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Introduction
VACI



Simulation Codes

Electromagnetic Solvers

Free Commercially available

 ImpedanceWake2D by Mounet « CST Microwave Studio

 Beamlmpedance2D by Niedermayer ** « GDFIDL

* Yokoya’'s Code ***

 VACI Suite

* https://twiki.cern.ch/twiki/bin/view/ABPComputing/ImpedanceWake2D
** Niedermayer, Uwe, Oliver Boine-Frankenheim, and Herbert De Gersem. "Space charge and resistive wall impedance computation in the frequency domain using the finite element method." Physical Review Special Topics-Accelerators and Beams 18.3 (2015): 032001.

*** Yokoya, Kaoru. "Resistive wall impedance of beam pipes of general cross section.” Part. Accel. 41.KEK-Preprint-92-196 (1993): 221-248.
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VACI suite a versatile tool to calculate RW impedance and Wakefield

Introduction

VACI (VAcuum Chamber Impedance) suite
Post
Processing
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Resistive Wall impedance

Maxwell’s Equations

divD = Oms
curlH — jwﬁ =
curlE + ng = 0,

divB = 0,

p(r,z;w) = J,(r,z; w) /v

Jn = % o(r; a,b)e™0e~iks

where:

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

0 is the angle distribution of electrons around the ring

- — J -
E=—-Vp — EA
V.A=0
at:_lw

d, = —iw/v

p
V. (8V<p) = Dm

N

\
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And B=VxA

Coulomb gauge
Fourier Transform
Long pipe Appr.

Vx (YuVxA) — cw?d =], 8, — icwVe
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Resistive Wall impedance

Based on: Robert L. Gluckstern and Uwe Niedermayer

ey

d
Z(rll, i , W) =— W(rli, rzl,s)e isfv
—00 v

Single particle

f

Integrating over the beam in FD ) Z(w ) _

Like Convolutionin TD

J(71,2,t)=q,0(F )6(z—vt)i

-L(sza w)=¢q,0(7 )e

1’ 2’

» 1 (7. .
Z(?IJ_’ ?J_ Cz)) —_ J F(->J_ =1 2, w)eﬂcuz/vdZ,

d192

—00

one should note that the integral is not a Fourier transform, but
the wake integration in the frequency domain.

Z”(CO) = _i

—iwz/vgz.
1 " :
_ E( zl Z w)e"”z/"o(rl)drldz
19> beam
— —>>|<d
E-Jav

beam
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Resistive Wall impedance

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) = J dv E, * J; over the beam area

J = Q 5(r_a)ejnﬁe_jks andm.n=0.+1.+2....

/1_2,7‘L'a|i’l|+1 /

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

m = o }:> Zm(w)=—éde(Em+E_m)(J;+me)

Ep=En+E_pn,

Form=0 Z_O= ZO,O
Form=1: I = Zmm *Zm-m Y Zomm + Z-m-m
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Resistive Wall impedance

Based on: Robert L. Gluckstern, Elias Métral, and Uwe Niedermayer

Applying Panofksy-Wenzel theorem:
kZy = Vi Z),

[ kZ, = ( Zoy+ 2o, ) +@Zx +J (_ Ly —Ly+l+ 2y, )
< +2 (Zo,z +Zy, )@+ 2 ( Zo2 = 2o ) TRE

kZ,=] (ZO,I -Zy )+®Zy +J X (‘ ZiatZiyn—Zaa+Zo )

K -2 (Zo,z +Zy 5 @"‘ 2 (Zo,z -2y )f Xy

Z;],I'iViIlg — Zx / k Z)C}I'iVil’lg — Zy /k Zdetuning — 2 (ZO’2 + ZO’_2 ) /k

e
- —
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VAC| Results



VACI results for Space-Charge ji

Round pipe -

Imaginary part of Space charge impedance for a round pipe , Imaginary part of Space charge impedance for a round pipe
107 1
—§— VACIE=0.01 MeV ] —§— VACIE=0.01 MeV
~— VACIE=0.1 MeV ] —~@~ VACIE=0.1 MeV
@~ VACIE=0.5 MeV ] @~ VACIE=0.5 MeV
VACI E=1.0 MeV : ; . VACI E=1.0 MeV
10° 4
] -+~ Analytical | -7~ Analytical
105 1
T 10% 1 £
g .
[} =
=
B
105 1
o2y S /S % < N | FTTTTTETTTTNETTT TRl T —
101 r-——————Y——— 104 — — — ———rrrr ——
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Gluckstern, Robert L. "Analytic methods for calculating coupling impedances." (2000).
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VACI results for Round pipe

