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IBS in the XFEL injector

 The Reptil code
= |IBS Model

= Validation studies
= Simulations

= Conclusions
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The Reptil code

= RElativistc Particle Tracking for Injectors & Linacs

Problem
l \ Solver

P2P
Integrator < > Beam < >
Barnes-Hut
Leap-Frog t
Field PFMM
RK4
Paraxial Quadrupole MFMM
Fehlberg
Undulator Multipole FFT
Adams- ,
Dipole 3D-FieldMaps Lienard-
Bashforth P A
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IBS Model in Reptil
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= Monte-Carlo collisions (cell wise)

Transform to rest frame

Transform to lab frame

£ \l

| o

o @

Build random patrticle pairs Effective collision in the CM frame

® o oy

2oty D>
//.\..) 1

J

Post-collision momenta
!
P1
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IBS Model in Reptil

= Cumulative scattering angle

For a single (binary) scattering angle event:

P(0)
A Omax . ,da(g,0)
| 1/((-)2) 2\ _ femin a6 SIH(Q)Q dQ _ 2 Qmax
1 (64) = = 2607,,In
Omax . dO'(g, 9) Hmin
: cumulative, femin do sin(0) - da
1071 | small angle distribution
I
2k 1 _ Qmax bmax
10 | A; =1n 5 ~ In 5 Coulomb log.
| min min
N
2 ingle) | |
10-+F : (single) large angles For N (large) scattering events — cumulative angle:
: : Gk
scattering angle P(@)~ ————e 2(6?)

V (2m(0?)

(@2) = N(B?) with: N = mb3,,,ngAt
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IBS Model in Reptil

= Cumulative scattering angle

For a single (binary) scattering angle event:

fe maX 16 sin(6)6? dac(l%, 9) o
k (67) = —== 350,00 = =262, In -
| Jop @0 sin(8) — 75— e
I
I L
\ % 6 b
103 L] == foxpoa (0) l tf A, = ln( max) ~ 1n( max) Coulomb log.
=== Fenama(0) ot Omin bmin
10 A e le'.\kizuk:'. ‘\‘J(ﬂ) | l'
i f':"."h."q:{g) | ‘, .
1070 o1 = S »  Nanbu’s correction for finite N:
o . -1 _ A2
Chap & Sedwick, Phys. Rev. E 95, Solve coth(4) — A™" = exp(—2(6%))

063209, 2017 » Generate cumulative angle as:

0(u) = arccos {log[exp(—A) + 2 u sinh(A)]}
with u € [0,1]
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= Choice of Coulomb logarithm
Group particles by cell Group particles by slice
bmax [ -
® o0
- bmax
Sensitive to mesh refinement! Assumes uniform density in slice!

Shortcomings:

= Does not resolve transverse density variations

= Longitudinal collisions (at very low energies) not included

= Correction for the distribution tail at large angles might be needed — Coulomb log.
= This heuristics cannot be avoided in simulations as well as analytical models
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Validation studies

= The original Piwinski model:
1 _ idO'(g _ ZT'eCNb os os &
15 o5 dt 64n2,83y26,’}637,10205f yax,'yay,'za‘gﬂ\/g
= The high-energy approximation for round beams (Huang, Bane, 2002):

1 1 dog _ r2cNpA, A =In <Aymax> _ ln bmax
.= =

Ts 05 dt  8eleloyo,y20}’ AYmin 1/ (Y?o2)
\ Y / bmin

,Cutting“ the tail of scattering angle distribution (Huang, 2002):

el x 107>

AVmax ~V X 107> > A, = ln(
re

)z8 for e} = 1um

This value is wrongly used in several recent papers
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Validation studies

= |BS growth for frozen beam: €} = 1um, g, = 250um, o, = 1mm

Pencil beam Gaussian beam
33 155
=#—@= Huang =-#—#=- Huang
— ] GeV - Simulation 1GeV - Simulation
500MeV - Simulation 15 500MeV - Simulation
3 | s 100MeV - Simulation 100MeV - Simulation
—— 1 0MeV - Simulation 10MeV - Simulation
1MeV - Simulation 145 1MeV - Simulation
s 500keV - Simulation — 500keV - Simulation
2.7
1.4
2.4 135
E 1.3
2.1 =
g 1.25
18 1.2
115
15
11
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1.05
0.9 1
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= Low energy IBS fitting formula (Nagaitsev, 2005):

2 2
riz iddas ~ 8g3 ?ZNDAC 252 [ ¢ = <G§Gx> N <Uy0x>
6 os at 8ﬁ Ex€xO0x0zY"0g EJTcl yegcl
| 1 In(E + 1)

06 \ FE) =G =0Q—-8)——F—

F(z) and G(z)

\\—‘hﬁ-—

0.2 S. Nagaitsev, PRST-AB, 8, 064403 (2005)
0 0.5 1 L5 2

z
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Validation studies

= |BS growth for frozen beam: €} = 1um, g, = 250um, o, = 1mm

Pencil beam

Gaussian beam

3.3 1.55
=== Huang === Huang
] 00MeV - Simulation 100MeV - Simulation
e 10MeV - Simulation 15 10MeV - Simulation
3 1MeV - Simulation 1MeV - Simulation
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2.7
1.4
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Simulations for the SwissFEL sl
» The SwissFEL injector
Om 3.3m 8.3m 13.3m 21.7m 27.2m 32.7m 38.2m 66.3m
e M A
Gun 3GHz TWS-1 TWS-2 10xQuads SINSB03-1 SINSBO03-2 SINSB04-1 SINSB04-2 7xQuads
84.9m 111m
I M-
|
11xQuads Screen

