putatio

for XFELS.
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about FELs: SASE XFEL
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what are the physical challenges?

resonance energy

small gain length

Lg = 2mC. 7/322“ '
e K current density

(1d theory)

resonance condition

emittance & optics

i (“ Kz“

energy spread

overlap electron — photon beam o,=0,, L,=L

u
< LR .-.!-;".-

O, [oioydiffraction: 20,

iy pLL T,



what are the physical challenges?

y) K 2 K ol A, =10 nm — E o GeV
A =51+ — FLASH 13nm@690MeV
L 2y? 2 A, o< cm @
A, =0.1nm — E < 10GeV
LCLS 0.15nm@14GeV
Europ. XFEL 0.1@17GeV
L, > Ly, o<10L, <100m undulator length
FLASH ~ 30m
: LCLS ~ 120m
Lo s 2me 7/"'/?;u o Europ. XFEL ~ 200m
ue K I
~ FLASH ~ 1...2 kA
1d theo —
( ") current | =1---10 KA Europ. XFEL ~ 5 KA
FLASH ~ 100um
0, =< /L4 LCLS, E-XFEL ~ 30um
. A . .
emittance &< 4— normalized emittance &, =1pm
T

bandwidth <> energy spread AE/E o< /1U/Lg FLASH, XFEL ~ 1 MeV S



Bunch Compressor

beam preparation

gun
Injector
BC system
linac

1500

accelerator and SASE FEL

Main Linac

‘=[ Distribution

2000

2500
3000

FEL & SASE

-100



gun & injector

~50 A; ~ 130 MeV

TESLA Module
5~ - N

Beam Dump

ool

| electron
3 beam

phot i RF Gun

cathode

~ coaxial

1.5 cell cavity coupler . 0- DiagnﬂStiC Section

T
to LINAC
S
i AD e e
_ -30 e o W
drive laser -20 e 0
. . . 10 e
external fields (field stability) s [m] i 0 5

space charge effects



bunch compression system

1.3 GHz rf
500 MeV 3.9GHzrf (linearization)
: 2 1 kA bunch compression chicanes
' diagnostic sections
2 GeV

— 5 kA

external fields (field stability)
space charge effects
coherent synchrotron radiation

wakes



shape variation

without self-interaction

... CSR effects

top view (horizontal plane), color = energy

_ corﬁpreséion _
Bt AR M Sn iR NI SN o
L T~
_*_d__’_// 11 \\_+

with self-interaction

V




radiation effects
overtaking

long transients

shape variation
& space charge

CSR effects




U-bunch “instability”

Current Gain=10_, 10%
‘ 1% —
RN~

Impedance

En

Ergyl Rse .

picture from
Z. Huang, J.Wu: Microbunching instability due to bunch compression
http://icfa-usa.jlab.org/archive/newsletter/icfa_bd_nl_38.pdf

Impedances (steady state):.

.k y : -
Z..o<i—In “SC-instability”
so =1 (kO'J instability

(free space, koy/y << 1)

k
3 IRZ_ “CSR-instability”

curv k

ZCSR oc



gain curves of p-bunch “instability”

overall gain for different uncorrelated

energy spreads
110t — :
u’“LEﬁenﬂ,qlr IkeV | < increase uncorrelated energy spread
T /5 by laser heater
1107 f/
gain i
after | 5
collimator / L]
100 ! /]0
JJ.‘ ff T "
Ak
’ J LR
1 Ve
’J /I 5% h}v =T
! ‘laser heater’ System
(LCLS layout)

01 1
wavelength before bcl / mm —»
l 765-nm laser

12.6 cm
N ~153 cm




non linear effects in long. phase space

‘controlled’ or linearized compression

‘rollover’ compression

before compressor

1]

20

AE / MeV]

|
1] 5 10

— z/ mm

current/ A

4000

3000

2000

1000

after compressor

"AE / MeV

current / A

4000

3000~

2000 —

1000

(LCLS, European XFEL)
(FLASH)

