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what are the physical challenges?

K o<1

A, o< cm

2
A = /1”2 (1+K—j
2y 2

A, =10 nm — E o GeV
FLASH 13nm@690MeV

A, =0.1nm — E < 10GeV

LCLS 0.15nm@14GeV
Europ. XFEL 0.1@17GeV

L, >L, «10L, <100 m
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(1d FEL theory)  current density
[~1---10kA

O, < L4

FLASH ~ 30m
LCLS ~ 120m
Europ. XFEL ~ 200m

FLASH ~ 100pm
LCLS, E-XFEL ~ 30pum

overlap of photon & electron beam

emittance £o< 4,

normalized emittance €, =1 um

energy spread <> bandwidth AE/E e A, /L, 107 %f&



accelerator and SASE FEL

Bunch Compressor

Main Linac

Collimation

2000 —==< — 100
2500 T . -0
beam preparation cHls S 50
gun FEL & SASE
injector
BC system
linac

source: jitter & fluctuations
driven fields: field errors, alignment
self fields: space charge, CSR, wakes

parameter sensitivity, y-bunch (in)stability, undulator orbit k



gun & injector

~10 ... 100 A; ~ 100 MeV
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waveguide
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bunch compression system

—1...10kA; - ~ 20 GeV
1.3 GHz rf

(linearization)

bunch compression chicanes
diagnostic sections

external fields (field stability)

space charge effects

coherent synchrotron radiation

wakes {dispersion free solvers, general indirect wake integrators}




radiation effects

long transients:

CSR effects

overtaking
Shintake's radiation so
field in center of bunch
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... CSR effects

shape variation top view (horizontal plane), color = energy

without self-interaction

compression
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u-bunch “instability”

Current Gain=10 10%
‘ 1% —
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):

14 ko
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Zoooeik m( 4 j “SC-instability”

(free space, ko /y <<1)

“CSR-instability”



gain curves of y-bunch “instability”

overall gain for different uncorrelated

contributions of the sub-sections of the linac
for an uncorrelated energy spread of 10 keV energy spreads
1ot
or rmse‘mrdpw MK

4
110 -
B e
[ I P /
A\ V) AV A\ T
LHIS, ChtancT
K K
.
I
I

110
gain i
after J[f 0
| /

—

1107
gain
after -, collimator —
ll. N
. collimator / \ o0 r. O
i BC iﬁaﬁc EE ;‘ Iff ma \
I~4
10
10 ; / .!./ r'l \% 10 JI/ ," \'i
{ [ \ ’I | : |
[ N H AN
I L | 1/ WY
]D.Ell 01 1 10 ]n_m ni 1 10
wavelength before bc1 / mm —» wavelength before bc1 / mm —»
e %i“i 50 cm 4“; % ZSCIH:?]X
,||]||||||||||||||||||||||||||||||||||||||||||||||||||__
e o

‘laser heater’ System (LCLS layout)  — W™ | o ~7.1° T <
- {
112.6 cm |
i= ~153 cm =i



non linear effects in long. phase space

‘controlled’ or linearized compression

‘rollover’ compression

(LCLS, European XFEL)

(FLASH)
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numerical noise & p-bunch “instability”

example: rollover compression in FLASH

longitudinal phase space

d
before 2nd BC current after 2nd BC
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red: SC calculation with good spatial resolution
shot noise; wavelength ~ grid resolution
— current with p-structure

blue: reduced resolution in tail m



gun to undulator trackin

Address iEj hktp: S, desy, def«fel-beam/ b

European XFEL Beam Dynamics Group Home Page

MAD file List Of Components

Injector

Bunch Compressor ’ . .
Collimation Section

S, Beam Distribution
Main Linac

AN,

Ml
ﬂTYPE ﬂLENGTH STRENGTH  E1LAG E2FREQ TILT 5 I THETA EMERGY |BETH ALFH MUK BETY ALFY
1 [m] [T -mMd ] [rac] [radMHz] [rad] [m] [m] [m] [m] [racl] [rad] [rad] [Gev] [m] [rad] [2P1] [m] [rad]