Impedance calculation

(@)
10 —— Real Longitudinal (TW2D)
—— Real Longitudinal (VACI)
0 Real Longitudinal (Analytical formula Cu)
S 10
N
&
10-°
107
02 100 102 10 10° 108 10° 102
f[Hz]
10! -
—— Imag Longitudinal (ITW2D)
—— Imag Longitudinal (VACI)
10-! Tmag Longitudinal (Analytical formula Cu)
g 10
N
]
10-°
107
102 10° 102 10*  10° 108 00 jo=
f[Hz]
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RZ, [Q/m]

_
2

37, [Q/m]

_
2
L

—s— Real Dipole H (IW2D)
—— Real Dipole H (VACT)

Real Dipole H (Analytical formula Cu)

100 102 10* 100 10° e v
f[Hz]

02 —s— Imag Dipole H (TW2D)
—— Imag Dipole H (VACI)
----- Tmag Dipole H (Analytical formula Cu)
02 100 102 10 106 10°  10° 102
f[Hz]

Energy: 15 GeV,
Round Pipe: r = 35

mm
Length=1m

V,
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VACI results for Multi-Layer vacuum chamber

Impedance calculation of Round pipe With NEG coating

(a)

Longitudinal impedance for different NEG thickness

Formula (Cu)

10!'{ ——-- Formula (NEG)

—— IW2D

—— VACI -->NEG: 0.0l um
—+— VACI -->NEG: 0.15um

107! .
—— VACI -->NEG: | um

RZ) Q]

1073

107

102 10¢ 106

(b)

1(‘)8 ld 10 ldlz
fIH~1

Longitudinal impedance for different NEG thickness

103
&~
:.E._ 10!
=}
-
N Formula (Cu)
8 107" . Formula (NEG)

—— TW2D

—— VACI --> NEG: 001 um
103] —— VACI -->NEG: 0.15 um
—— VACI -->NEG: | um

102 10¢ 106
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1(‘)8 ld 10 ldlz
f[Hz]

NEG properties:

o = 1.098e6,
Thichness: 10 um
Material: TiZrV alloy

Longitudinal Real Impedance Round 35 Monopole NEG 10

—&— 1W2D Round pipe 35 mm
—+— VACI suite
—=- Analytical Round copper 35.0 mm %
10° Y
’»” \
- \
- A
- \
’-’ A
10-2 -
5
107*
106 4
1078 T T T T T T T
1072 10° 10? 104 108 108 104 1042
f[Hz]
longitudinal Imag Impedance Round 35 Monopole NEG 10
—&— 1W2D Round pipe 35 mm
—+— VACI suite
—=- Analytical Round 35.0 mm
109 4
1072 1
g
A
1074 4
106 4
1078 T T T T T T T
1072 10° 10? 104 108 108 104 1042
f[Hz]
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Wakefield and Wake-potential

X103 Longitudinal wakeficld for a bunch with 0 = 3.5mm
" Formula
Zlong WakeField ZiransY WakeField 2 f"\ A
10 1o VACI Fo)
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IFFT method:
ing and a piecewise polynomial interpolation (cubic Hermite interpolation)

uneven samp
{Based on Nicolas Mounet Ph.D. thesis + some small upgrades}
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Wakefield and Wake-potential (NEG)

Zlong WakeField

Zlong WakeField
10
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VACI results for Elliptical pipe

Impedance calculation

(a)

10-2

Rz (O]

10+

107°

Monopole

(b)
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Energy: 15 GeV,

Ellipese pipe: r1 =35 mm- r2=20

mm,
Round Pipe: r = 20 mm
Yokoya's Form Factors:

20 1.0 0.46323 0.84038 -0.37701 0.38219 - -
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VACI also = Wakefields with and without NEG

Longitudinal WakeField in an Elliptical Pip
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Vertical dipole WakeField in an Elliptical Pip
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FCC Vacuum
Chamber