-0.2 -0.1 0 01

— z/ mm

current / A

peak =

peak =

3.5 kA

-0.2 -0.1 0 01



numerical noise & p-bunch “instability”

example: rollover compression in FLASH

longitudinal phase space
before 2nd BC

current after 2nd BC

378 1000

E/MeV I/A

=00
IS
00
400

n

200

L»\S/mm

3?6'50.5 0.53 0 065 07 075 -0.4 -03 -0.2

red: SC calculation with good spatial resolution
shot noise; wavelength ~ grid resolution
— current with p-structure

blue: reduced resolution in tail

n 0.1

B



gun to undulator tracking

Address | @] httpef i, desy, defxfel-beam) &

European XFEL Beam Dynamics Group Home Page

MAD file List Of Components

Injector

Bunch Compressar e . . .
= Collimation Section

Beam Distribution

Main Linac
1 SECTION ﬂNAME ﬂTVPE ﬂ LENGTH |STRENGTH E1AAG E2FREQ TLT S X THETA PHI CHI EMERGY BETX ALFY [LES BETY ALFY
2 I [ml [ -r) My [rad] [radMHzZ] [rad] [m] [m] [m] [m] [rad] [rad] [rad] [Gev] [ml [rad] [2P1] [m] [rac]
MARK 0.00E+00 0.00E+00 0.00000 0.000| 0.000 0.000 0DO0E+Q0 -2.75E+00| 288E+01 0.00E+00 0O0E+00 0.00E+00| S.00E-03 3.66E+01  1.24E+0M O000E+D0| 36EBE+01 1.24f
4 I MARK 0.00E+00 000E+00 000000 0.000| 0.000 0000 000E+00 -2 75E+00| 2.83E+01 0.00E+00 000E+00 0.00E+00| 5.00E-03 366E+01 1 24E+01 000E+00 3 6EE+01 1 24§
5 ACC START MARK 0.00E+00 0.00E+00  0.00000 0000 0.000 3.213| 000E+00 -2.75E+00| 3.20E+01 0.00E+00 0.00E+00 0.00E+00| S.00E-03 3550E-01 -1.15E+00 373E-01 5.51E-01 -1.15§
6 ACCOD CELLT LCAY 1.04E+00 1.05E+01 000000 1300000 0.000 4472 000E+00 | -2.75E+00| 3.33E+01  0.00E+00 O00E+00 0.00E+00) 1.55E-02 7.00E+00 -317E+00 4.68E-01 ) 7.OME+00) -3.17

3 INJ1

ART MARK "

1995 ¥51 KVE WHIC 2.00E-01 0.00E+00 | 0.00000 0000 0000 2142345 000E+00) -2 13E+00) 217E+03| 0.00E+00 0.00E+00 000E+00 1.75E+01| 364E+01 -1.82E+00| 203E+01 275E+01 1 44§
1999 X351 BFM MOMI 0.00E+00 0.00E+00 | 0.00000 0000 0.000 2142545 0.00E+00) -213E+00) 217E+03| 0.00E+00 0.00E+00 0.00E+00 1.75E+01| 3.72E+01 -1.95E+00| 203E+01 2.69E+01  1.41H
21 QUAD 5.00E-01 §.43E-02 0.00000 0000 0000 2143.045 0.00E+00) -213E+00) 217E+03 | 0.00E+00 O.00E+00 0.00E+00 1.75E+01 376E+01 1.20E+00) 203E+01 267E+01 -5.591

01 SASE1 START MR 0.00E+00 0.00E+00 | 0.00000 0000 0000 2143045 000E+00) -2 13E+00) 217E+03| 0.00E+00 0.00E+00 000E+00 1.75E+01| 37EE+01  1.20E+00| 203E+01 2 67E+01 -5.594
2002 | SASET (N[N} UNDULATO | 500E+00 0.00E+00 | 0.00000 0000 0.000 2145.045 000E+00| -213E+00| 218E+03| 0.00E+00 0.00E+00 0.00E+00 1.75E+01| 2.72E+01  8.7GE-01| 203E+01  3.69E+01 -1.13§
2003 | SASE1 Bs RBEN 215E-M 0.00E+00 | 0.00000 0000 0.000 2145420 0.00E+00) -213E+00| 218E+03| 0.00E+00 0.00E+00 000E+00 1.75E+01| 2B65E+01  8.54E-01| 203E+01  3.78E+01 -1 .21H