1 |SECTION v |NAME
2

&Rk 0.00E+00 0.00E+00 0.00000 0.000 0000 0000 0.00E+00| -2.75E+00 2.858E+01 0.00E+00 0.00E+00 000E+00 S00E-03 366E+01  1.24E+01 0.00E+00 3GEE+01| 1.24
4 1 MARK 0.00E+00 0.00E+00 | 0.00000 0.000 0000 0000 000E+00 -2 75E+00 2 83E+01 000E+00 0.00E+00 000E+00 500E-03 366E+01 1 .24E+01 000E+00 3 66E+01 ) 1 24
5 ACC START MARK 0.00E+00 0.00E+00 0.00000 0.000 0,000 3213 0.00E+00 -2.75E+00 3.20E+01 OOO0E+00 0.00E+00 000E+00 5S00E-03 5.50E-01 -1.15E+00 3.73E-01 S.51E-01) -1.19
B |ACCO0 CELLT LCay 1.04E+00 1.05E+01 | 0.00000 1300.000 0000 4472 000E+00 -2.75E+00 3.33E+01 OO0E+00 0.00E+00 000E+00 1 55E-02 7.OOE+00 -317E+00) 4.68E-01 7.O0ME+00) -3.17

3 [INJ1 START MARK S0

1993 | ©51 KYE WHIC 200E-01 0.00E+00 0.00000 0000) 0000 2142345 000E+00) -2 13E+00 2 17E+03| 0.00E+00| 000E+00 0.00E+00 1 7SE+01  3.64E+01) -1 92F+00 2.03E+01 275E+01 1 448
1999 | X351 BPR [ 0.00E+00 0.00E+00 0.00000 0.000| 0.000 2142.545 0.00E+00| -213E+00 217E+03| 0.00E+00| 0.00E+00 0.00E+00 1.7SE+0M  3.72E+01 | -1.95E+00 2.03E+01 2B9E+01 1.47H
21 QAL 5.00E-01 §.43E-02) 0.00000 0.000| 0000 2143045 0.00E+00| -213E+00 2A7E+03 0.00E+00 0.00E+00 0.00E+00 1.75E+01 3.76E+01| 1.20E+00 2.03E+01 267E+01  -3.591

01 SASET START MARK 0.00E+00 0.00E+00 0.00000 0000| 0000 2143.045 000E+00) -2 13E+00 2 17E+03| 0.00E+00) 0.00E+00 000E+00 1 7SE+01 376E+01) 1.20E+00 2.03E+01 267E+01 -3 50
2002 | SASET [N} UMDULATO | 5.00E+00 0.00E+00 0.00000 0.000| 0.000 2148.045 000E+00| -213E+00 218E+03| 0.00E+00| 0.00E+00 0.00E+00 1.7SE+0M 2.72E+01| B.78E-0M 2.03E+01 369E+01 -1.18H
2003 | SASET B3 REEN 2.15E-01 0.00E+00 | 0.00000 0.000| 0000 2143420 0.00E+00) -213E+00 218E+03 0.00E+00 0.00E+00 0.00E+00 1.75E+0M 2.65E+01| 8.54E-01 2.03E+01 378E+01 -1.21H

2002 SASET UNDD UNDULATO T

2458 DUMP2 Bva RBEM 5.00E+00 -8.73E-02 0.00000 0.000 -1.571 3059.050 -1.13E+01| -3 84E+00 3.09E+03 | -1.75E-01  2.30E-02 -7AOE-17 1.75E+01| 4.23E+02 -1.55E+01| 2.74E+01 2.51E+02  -2.941
2439 DUMP2 QG2 [elNF) 3.00E+00 -7 76E-01 | 0.00000 0.000 0000 3063050 -1.14E+01| -4 B3E+00 3.09E+03| -1 7SE-01 2 30E-02 -7 A0E-17 | 1.75E+01 | 3.09E+03 -1 45E+03| 274E+01 1 96E+01 3951
2430 DUMP2 BPM MO 0.00E+00 0.00E+00 | 0.00000 0.000 0000 3063.050 -1.14E+01| -4 53E+00 3.09E+03| -1.75E-01  230E-02 -7AOE-17 | 1.75E+01| 3.09E+03 -1.45E+03| 2.74E+01 1.96E+01  3.95
2431 DUMPZ QE3 QUAD 3.00E+00 7.63E-01 0.00000 0.000 0000 3067.050 -1.15E+01| -5 33E+00 3.0E+03| -1.75E-01  2.30E-02 -7A0E-17 | 1.75E+01| 3A7E+03  2.23E+03| 2.74E+01 2.39E+03 -1.261
2492 DUMP2 BPM Lol 0.00E+00 0.00E+00 | 0.00000 0.000 0000 30687.050 -1.15E+01| -5 33E+00 310E+03| -1 75E-01 2 30E-02 -7 AOE-17 1.75E+01 | 31FE+03  2.23F+03| 274E+01 239E+03 -1 28l
2493 DUMP2 SWEEP KICK 5.00E-01 0.00E+00 | 0.00000 0.000 0000 3065550 -1.16E+01| -559E+00 3.10E+03| -1.7SE-01 2.30E-02 -7AQE-17 1.75E+01| 9.71E+00 -1.24E+02| 2.79E+01 7.75E+03 -2.301

