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Introduction

Study context for the FCC-ee
Context:

Interplay between impedance (wakefields) and beam-beam has a growing interest for building new accelerators [1]
BimBim (CMM) and Xsuite showed agreement with LHC and VEPP measurements [2], [3]
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Context:

Interplay between impedance (wakefields) and beam-beam has a growing interest for building new accelerators [1]
BimBim (CMM) and Xsuite showed agreement with LHC and VEPP measurements [2], [3]
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Interplay between impedance (wakefields) and beam-beam has a growing interest for building new accelerators [1]
BimBim (CMM) and Xsuite showed agreement with LHC and VEPP measurements [2], [3]

CIRCULANT MATRIX MODEL FOR FLAT BEAMS:

https.//indico.cern.ch/event/1202105/

https.//indico.cern.ch/event/1326738/
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Simulation of beam-beam

Benchmark Xsuite Aspect ratio versus form factors

Yokoya (self-consistent) y
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x  Xsuitey

x  Xsuite x
—— Yokoya (soft-gaussian) y
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« Arbitrary tunes used for simulation to
reduce numerical noise.
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“ Xsuite results show a 20% error with
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Simulation of impedance

Wakes benchmarked with PyHEADTAIL

13/11/23 / FCCIS Workshop

Transverse wakefields for FCC-ee at Z energy; good agreement!

Intensity scan with CMM
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Bunch length without beamstrahlung (5.2mm), L = 90.66 km , linearized RF, no longitudinal wakes.

Understand the different effects due to the contribution of beam-beam and impedance and the dependence on different parameters.
As announced in [1] and other literature, it is difficult to find a stable tune area when the two effects are considered.
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Introduction Simulation tools

Xsuite and parameter sets for simulation

Turn by turn tracking of particles, calculating nonlinear forces around the specified accelerator components.

FCC-ee (Z) approximated
SEXTUPOLE model:

Why:
Limits the numerous complicated non
studied effects.

X
2

Faster simulations.

What:
FCC-ee (Z) parameters table (bunch
lengths/sizes, RF power, crossing angle, ...)

Synchrotron radiation (SR) + Radio
frequency cavities (RF)

Single beam-beam interaction point +
Beamstrahlung (BS)

WAKEFIELDS

RF CAVITIES

U

Crab sextupoles (when crossing angle)

Longitudinal + Transverse wakefields
(2023 - M. MIGLIORAT])

SYNCHROTRON RADIATION
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Introduction Simulation tools

Circulant Matrix Model (CMM)
Use linear algebra on a one turn matrix that represents a system, applied on discretized longitudinal phase space
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Introduction Simulation tools

Circulant Matrix Model (CMM)
Use linear algebra on a one turn matrix that represents a system, applied on discretized longitudinal phase space
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ARG 3 — M!? (4iier1,N] €C 2
, \ 3 Xt = MsySXO [N 3
‘i‘;:*:;f' L s/o Real part = oscillation modes
7R _~ = Imaginary part = growth rate
e ' '.TN"
Diagonalize ( \
el A 0 0 ... 0
eigenvalues 0 ,12 0 .. 0
) .
(xs,r,o MarcMBB - MW
v 0 0
X! )
—_— s,r,0 Wakefield perturbation .
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Introduction Simulation tools

Circulant Matrix Model (CMM)
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Use linear algebra on a one turn matrix that represents a system, applied on discretized longitudinal phase space

Beam-beam kick

Transverse beam-beam kicks reprensentation
(Given by Bassetti — Erskine formula)

0.0004 A

0.0002 A

0.0000 A

—0.0002 -

—0.0004 -

——— coherent
—— incoherent

~ Cop

-10.0 -75 =50 -25 0.0 2.5 5.0 7.5  10.0
)C*/O'x
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Introduction Simulation tools

Circulant Matrix Model (CMM)

Use linear algebra on a one turn matrix that represents a system, applied on discretized longitudinal phase space

<
o
E.
0}
. . (0]
Transverse beam-beam kicks reprensentation 3
(Given by Bassetti — Erskine formula) %
[ ] [ ]
What is In the 0.0004 - N\ —— coherent %
, —— incoherent T
beam-beam ®
Cop
model? [— Gy
)
<
A * Flat beams %
) 2
-
O
X -0.0002 -
—0.0004 -

-10.0 -75 =50 -25 0.0 2.5 5.0 7.5  10.0
)C*/O'x
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Circulant Matrix Model (CMM)
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Use linear algebra on a one turn matrix that represents a system, applied on discretized longitudinal phase space

What is in the
beam-beam
model?