2002 SASET1 UNDD UNDULATO 3o

2488 | DUMP2 By.1 RBEM 5.00E+00 -8.73E-02 0.00000 0000 -1.571 3059050 -1.13E+01 -3.94E+00 308E+03 -1 75E-01| 230E-02 -7FA0E17 1.75E+01 4.23E+02) -1.85E+01  2.74E+0M  2.51E+02 -2.94f
2489 DUMP2 Q5.2 QUAD 3.00E+00 -7.JBE-01  0.00000 0000 0000 3083050 -114E+01 -4 B3E+00 3.08E+03 -1 75E-01| 2.50E-02 -FAO0E-AT 1.75E+01 3.08E+03) -1 45E+03 274E+01 1.96E+01 385§
2480 DUMP2 BPh MO 0.00E+00 000E+00 000000 0000| 0.000 3063050 -1 14E+01 -4 63E+00 309E+03 -1 75E-01| 230E-02 -7 10E-17 1 7SE+01 3.08E+03) -1 45E+03 2 74E+01 1 96E+01  3.858
2491 | DUMP2Z Q3.3 QUAD 3.00E+00 7E3E-0M 0.00000 0000| 0.000 3067050 -1.15E+0M -5.33E+00 310E+03 -1 75E-01| 230E-02 -7 A0EA17 1.7SE+01 3A7E+03| 223E+03 2.74E+0M  2.38E+03 -1.260
2482 | DUMP2 BPM MONI 0.00E+00 0.00E+00 0.00000 0000| 0.000 3067050 -115E+01 -5.33E+00 310E+03 -1 75E-01| 2.30E-02 -FAOEAT 1.75E+01 3A7E+03| 223E+03 274E+01 2.38E+03 -1.25H
2483 | DUMP2 SWEEP KICK 5 00E-01 000E+00 000000 0000| 0.000 3065550 -1 16E+01 -559FE+00 310E+03 -1 75E-01| 230E-02 -F10E-17 1 7SE+01 S.7I1E+00) -1 24E+02 2 79E+01 | 7 7SE+03 -2.308

2494 | DUMP2Z DUMP DUMP 1.00E+00 0.00E+00  0.00000 0000 0.000 3077.550 -118E+01 -7.15E+00 311E+03 -1 75E-01| 2.30E-02 -F10E-17 1.7SE+01 1.29E+035 -1.43E+04 2 79E+01  1.04E+05 -5.4




European XFEL, segmentation

Bunch Compressor

Injector- o
Main Linac

Collimation
- Beam Distribution

500
1000
1500

Undulators Ve
2500

2000
3000

3500 S0
130 MeV 500 MeV 2 GeV
gun . :icco ’dogleg ’h”e:;irl&’ bcl . Iinacz. bc2 .
cathode module dipoles modules dipoles modules dipoles
cavity guad guads (1st & 3r) quads
solenoid guads
17.5 GeV
» main . colli- » »SASEl»
linac mator
modules dipoles undulator

rf, dispersion .
’ guads qguads (with quads) k



gun to undulator tracking : technical aspects

rf settings: phase and amplitude settings are very sensitive
wakes & space charge effects change longitudinal
profile significantly!
— iterative optimization

matching: real
artificial
steering

bunch: 1nC, ~50A (initial)

simulation: s2e particles (ASTRA-generator & gun simulation)
N, = 200000
try to track these particles; avoid conversions to
other distributions (if possible);



utility programs

format conversion: ASTRA / CSRtrack / sdds

some simple manipulations of longitudinal phase space:
add cavity wakes (based on point particle wakes,
asymptotic fit to ECHO calculations),
add space charge wakes (semi analytic model)

some simple manipulations of transverse phase space:
(transport matrices)
drift,
transport as defined by linear optics (design),
matching



codes

some available tracking programs
Astra, Parmela, GPT: space charge effects — Poisson solver
external fields (magnets, cavities)

Trafict, CSRtrack: space charge and CSR effects;
PEC shielding (planar chamber);
external fields (magnets)

Elegant: external fields (magnets, cavities) & wakes
simple 1d CSR model

some more:

MAFIA, ITACA, SPIEFE, TREDI, ATRAP,
HOMDYN

single particle:

AT, BETA, BMAD, COMFORT, COSY-
INFINITY, DIMAD, LEGO, LIAR,
LUCRETIA, MAD, MARYLIE, MERLIN,
ORBIT, PETROS, PLACET, PTC,
RACETRACK, SAD, SIXTRACK, SYNCH,
TEAPOT, TRACY, TRANSPORT, TURTLE,
UAL (from W. Decking)

more: CHEF, ILCv, LUCRETIA,
MATLIAR, SLEPT, ...