2494 DUMP2 DLIMP DLIMP 1 ODE+00 0.00E+00  0.00000 0.000 0000 3077.550 -1.18E+01 | -7 15E+00 3.11E+03| -1.75E-01 2 30E-02 -710E-17 1.7SE+01| 1.29E+05 -1.43E+04 2.79E+01 1 04E+05 B4




European XFEL, segmentation

Bunch Compressor
Injector-

0
500
1000

Main Linac

Collimation

Beam Distribution

1500 ssa Undulators @ .
2500 e -50
3000 ~ 0
3500 50
130 MeV 500 MeV 2 GeV
accO heater & :
gun ’ + ’ dogleg ’ linac 1 ’ bc1 ’ linac 2 ’ bc2
cathode module dipoles modules dipoles modules dipoles
cavity quad quads (1st & 3rd) quads
solenoid quads
17.5 GeV
. main » colli- » » SASE1 .
linac mator
o dispersion modules dipoles undulator
» ISP quads quads (with quads)



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)

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

method 1 (fast) - CSRtrack  transport — ~o\ oo
1d matrix

130 MeV 500 MeV 2 GeV 17.5 GeV

dogleg H hfater & H be H linac 2 be2 H i1l H selll H H SASE1 h
inac 1 linac mator
dipoles modules dipoles modules dipoles modules dipoles undulator
quads (18t & 3rd) quads quads quads (with quads)
quads
8h 20 min 30 min 30 min sec...min
(steady state)

PC (32 bit)
method 2 (reference) - Sﬁﬁfﬁ; cecant R

130 MeV 500 MeV 2 GeV 3GeVY  17.5GeV
bc2 ok H colli- H SASE1 P
inac mator
dipoles dipoles dipoles odules dipoles undulator
quads ads quads (with quads)
& sc wake
1.5h 2h 30 h 4 h 12h 3h h..w
(SASE)

LINUX cluster with 20 cpus (64 bit)



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

European XFEL

Address |1§| httpf e, desy, dejxfel-beamis2el«fel_v4. html

LCLS

(1) option 5200t in
pania @astods —
i TR
e A attarg =
partid @1m_stter_c Am aftergun, = 2881 m
hsoc soaeo B T g ) ko 1257 2

g (v for quad setting in
partia @1m_afer . )

(5) 3dd wake, convert

partid. @iogier v pt T T g ouiso_inimtd =l
@) convert @) degeg
5210
patid @ogleg_out STEE N dogleg_outfmtl (C?:Rmde “"';
modutes » 3% harr O TR ) o4 mks. conver
(1) convert. eodr, oftsat 1o kot
oftset B pand@ec_outne: LI bet_suttmit (E;;:fjd:i‘l}
2yboosterinae o o DR O =) 244 veake s . aon
partid @z_in_roc ST bez_infmtt s
(15) converl. extr, offsel (1) ba2
oftset partid @b 2_sutnoc L TN be2_suttmtt g:s\i::f fﬂ':‘u
) 25613 ... aca” 17) add wakeSofiz, See,
partid @accl®_out_nec partid @accit_out
’
and then sas: _..-
astra elegant genesis
[ '
IkA] E[MeV]
N 17510}
4
17505
3|
175001
2
1 17495}
il 17490 . - .
-0 50 0 50 100 50 [ 50 100
z[m) z[pm]

Figure 1: Current profile and longitudinal phase space at
the undulator entrance (1nC at 17.5GeV)