] * Flat beams

» Crossing angle

Beam-beam kick

Transverse beam-beam kicks reprensentation
(Given by Bassetti — Erskine formula)

0.0004 A

0.0002 A

0.0000 A

—0.0002 -

—0.0004 -

——— coherent
—— incoherent

~ Cop

-10.0 -75 =50 -25 0.0 2.5 5.0 7.5  10.0
)C*/O'x
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Simulation tools

Circulant Matrix Model (CMM)

Use linear algebra on a one turn matrix that represents a system, applied on discretized longitudinal phase space

Xsuite and Circulant Matrix Model simulations for FCC-ee
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What is in the
beam-beam
model?

« Flat beams
« (Crossing angle

* Drifts (IP -> CP -> IP)

Beam-beam kick

Transverse beam-beam kicks reprensentation
(Given by Bassetti — Erskine formula)

0.0004 A

0.0002 A

0.0000 A

—0.0002 -

—0.0004 -

——— coherent
—— incoherent

~ Cop

0.0 2.5 5.0 7.5 10.0

)_C*/O'x
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Introduction Simulation tools

Circulant Matrix Model (CMM)

Use linear algebra on a one turn matrix that represents a system, applied on discretized longitudinal phase space

<
=
=
®
. . ®
Transverse beam-beam kicks reprensentation 3
(Given by Bassetti — Erskine formula) %
[ ] [ ]
What is In the 0.0004 - N\ —— coherent %
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beam-beam ®
Cop,
Scp mOdel? ~ 0.0002 oL
: )
=
&
» Flat beams o —
) O
+ Crossing angle &
®©
e Drifts (IP -> CP -> IP) B -0.0002 A
» Hourglass effect
—0.0004 -
Disclaimer: schematic not 100% accurate representation. _1'0.0 _7'.5 _5'.0 _2'.5 OiO 2i5 5.'0 7.'5 10"0
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Introduction Simulation tools

Circulant Matrix Model (CMM)
Use linear algebra on a one turn matrix that represents a system, applied on discretized longitudinal phase space

<
=
=}
o
4] T . : o)
_ _ o oo ransverse beam-beam kicks reprensentation 3
JJU (x = X, Y = Y, Oy Gy> v (x —X%y = y) dxdy =U (x = Xy Y — Yo \/50'30 \/503,) (Given by Bassetti — Erskine formula) %
0
—_ x
Coherent force vu (x’ y) - EB/E(x’ y) 0.0004 //”;\\ —_— cohehrent é
_ _ [4] _ _ —— incoherent =8
”EEE (x — X, Y — Y, Oy ay> 7/ (x,y) dxdy = Egp (—x*, — Vs \/Eax, \/5@) . I’ \ ®
~¢ 0.0002 1 3
p ~
_Ax/ X*, _* - E <X'*, % 20- 5 20- > E
ax* COh( y ) ax* X y ‘\/— X \/_ y § 0'0000 . //7 ;
9 o 9 o . L “/f’o,, ,
a)_)* Aycoh(X*, y*) = a}_;* Ey (X*, V=, \/EO'X, \/EO'y) % . . ’\\\ /,‘I
5 L -0.0002 A i
A 0) = —E, <xy V26, \/an> j
0 0 —0.0004 - \
— Axéoh(X*,y*) = — Ex (X*, }_;*, \/EO'x, \/50'},) T T T T T T T T T
Oy 0y 100 -75 -50 -25 00 25 50 75 10.0
Coupled forces X / o

[4] K HIRATA, Nuclear Instruments and Methods in Physics Research A269, 7-22 (1988)
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Introduction Simulation tools

Circulant Matrix Model (CMM)
Use linear algebra on a one turn matrix that represents a system, applied on discretized longitudinal phase space

[4]
JJU(X — X4, Y — Vs, Oy O'y> l//(x - X,y —)7) dxdy = U()_C — X,y —Y*,\/Eax,\/zay>

VU (x,y) = Eg/p(x,y)

Coherent force

4
[[EB/E (x - 'f*’y - )7*’ (% Gy) "4 (x’ y) dXdy = EB/E (—.XT*, — )7*, \/EO'x, \/503,)
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- 0 _
a_hAxéOh(x*, y*) = o Ex <X*, Y, \/EO'X, \/EO}) , | O 0 O
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Y Y

Coupled jorces

[4] K HIRATA, Nuclear Instruments and Methods in Physics Research A269, 7-22 (1988)
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Introduction Simulation tools

Circulant Matrix Model (CMM)
Use linear algebra on a one turn matrix that represents a system, applied on discretized longitudinal phase space
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Simple case with the beam beam kick only applied to the horizontal space

BEAM 1
1 0 0 0) (XBI\ ( xXB] )
OAX OAX]. , OAX/. ,
O oxx . 0% Ol *B1 — T (xB2_xBl)+xBl
o o 1 o||lxpr xg2
anéOh 6Axé0h , ané‘Oh /
| 0xx O =% 1) \*B2 ) %% (*B1 sz)+x32)

BEAM 2

This can be generalized to the vertical space and for NgjjceX Nying mesh elements.