FEL codes
FAST
Genesis
Ginger (2d)

some more:
3d: FELEX, FELOS, RON,
FELS, FRED3D, MEDUSA, TDA3D
2d: NUTMEG
1d: FS1T, SARAH
(from S. Reiche)

parallel versions available for most codes
time consuming: CSR effects by sub-bunch method
SASE-FEL



computational effort
example: European XFEL

- CSRwack  transport  ~o\eqio
1d matrix

130 MeV 500 MeV 2 GeV 17.5 GeV

method 1 (fast) rf-field

cavity wake & s.c. field

dogleg * hl?:;? 1& bc1 linac 2 be2 :-;:::2 r:;t!:r
|

[

dipoles  modules dipoles  modules | dipoles modules | dipoles undulator
quads (13t & 31) quads quads quads (with quads)
quads
8h 20 min 30 min 30 min sec...min
(steady state)
PC (Pentium 4, 3GHz)
method 2 (reference) - CSRtack L coanT  GENESIS
sub-bunch

130 MeV 500 MeV 2 GeV 3GeV  17.5GeV

main ‘ colli-
linac | mator

oo

dipoles ules  dipoles
ads quads

& sc wake

1.5h 2h 30h 4 h 12h 3h

LINUX cluster with 20 cpus (64 bit)

undulator
(with quads)

h...w
(SASE)

o



0e

0.8

0.4

02

method 1

current & slice emittance

method 2

current / kA current / ki
[
8l 5 A
// \\ 4 // \\
/ |\ | / 1\
1
/d T /J T
=01 =005 0 nos 01 o 0.1 005 0 005 01
length / tren length / trun
nortn. ettt hor&ver fum; current®const noftn. ettt hor&wer fam, current™const
7 1 7 T T
h /;’ ﬁ & 7 - / |\
\ 0z [ l'l. X .Jl |
I f‘; ' - i i ;
| _ l AN, |
I / | q ne / \ Sy
i / \‘ | 04 } / A |
/ \ | e \‘\
-~ ~ 0 | -
: jE—— ~
I/ R Vs ~—
-0.1 005 0 0os 01 o -0.1 005 0 005 01
length A length fmm




s2u: {many codes & glue} <> s2e-code

European XFEL LCLS

Address I:g‘l Fttp fiviwv, desy. de fxFel-beamjs2efFel v, itml v | Address }@ hitps fewvn-ssrl.slac stanford eduldls/s2ef ~
LCLS Accelerator S2E Files
csrtrack
(1) opion 200t i 1.0-nC, wiath CSR 1.0-nC, no CSR. 0.2-nC, wath CSR 0.2-nC, no CSR
parid @eathode v —_——eE _— MAD Input Files: ~ use z==j>» LCLS MAD Deck use Zmr LCLS MAD Deck
@) hack Im | wta ] use zmmj- \L2-Linac MATD Decl A use 4=== use
parid. @im_atie_c. Am attergun, =2981 m e use Z- |L3-Linac MAD Deck === use | === use
wacto dogieg 1 TIRY G2 i to 1.5m 5.0 MAD Output Files:  use zm=j» |LCLS Optics/Element List use zmmm |LCLS Optics/Element List
bt @im_aner_c. | el use - |Optics Plots use - |Optics Plots
R e Elegant Input Files: Eead Ide
pETpt— | —" =722, Lattice Files: LCLS 1-nC wiCSR LCLS 10Cno CSR  LCLS 200-pC w/CSR LCLS 200-pC o CSK
@) conver () dogleg :Commad Files: B E?E—I_E ?ﬂt C(?m.mand—ﬁlﬁ _ use - ufe - LES
partic @dogieg_out SEIESTIIY  doge_outimn crson :P?._rmel.a ourput coords: USe = 200k Particles nse Pt EM
rodites + 3 rain e I TIR =) 54 wisks. coniet |3-band Z-Wakes: Long-wake (Sum-10mm) |<=== use = use < use
parti @bt in TR b ’ E Siheb ; Long-wake (lum-1mm) |<(=E use === use | === use
(1) canvedt, e, atisat “oyEat |S-band XY Wakes: Tran-wake (Sum 10mm) <2< use === use | == use
2 boosterlnse o TR =) ¢ dveskodiafi., con. [HK-band Z-Wakes Long-wake (20um-25mm) _ use - use - use
parid @o2_in_ro: NENECTIIEET ¢ = =38580m [ band XY -Wakes:  Tran-wake (50um- 10mm) |<==% use A use | == use
(15) convert, e, afisal 1 ba2 [Fesistive-Wall Wakes: Al l-n diam (Zum-10mm) 4=== use === use | e use
ofiset I TR | mead | bez_outfmtt 7¢;’:&?ﬂm | 58 1-in diam, (2urmn-10mem) _ use _ use | === use
parid accit_out ace10_out=dds The binary SDDS 200k Files below are output from ELEGANT tracking through the LCLS linac using 200k macro-particles to
(18) aco17 o saset 14.35 GeV at the LCLS undulator entrance. The point where the particles are dumped has been matched to beta®=20.15m,
— alpha¥=-1144, beta¥=14.547 m, alpha¥=0 8180, which assumes the undulator starts with an JX-focusing full-length cuadrupole
i ’ magnet. There are output tracking files for 1 nC and 0.2 nC bunch charge and both with and without a 1D CSE model (Elegant)
od then & included in the bends and nearby drifts, as lsted below.
astra elegant genesis
En &FOTT STITS Frrmatted Shicad Brneh Fila with tme_denendent Tehicel srmelone sarsmeters (s 0 cnrrent enarms enreard
0,220,406 pm (E)=13.640 GeV. N =0.628%10™
- i 03f N &
15 | o2t
ITid] © E[MeV] | - . . | Longitudinal phase space in FEL at 13.6 GeV | A N =
5 17510] | with 1-nC (top) and 0.2-nC (bottom). Plots show the
4 : longitudinal distribution (left), and phase space.
a3 17| Bunch head at = < 0.
o 17500/
1 17495} ! { 67979 (E)=13641 Gev N iy 12500"°
B R RV T R 0 O T "“ | o2
£ ol
z[pm] z[um] <10 { —. d - J
Figure 1: Current profile and longitudinal phase space at I [ o
r | 02
the undulator entrance (1nC at 17.5GeV) | e | &
0.0, 0 00 004 0.0, 0 o 004