Address |§| httpf iwvae-ssrl slac, stanford .eduflcls/sZe] b
.
LCLS Accelerator S2E Files
1.0-nC, with CSR. 1.0-nC, no CSR .2-nC, with CSR 2-nC, no CSR
MAD Input Files: | use == LCLS MAD Deck use zmp> LCLS MAD Deck
use z==p LZ-Linac MAD Deck <= use {==use
use == L3 Lina MAD Deck | 4= use 4= use
MAD Output Files: |use =m=p- LCLS Optics/Element List | use = LCLS Optcs/Element List
use ) Optics Plots use ) Cptics Plots
FElegant Input Files: Eead Me

Lattice Files LCLE 1-nC wiCER LCLS 1-nC no CER LCLE 200-pC w/C3R LCLS 200-pC no CER
Commad Files Elegant Cornmand-file === use === use === use
Parmela cutput coords: | Use TR 200k Particles use zm—)> 200k Particles
S-band Z-Wakes Long-walke (Sum-10mm) | I use === use === use
Long-walke { Tum-1trm) === use === use === use
S-band HY-Wakes:  Tran-wake (Sum-10mm) | <2 use === use === use
Tran-wake (lum- lmm === use === use === use
H-band Z-Wakes: Long-wale (20um-25mm) 2K use === use === use
H-band XY -Walces: | Tran-walce (50um-10mm) |<===< use <I=== use == use
Resistive-Wall Wakes: |Al 1-in diam. (Jum-10mm) | 4= use EE use 4mmE use
S5 1-in diam. (2um-10mm) | <= use 4m== use === use

The binary SDDS 200k Files below are cutput from ELEGANT tracking through the LCLS linac using 200k macro-particles to
14.35 GeV at the LCLS undulator entrance. The point where the particles are dumped has been matched to beta?=20.15 m,
alphall=-1.144, beta¥=14.947 m, alpha¥=0.8180, which assumes the undulator starts with an J-focusing full-length quadnipole
magnet. There are output tracking files for 1 nC and 0.2 nC bunch charge and both with and without a 1D C5R model (Elegant)

included in the bends and nearby drifts, as listed below

b & T ST _Farmatted Shicad Runch Hila unth tme_denendent "elice" anuelane narametere fe n eirrent enerms enread

Longitudinal phase space in FEL at 13.6 GeV

with 1-nC (top) and 0.2-nC (bottom). Plots show the
longitudinal distribution (left), and phase space.
Bunch head at z < 0.
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T/kA
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(E)=13.640 GeV, N =0.625x10""

03 1

02ld \

01f

-02 ’ﬁé
&

0
-004 -002 0

z /mm

6.=7.979 im

—004 -002 0
z /mm

(E)=13 641 GV, N':o,lzsxlo“’
03

w

—

02
0.1
g M

<-01

EIE) %

-02

-03

0
—0.02

0 0.02
z/mm

0.04

—0.02 0 002 004
=z /mm




FEL & SASE: usual approximations

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

8_7/:_ e <EV>
dz me* v

resonant approximation

k,=2r/4,
E = Re{E, (r.t)exp (i k,(z—t/c))}+ E.e.
slowly
in
zand ¢

paraxial approximation

(Vi + 2ik(i+ li)jﬁl = —iy,0F

z ¢ dt

SASE: macro particles with controlled shot noise



SASE simulation

1 s
SR —

oIl g - / /// /b yo‘q/sét‘ura‘tioﬁg
4 S| ] | i
2| é / saturation
oo B0 0 50 zum s )
example: European XFEL, 1nC, 0.1nm il b 1

length along undulator = 135 m

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
3|

An
}  Mag wake + taper
Py

-50 0 50 s/pm

A, :Zﬂ@£1+ 5

the energy loss along the undulator
can be compensated by tapering



a tolerance study

Igor Zagorodnov (impact of undulator gap)
1 steady state
< Pmax ' *
80+ GW R
0.8 SASE g
150 seeds t et ': ) +
60| ' ! : o . .
06 i 1 ! : * ; : * : . H
SRR !
40 I
B ' : - . : ]
0.4} . “iiii;% :
SR RS
0.2} { 20; 3"??;
one slice between periodic boundaries ; :
0 ' : : O 1 3
0 5 10 15 O, /Hm 0 5 10 15 O, /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 (32 bit), 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
change of phase space description
use of different methods and codes (SC, CSR)
careful control of computational parameters
“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)
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