[4] K HIRATA, Nuclear Instruments and Methods in Physics Research A269, 7-22 (1988)

6|dLU9X8 SlusWa|a XU]eN
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Introduction Simulation tools

XSuite versus mode analysis algorithm

Xsuite cCMM*

Output: Output: S—
Turn by turn B -
parameters of the |

particles in the oor tunes and growth K
beam rates
Advantages:
We can see all oscillation
Advantages:
. . modes and the growth
Closer to reality, non-linear models, .
. rates quickly
Landau damping,...
Drawbacks: IL?rawbac:j(s|: t ch
Difficult to interpret results, slower JISE S IDRISY, Ce JUBL SOty

non-linear effects

*Circulant Matrix Model
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Introduction  Simulation tools Simulations of beam-beam

Intensity scans - coherent instability

The intensity scan is a simulation where we study growth rates of the instabilities and modes of oscillation, varying the intensity. The
CMM outputs are modes of oscillation and growth rates.

Smaller vertical tune: farther from 0.5 resonance Higher vertical tune: closer to 0.5 resonance
— o ] o T
0.4 Qy = 214.33 Qs y = 0.4
2 : —— Qx =214.158
S S Qy = 214.45
<02 2 0.2 y :
Qo x
0.0 . . . . . 0.0 T . . ;
0.0 0.5 1.0 Int n1 i? 2.0 2.5 0.0 0.5 1.0 Inten1sig‘ 2.0 2.5
__ 06 Aol 1e10 _ 0.6 4 le10
c c
& 0.4 é—l 0.4 /,
Q p 9 /
© ©
< 0.2 = 0.2 f
e <
5 o
© 0.0 O 0.01
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
Intensity 1elo Intensity 1el0

Simple case: Only beam-beam, with circular beam, no hourglass, low intensity, to demonstrate ‘simple’ intensity scan
FCC-ee (2) base parameters with B, = By, = 0.15m, & = &, = 7.Te-10m, 8 = 0 mrad
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Introduction Simulation tools Simulations of beam-beam

Tune scans - study of different characteristics

The tune scan is a simulation where we study the growth rate of the instabilities in a bunch, varying the intensity and/or the tune(s).

::I;ane scan with BimBim (CMM) o Tune scan with XSuite
5 9091 2.5 9091
-8081 -8081
2.
2.0 L2071 > 0 7071
> L6061 > g 6061 &
; = L5051 € = -5051 ¢
‘ £ 3 5 =
-— (%3] | wn
1.0 -4040 510 4040
-3030 -3030
0.5 2020 0.5 2020
1010 1010
: 0.0 0 0.0 0
2 I 3 2 0.0 . 0.4 0.6 0.8 1.0 0.0
[uiny/idz] @3ed Yymolo
Qy

Simple case: Only beam-beam, with circular beam, no hourglass, low intensity, to demonstrate ‘simple’ tune scan
FCC-ee (2) base parameters with B, = By, = 0.15m, & = &, = 7.Te-10m, 8 = 0 mrad
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Introduction  Simulation tools Simulations of beam-beam

Tune scans - study of different characteristics

The tune scan is a simulation where we study the growth rate of the instabilities in a bunch, varying the intensity and/or the tune(s).

1e10 w10 Tune scan with XSuite

Tune scan with BimBim (CMM)

S i < 5 &
= Z -9091 2.5 WG 19091
)> S
5] @ 8081 S 8081
0 2.0 'S
* £ % -7071 2 > 7071 ;-
215 £ il G154 = 16061191 MAX TURNS
2 od % I ~— Jé . :'_r: -
= 2 2051 5 20514t 5 GROWTH
1= 8 - S i3 RATE
10 ; g -4040 S 101 4040 |
U] \ a . _—
\ < -3030 O 3030
\
_ : . -2020
05 STABLE 2020 051  STABLE
‘\ -1010 \‘ -1010
0.0 , T . , L-0 0.0 : LT : g
00 02 04 06 08 10 00 02 04 06 08 10
Oy Oy