FEL & SASE: usual approximations

particle motion and wave-particle interaction
are averaged over one or more wiggler wavelength

8_7/:_ e <E-v>
0z mc?\ v

resonant approximation

k, =27/2,
E = Re{El(r,t)exp (i k (z —t/c))}+ E.e,
slowly
in
zand t

paraxial approximation

(9 19 )= : ~
(Vi + 2|k(a—z+ EaijJ‘ - —|ﬂ0a)JJ_

SASE: macro particles with controlled shot noise



SASE simulation

SERL 4 <
-

length along undulator = 135 m S.Reiche PhD thesis along bunch

step along undulator: 44, particles per slice ~ 10000
step along bunch: 644, number of slices ~ 10000
90 min / seed 150 seeds — ~ 10 days
LINUX cluster with 20 cpus (64 bit)



undulator-to-end simulation

Igor Zagorodnov

bunch shape and
different contributions
to long. wake in undulator

10 W, _

An
) Mg wake + taper
P

geometric

resistive

wake
Lt
-10¢ -' ‘ _
head | | ~" | o
-50 0 50 S/pm 0 0 50 s/um 100

- %@@j

the energy loss along the undulator
can be compensated by tapering

B



a tolerance study

Igor Zagorodnov (impact of undulator gap)
1 steady state
( e ’
80+ GW

SASE
150 seeds

087

60 -
0.6

steady state
04! 100 seeds / point

0.2+ Q/

40 ¢

b+
 mee

# e AR e W

A

I TRTE

one slice between periodic boundaries JP‘_ -r § .
0 ' ' ' ol=="""__ ’
0 5 10 15 Og,/HM 0 5 10 15 Oy /UM
SASE model ~ 10000 slices
steady state model: one slice between periodic boundaries
example: European XFEL, 1nC, 0.1nm
steady state 30 sec / seed 100 seeds/—~ 1h all points — ~ 1 day

SASE 90 min / seed 150 seeds — ~ 10 days
PC (Pentium 4, 3GHz), LINUX cluster with 20 cpus (64 bit)



summary

complicated beam dynamics even before undulator
emittance compensation in gun, longitudinal compression,
sensitive longitudinal dynamic, importance of wakes, SC & CSR effects,
unwanted p-bunching before undulator
fast approaches for particular effects
e.g. parameter sensitivity, u-bunch instability, steady state
gun to undulator tracking
input from other investigations (wakes)
few CSR codes, fewer available, non with all possibilities (e.g. resistive wakes)
parallel SC & CSR programs
use of different methods and codes (SC, CSR)
interfaces: change of format / phase space description
careful control of parameters (real settings / computational)
“glued” multi method computations have been done
(but need experience and careful inspection of intermediate results)
SASE-FEL
input from other investigations (surface properties, wakes)
efficient “steady state” computations, SASE is time consuming (needs parallel c.)
SASE-FEL codes need experience (many parameters)