FCC booster and main

Impedance sources

Resistive Wall Impedance
RF Cavities and RF Cavity Tapers

Synchrotron Radiation (SR) absorbers

rings Geometries

bellows
BPM

RW
collimators
RF cavities
RF tapers
total wake

- bunch shape

IV.  Collimators
V. Beam Position Monitors
VI.  Bellows
Longitudinal impedance and wake potential of a 0.4 mm Gaussian
bunch used as Green function in beam dynamics simulations
0000 = bellows 60000
~——— BPMs | 10000 4
40000{ — RW / 50000
—— Collimators \ J\
—— RF cavities | ,/»N 40000
£ 300001 — RF tapers £ 0
= — total S 30000 o
N / N Q
& 20000 A E 20000 ;
‘ﬂ\f/ ~10000
10000 10000
0 e ~20000 1
0 20 40 0 20 40
GHz GHz
NB: the bunch cutoff frequency for g, = 14 mm is ‘30000_'5

about 3.4 GHz

FCCIS week 2023

Courtesy to Mauro Migliorati
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06/06/2023

10

PA (IP)
!

M) mrad

N FCC-hh
134m 106m  Booeter

PB

03m

PJ (RF)| | [ PD (RF)

PG (IP)

Booster ring

1110

870

Main ring

2370

3350

100

200
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VACI results for FCC main ring & famereme

NEG : 150 nm. ¢ = 1.098e6 s/m

RW impedance

(a) (b)
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VACI reSUH:S for FCC maln rlng Copper Vacuum chamber

Length: 1m
) NEG : 150 nm. o = 1.098e6 s/m
RW Wakefield

Zlong WakeField with 150 nm NEG layer

ZtransX WakeField with 150 nm NEG layer ZtransY WakeField with 150 nm NEG layer
20 4% VACI 251 VACI 251 VACI
4 —= TW2D & —= TW2D A —= TW2D
10 " “ ————— Yokoya 20 " “ ————— Yokoya 20 " il ————— Yokoya
YA ’ i1 Pl
b M L5+ 1511
A / \‘ R r i R
T y — i ; — R .
e A e e o S . OO A T olof LA
& [ % 4 &} Vo iR &} Vo 'R
= I [ W £ Vo [ £ VO |
o oo ,L R O i S e & T N
= -10 5! v 4} “—»!—-__J___L _/'/ \ £ j£a} “J_—-__.’___l J" e
I ¥ 004 b TR A N ad e cten. - == ook VTR AR e —ean
; SRR SR B
L i ¥ I i
204 05t L 0511 L
f i | [\
[ !
-10 \ -1o i
-30 7 ¥
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
length [um] length [um] length [um]
ZtransX WakeField with 150 nm NEG layer ZtransY WakeField with 150 nm NEG layer
0.2 VACI VACI
—= TW2D 02 —= TW2D
0.1
0.1
) )
Qo 00 Q
& &
>, > 00 = *-8-8a = = - -
53] 53]
0.1
-0.1
0.2
02
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
length [um] length [um]
DESY.

| VACI Suite| Ali Rajabi, FCC week, London, 2023 Page 21



VACI results for FCC main ring

RW WakePotential

Copper Vacuum chamber
Length: 1m

NEG : 150 nm. ¢ = 1.098e6 s/m

x 103 Longitudinal wakefield for a bunch with o = 3.5mm x10-2 Dipolar wake potential for a bunch with 0= 3.5 mm %102 Dipolar wake potential for a bunch with @ = 3.5 mm
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: - VACI 6 L% -~ VACT 6 i W - VACI
5 5
=4 —_
() E E4
2 g g
E‘. E 3 E 3
= = -
\ 2 =
! 2 2
I‘.‘ *_*_*k*_
1 1
*
—6 v
0 0
40 =20 0 20 40 —40 =20 0 20 40 40 =20 0 20 40
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Possibility of reducing the radius of the FCC main ring chamber

35mm =2 30 mm

As a reference, IW2D simulations were
conducted for a pipe with an R of 35 mm
in both cases.

Yokoya'’s code result is for a single layer
round pipe with R=35 mm.
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Conclusion

. The VACI suite, a 2D simulation code based on FEM for resistive wall
Impedance, has undergone significant updates and improvements.

Il. The updates have resulted in increased simulation accuracy and reduced
calculation time.

Ill. A wake potential solver has been added to the code, expanding its
capabilities in studying beam dynamics.

V. The results obtained from the VACI suite demonstrate excellent agreement
with analytical formulas and established simulation codes like IW2D.

V. The VACI suite's enhanced accuracy and efficiency make it a valuable tool for
Investigating instabilities and threshold phenomena in beam dynamics.
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