Simple case: Only beam-beam, with circular beam, no hourglass, low intensity, to demonstrate ‘simple’ tune scan
FCC-ee (2) base parameters with B, = By, = 0.15m, & = &, = 7.Te-10m, 8 = 0 mrad
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Introduction  Simulation tools Simulations of beam-beam

Tune scans - study of different characteristics

The tune scan is a simulation where we study the growth rate of the instabilities in a bunch, varying the intensity and/or the tune(s).

lz}gne scan with BimBim (CMM) . Tune scan with XSuite
' A\
N\
2.5 9091 2.5
[5] -8081
2.0 1 2.0
-7071 2
= G
> 6061 o < MAX TURNS
2 157 - - .
2 2m/GROWTH
£ \ RATE
1.0 \
1
\ .06
D= STABLE
! g0.4
1
0.0 -
0.0 0.2 0.4 0.6
Qy
Simple case: Only beam-beam, with cirt , monstrate ‘simple’ tune scan

FCC-ee (2) base parameters with B, = By, = 0.15m, & = &, = 7.Te-10m, 8 = 0 mrad
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Introduction  Simulation tools Simulations of beam-beam

Intensity scans - coherent instability

The intensity scan is a simulation where we study growth rates of the instabilities and modes of oscillation, varying the intensity. The
CMM outputs are modes of oscillation and growth rates.

Smaller vertical tune: farther from 0.5 resonance Higher vertical tune: closer to 0.5 resonance
—— Qx=214.158 = 3

0.4 Qy = 214.33 — 0.41 —
g o,y c;. —— Qx =214.158
< 0.2 _— 2 9> — Qy =21445 |

Qo x
05 1 2 2 4 5 0% 1 2 > 4 5
0.6 Intensity G aih 0.6 Intensity i

o
N
NS

Growth rate [2pi/turn]
o
N

Growth rate [2pi/turn]
o
N

o
o

3 4 5 0 1 2 3 4 5
Intensity 1e10 Intensity 1el0

o
=
N

Simple case: Only beam-beam, with flat beam, no hourglass, low intensity, to demonstrate ‘simple’ intensity scan
FCC-ee (2) base parameters with By=T1m,By, = 0.1 m, &, = g, = 7.1e-10m, 8 = 0 mrad
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Xsuite and Circulant Matrix Model simulations for FCC-ee

beam-beam and wakefield effects.

Introduction Simulation tools

Tune scans - study of different characteristics

Simulations of beam-beam

Roxana SOOS

12/06/24

The tune scan is a simulation where we study the growth rate of the instabilities in a bunch, varying the intensity and/or the tune(s).

Tune scan with BimBim (CMM)

1lel0

Intensity
w

|

|
1
1

1010
0

9091 .
8081
L7071 >4
L6061 = -
o 3
5051 X g3
= =
4040 3 g
22
3030
2020 !

lel0

Tune scan with XSuite

Simple case 2: Only beam-beam, with flat beam, no hourglass, low intensity, ONLY Y PLANE.
FCC-ee (2) base parameters with By=T1m,By, = 0.1 m, &, = g, = 7.1e-10m, 8 = 0 mrad

9091
8081
L7071
6061 =
Q
L5051 =
c
4040 3
3030
2020
1010
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Introduction Simulation tools Simulations of beam-beam

Tune scans - study of different characteristics

The tune scan is a simulation where we study the growth rate of the instabilities in a bunch, varying the intensity and/or the tune(s).

Tune scan with BimBim (CMM)

1e10 10 Tune scan with XSuite
9091 . 9091
8081 8081
L7071 >4 L7071
> -6061 = & 6061 =
B B g 3 3
@ 5051 X = L5051 X
£ 5 S 5
- 4040 3 e L4040 3
(aa]
13030 13030
L2020 1 L2020

1010 1010

Simple case 2: Only beam-beam, with flat beam, no hourglass, low intensity, Y AND X PLANES.
FCC-ee (2) base parameters with By=T1m,By, = 0.1 m, &, = g, = 7.1e-10m, 8 = 0 mrad
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Introduction  Simulation tools Simulations of beam-beam

Tune scans - study of different characteristics

The tune scan is a simulation where we study the growth rate of the instabilities in a bunch, varying the intensity and/or the tune(s).