« Final energy: 320 MeV

« Bunch charge: 10...200 pC (nominal 200 pC)

» Average pB-function: ~16 m (nominal)

« Bunch compressor and laser heater switched off (R;=0)
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Simulations for the SwissFEL

= Slice energy spread (nominal configuration)

5.5

=@—@= (3 = 16: Spch only
5| @==@= B =16: Spch + IBS

4.5
) \
3.5 Measured: 5.9 keV
>
[} 1
4 3 PHYSICAL REVIEW ACCELERATORS AND BEAMS 25, 104401 (2022)
~
N 25
LIJ .
wn Energy spread blowup by intrabeam scattering and microbunching
2 at the SwissFEL injector
Eduard Prat®,"” Paolo Craievich®,' Philipp Dijkstal®,"? Simone Di Mitri,**
Eugenio Ferrari,"” Thomas G. Lucas®,' Alexander Malyzhenkov,"* Giovanni Perosa 34
15 Sven Reiche,' and Thomas Schietinger'
1
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Simulations for the SwissFEL
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= Slice energy spread (“large” optics)

55

=@—@= (3 = 16: Spch only
5| @=——@= (3 =16: Spch + IBS
3 = 74: Spch only
4.5 | w3 = 74: Spch + IBS

4

4V<_'—

3.5

Measured: 4.2 keV

3

PHYSICAL REVIEW ACCELERATORS AND BEAMS 25, 104401 (2022)

2.5

SES / keV

at the SwissFEL injector

2

15

Sven Reiche,' and Thomas Schietinger’

Eduard Prat®,"” Paolo Craievich®,' Philipp Dijkstal®,"? Simone Di Mitri,**
Eugenio Ferrari,"” Thomas G. Lucas®,' Alexander Malyzhenkov,"* Giovanni Perosa®,

Energy spread blowup by intrabeam scattering and microbunching
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Simulations for the SwissFEL
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» Charge scan

= Simulation
@ B Measurement

% 15 T zero A, raw data i |
] 5 § Zero RSS‘ corrected data
:5 s I nomlinal A, raw data
gm.) g 10 i nominal A, corrected data
= 3
[ > = - ]
8 3 . o
7 3
00 5 10 1I5 20
2 Peak current (A)
E *With permission from
1 Prat et al.
0 20 40 60 80 100 120 140 160 180 200 220
Bunch charge / pC

December 5, 2024 | TU Darmstadt | Fachbereich 18 | Institut Theorie Elektromagnetischer Felder | PD Dr.rer.nat. Erion Gjonaj | 15




Simulations for the EUXFEL
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 The EuXFEL injector

Om 4m 15m Om /

Gun 1.3GHz Al 1.3GHz AH1 3.9GHz LH

* Final energy: ~130 MeV

« Bunch charge: 250 pC (nominal)

« 3" harmonic AH1 switched off

« TDS structure (for the moment) ignored

PHYSICAL REVIEW ACCELERATORS AND BEAMS 24, 064201 (2021)

Accurate measurement of uncorrelated energy spread in electron beam

Sergey Tomin,” Igor Zagorodnov®, Winfried Decking, Nina Golubeva, and Matthias Scholz
Deutsches Elekiranen- Sy rotron, Notkestrasse 85, 22607 Hamburg, Ge many
® (Received 19 March 2021, accepted 19 May 2021; published 2 June 2021)
39m
9 x Quads Dipole
Screen

« Energy spread measurement at the maximum energy slice
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= Slice energy spread calculations
Measured: ~4 keV
45 (S. Walker)
—— — SPCH only: central slice [ —

4 | == SPCH only: max energy slice
—— — SPCH + IBS: central slice
SPCH + IBS: max energy slice

35

Slice energy spread/ keV

0 5 10 15 20 25 30 35 40 45
s/m
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The Reptil code

= The Particle-FMM solver

local tree

° L] L] L] L] [ ° ° X .
far neighbors — use multipole

3 " expansion in each box

e [

o f T~ domain boundary for parallel

ol o decomposition

e ® \ . =
near ne‘lghbors —apply P2P A %sz A 1ap

o |- interaction

Hierarchic computation of mult. expansion

“NCrit” particles / box. Ncrit ~ 50-100 :
it particies Fhox. et (Rohklin & Greengard, 1987)

= Exponential expansions for M2L transformations -> reduce to O(N)O(P3)
= MPI-parallelization using local tree decompositions
= Very efficient at high energies — noisy for space-charge dominated beams
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The Reptil code

= The FFT-Green function solver

- Uses Hockney’s algorithm on doubled domains using IGF and shifted Green
functions for the cathode charge

- Using parallel 3D-FFT library — HeFFTel

- Backend FFTW, Intel MKL (tbd. CuFFT)

Reshape pencils

34 32 3334 33 3¢ —_—
Reshape brick to -~ 7 - ] Reshape pendl to

pencl ( el e Decomposition strategies for
| Issaisis  parallel FFT:

Input data is reshaped such that
each processor performs a single
1D-FFT at a time!

1D FF1 |
(e = Q,'—z 6 Q= 0;=0 Q= 0,=0
2
Reshape slab to pencil LV
o= Ty o T p
~ ~ - > 1=6,¥F,; - 3

| Rmhu;‘w)r’l;(kail(u g[ hils
D FFT L LA. Ayala, et al., “heFFTe: Highly Efficient FFT
Output brick for Exascale”, (ICCS 2020)

g“'\

Reshape lrukl

Inpul brick - =1 0;,=4 Qo= 0;=6
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