minimizing Detuning impedance

1e10 Detuning Horizontal
— D0
ﬂ +——[Max_D-5 =3.138e+10| — D+5
3.0 4
— D5
— D+3
— D3
2.5
2.0
15 - Max_D-3 =1.591e+10
1.0
0.5 -
0.0
[Min_D-0 =-3.375e+09 |
—0.5 -
4——[Min_D+3 =-5.475e+09
— — O
T T T T T T T
-0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06
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FCC main Ring

Minimizing Detuning impedance

Best ~ 560 - 570 um (eaCh Side) 1e8 Detuning Horizontal

| | — D05
AAYAVAV4Y, = -
4———[Max_D-0.6=2.255e+08 |
‘ NN/ “ [Max | D-0.56
’gﬂgv’mNAv‘wwA“b 2 —— D057 |
RROCRNOITS |
D L s S SNAVAVAVSTAT D0.6
mvmu@%xgmvﬁg%' <]/ N — D055
AT AVAVAY Ao e AVAV 7 '
i A by
N .
R YA
B OO0 [Max_D-0.57=8.113e+07
o =
X —_
0 — —_—
g
s [Min_D-0.56=-7.036e+07 |
R 1 —
ey |
S Ly, VAVAVAN +—[Min_D-0.55=-1.219e+08|
SR AVAVAAVAVAY) - :
" b AVNAVAKVAVAVAVA‘
4%"4:«‘1”‘7%'%“% /
-2
-3
-4 ‘ |Min_D-0.5=-3.957e+08|
]
T
—0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06
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FCC main Ring

Minimizing Detuning impedance

Best ~ 560 - 570 um (each side)

NNAVAVAVA‘
N AVAVAVAY, Y4
ERRRERRORER.
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R e
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Dipolar Horizontal
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FCC Booster Ring

Different Senarios
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FCC Booster Ring

Impedance, Stainless Steel, different radius

Real part of the Monopolar Impedance

~1kHz ~100 GHz
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Booster Ring

Different senarios

1. Stainless Steel

2. Stainless Steel + 500 um Copper
3. Stainless Steel + 1000 um Copper
4, Copper
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Longitudinal Impedance

— Cu
—— 55-Cu-5004m
—— 55-Cu-10004m
i—ss

10° 102 10 108 108 10 1032

frequency [Hz]
Dipolar Impedance
105 4 — Cu
—— S5-Cu-500um

m— 55-CU-1000um
— 55

104 4

103 4

Rz, [Qim]
-
b3

10! 4

109 4

1071 T T T T T T
10° 102 10 108 108 10 1032
frequency [Hz]
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Growth Rate [1/7]

Booster Ring

Different senarios, CBI

Copper R =25 mm

Cu 25 mm

600 -

400

200+

—200+

—400+

—600+

—8001

—1000

11300 11400 11500 11600 11700
Mode number u
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11800

11900

Growth Rate [1/7]

Stainless Steel R = 25 mm

SS 25 mm

3000

20004

1000

—1000

—2000

—3000

—4000

11300

11400

11500 11600
Mode number u

11700

11800

11900

Growth Rate [1/71]

400

200

—200+

—4004

—600+

Parameters Value

Intensity 2.14el1
N Bunch 11200
0y 5.6 mm
a 28.6 e-6
Q. 222.2

Stainless Steel R = 50 mm

SS 50 mm

11300 11400 11500 11600 11700 11800 11900
Mode number u
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Outlooks and Conclusion

A conclusion is the place where you got tired thinking. Martin H. Fischer

« VACI suite is a versatile tool for calculating resistive wall impedance in arbitrary beam pipe cross sections.

« Benchmarked against IW2D, analytical formulas, and Yokoya's code:

» Demonstrated accuracy and reliability.

« Calculation of resistive wall impedance for the FCC main ring.

» Omitted detuning impedance.

« Capabilities of VACI suite include:

Impedance calculation
Wakefield analysis
Wake potential computation

Kick and loss factor calculation

a Hr W N e

Coupled-bunch instability (CBI) analysis
* Results are easily integrated with XSuite.

« VACI suite will be freely available after the publication of my paper. “https://github.com/alirajabi87/VACI”
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Thank you

Contact
Deutsches Elektronen- Ali Rajabi
Synchrotron DESY Ali.rajabi@desy.de
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