Tune scan with BimBim (CMM)

Tune scan with XSuite
g By - _.j
I
|
L 8 1071 . 4 LANDAU DAMPING?
Bunch horizontal position per turn, Qy:0.50 and 1:5.39e+10
0.2 x(t)
x 0.0
-0.2

0 500 1000 1500 2000 2500 3000 3500 4000
n turns

Simple case 2: Only beam-beam, with flat beam, no hourglass, low intensity, Y AND X PLANES.
FCC-ee (2) base parameters with By=T1m,By, = 0.1 m, &, = g, = 7.1e-10m, 8 = 0 mrad
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Introduction  Simulation tools Simulations of beam-beam

Tune scans - study of different characteristics

The tune scan is a simulation where we study the growth rate of the instabilities in a bunch, varying the intensity and/or the tune(s).

/I

Bunch horizontal position per turn, Qy:0.71 and 1:3.68e+10

1 x(t)

0 200 400 600 800 1000 1200 1400
n turns

HIGHER ORDER COHERENT INSTABILITY?

Simple case 2: Only beam-beam, with flat beam, no hourglass, low intensity, Y AND X PLANES.
FCC-ee (2) base parameters with By=T1m,By, = 0.1 m, &, = g, = 7.1e-10m, 8 = 0 mrad



Roxana SOOS 12/06/24

C\ CiRcoEar @) universite (@ Xsuite and Circulant Matrix Model simulations for FCC-ee

COLLIDER  V5ZA  PARIS-sACLAY & beam-beam and wakefield effects.

Introduction Simulation tools Simulations of beam-beam Simulations of wakefields

Circulant Matrix Model (CMM) for wakefields

Use linear algebra on a one turn matrix that represents a system, applied on discretized longitudinal phase space

AYy = W dipy B)VT + W quad,y (A5) Y2 p
Axé = Wdip,x (As)x] + unad,x (As)xp X5

v

As

X. BUFFAT CERN—- EPFL Thesis 2015

6|dLU9X8 SlusWa|a XU]eN
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Introduction Simulation tools Simulations of beam-beam Simulations of wakefields

Circulant Matrix Model (CMM) for wakefields

Use linear algebra on a one turn matrix that represents a system, applied on discretized longitudinal phase space

=
_ I - x . :
Ayé = %dip,y (As)y1 + unad,y (As) yo X1E g
Axy = %dip,x (As) x| + %quad,x (As) X3 Xo E . ‘%
As
( 1 0 0 0) (x1) ( X1 \
0 1 0 Of|x;| _ X
0 0 1 of|x,| ™ X
\Wdip,x (As) O unad,x (As) 1) \X’QJ \Wdip,x (As) X7 + unad,x (As) 772))

X. BUFFAT CERN—- EPFL Thesis 2015
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Introduction Simulation tools Simulations of beam-beam Simulations of wakefields

Circulant Matrix Model (CMM) for wakefields
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Simulations of beam-beam
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Simulations of wakefields
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Transverse mode coupling instability simulations

Transverse wakefields for FCC-ee at Z energy; perfect agreement!

Intensity scan with CMM
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Bunch length without beamstrahlung (5.2mm), L = 90.66 km , linearized RF, no longitudinal wakes.
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Introduction  Simulation tools Simulations of beam-beam Simulations of wakefields = Summary

Summary and outlook

. The circulant matrix model (CMM) has successfully been tested for simple cases of flat beam collisions, x and y
planes can be studied separately, but coupled forces can also be calculated.

. Alternative methods shall be considered to assess higher order collective resonances.

. CMM has shown perfect agreement for simulations involving transverse wakefields.

. Synchrotron frequency spread due to longitudinal wakefields could be implemented and studied within the CMM.

. Studies with a crossing angle and Crab waist are ongoing, with both the CMM and Xsuite, a correct setup is yet
to be done with strong-strong simulations.
. Once the setup is totally controlled, reliable simulation with both beam beam and wakefields can be obtained with

both Xsuite and CMM. Then can be compared to previous simulations [Y. Zhang, K. Ohmi]
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Xsuite - PyHT PyHEADTAIL
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Perfect agreement (Radio frequency cavities and synchrotron radiation + wakes for FCC-ee 2).
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BACKUP

1DIONBIY W AG paIndaxa UoDINUIS

Re(AQ/Qso)
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0.0 0.5 1.0 =5 2.0 2.5 3.0
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NO geometrical contribution of the collimators

Resisitive wall ( Beam pipe + collimator RW)

RF Cavities  Beam Position Monitors (BPM)  Bellows
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Slice analysis possible with Xsuite.

noaonbiy W Aqg paindaxa uonLINWIS

Ysiice ¥ Np [arb. units]

~0.02 0.00 0.02
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Linearized coherent kick benchmark
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Computational cost:

Fully numerical method
0 (n3)

Fully analytical model
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Coupled force at different aspect ratios
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