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Overview

) FLASH Simulations

I layout and desired beam parameters
1 machine parameters
1 simulation methods and results
1 low energy spread for FLASH 2
1 comparison with Elegant
1 The European XFEL Simulations
I layout and machine parameters
1 nominal scenarios
] strong compression
1 new results and comparison with Elegant
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Layout and Desired Beam Parameters

Electron beam properties for good lasing

v small emittance

1+0(c;”))
\ T~ small energy spread

high peak current

High peak current ~ 2500 A.
Small slice emittance £(0.3-1 pm).
Small slice energy spread o (< 300 keV).

BCZ2 BC3 Collimator

=D A, = Y. W [e—— ' ' , SA5E Undulators
I I I W

ACC1 ACC39 ACT2E ACC4/5/6/7

High harmonic module installed in 2010
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Layout and Desired Beam Parameters

Rollover Compression vs. Linearized (FLASH)
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Machine Parameters

Technical constrains

14<1 <19z 53<2<16¢

BC2 BC3 Collimator
____ : : ) SASE Undulators
Acc1ACEH ACC3 ACCA/5/6/7 S
V; <150 MV V, <360 MV
V39 <26 MV

How to provide (1) a well conditioned electron beam and
(2) what are the properties of the radiation?

(1) Self consistent beam dynamics simulations.
(2) FEL simulations.
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Machine Parameters

Optics correction

[mxrag] Projected emittance
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BCs (Q=1nC, optics V2).
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Machine Parameters
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Machine Parameters

5 [ Optics correction

50

20 40 60

a small transverse bunch size
before the last dipole
M.Dohlus, T. Limberg, Impact of optics on CSR-related emittance growth in bunch

compressor chicanes, PAC 05, 2005
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Machine Parameters

Working points (8 macroparameters)

BC2

:D A = Y WY fr——— ' ' , SASE Undulators
% I I [Tiisigiiiniy
ACC1ACC39 ACC2/3

E, =7
n="7°
C]_:?

C'=?,C"=7

/

BC3 Collimator

ACCA4/5/6/7

E, =7
[, = What is the optimal choice?
c=?

Zagorodnov I., Dohlus M., A Semi-Analytical Modelling
of Multistage Bunch Compression with Collective
Effects, Phys. Rev. ST Accel. Beams, 2011.
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Machine Parameters

How to convert to the machine parameters?

Gun BC, BC, BC,
N =/ \ I .. 7\,
L] L]
Ml.l Ml.n M: MN
Initial longitudinal phase-space: So(s) = 8(0)s + 63’50} 52+ ag;m) 53
Energy gain in linac section: AE,; = eV, coslks + ¢y 1),

AE;, = eV, cos(nks + @1,),
AE; = eV, coslks;—; + ¢;), i>1

Long. phase-space after acceleration: 5 — (1+ 8)E) + AE,, + AE,, !
1 EY R
1
+ 6,_EY_, + AE;
,31:“ : 'f;-l L =V,
Path length effects of the chicanes: §; = Si—1 — (rsgi8; + 15602 + Us6;07), | R N

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 14, 014403 (2011)

Semianalytical modeling of multistage bunch compression with collective effects

lgor Zagorodnov® and Mantin Dohlus
Devisehes Elektronen-Synchrotmm (DESY), Nofesirasee 85, 22608 Hanburg. Germany
(Received 6 July 2010; published 13 Junuary 2011)
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Machine Parameters

How to convert to the machine parameters?

Gun BC, BC, BC,
M, M, M, .. M,
Linac Setup:
« Problem to be solved: 5(X) =0, i=23...N,
What RF setings and initial phase-space  si(XY.a)=2z. i=12. N
distribution is required to achive the WX Yo e a0) =2y, X Y.a) = 2§
requested bunch shape? X = (Xg., X, Y= (Vg ., V)T

- Example solution for a two stage compression setup:

e IR -, o " f.._ o
XQZEE_EP G"lz_l ZI. YQZ—Q'IE1 = 52E2. BEZZ‘E 22. 0"2:}_—1. :\']:—Zz_ .
561 kZ, Fsg2 L, 12
B =8 — 225, — 2isp(8h)2, ¥ = —KZX, — kYoTy, X = s af, X=X - rﬁﬁ_?—&-‘_'z.
2 2
2ss Rl | r(Yg)_."| X _I%-EI‘L_. gy = %JI'_. j’"ll — E‘é’j—:j’ .%2 :E] = EE‘;“'%Q - 6“5152[5“2)3 e 6"5(}23_’253’
Ei7; + ¥ - i 5
el TRE '; R 5, =RZY, 32X, —kNE, § = —busga) — 6lsga
Zy = —rse1ay — 2Usg a7,
As a result we obtain the required phase-space
after the injector a and the RF setup X, Y. a=(a,aa3)" ;=23
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Machine Parameters

How to convert to the machine parameters?

Injector Setup:

-+ Problem to be solved: S I 3
. . L. AL L AL T, =Y
What RF settings in the injector 81 (Xo1, Yor X Yin) =
generate the required S, P, Xy, B =
phase-space distribution before the SU(X, 1 Yip Xy Y1) = e
first chicane?

* Problem can be formulates as: (! ¢ 1 0 )%\ iitial phase-phase space
L1

—k2 0 —(nk? 0 Xin
0 K 0 (nky J\ Y,
E, —Ey
E\a, — Enﬁa
E}Ll‘g =g Eﬂ.ﬁf{
Ejas — E{)S:j”

v

o |

SH

with the solution: o/ oo = s + 4 AB
_ Fy+ Fy(kn)? Vo Fy, + Fy(kn)? B T T e .
TR - M Bz —1) o ) P
F3 + Fik? Fy + Fak? Fy=E, — E, Fi=Ea;_ _EOFI
PR i L R i .20 .
; B(n?—1) k Palr® —1) i=234
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Machine Parameters

Working points (8 macroparameters)

V, <150 MV
_ . , i
E, =093 Ej+e 1—[—) maxV; |= 130MeV
s
V, <360 MV

/ 5% reserve

E, = 0.99 E; +emaxV/,| = 450 MeV

E, =130 MeV
E, = 450 MeV/
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Machine Parameters

Working points (8 macroparameters)

14< 1 <10
m

1 low compression in BC1 and high compression in BC2
1 maximal energy chirp transported through BC1 for the

same C;

 =1.93m

lo=52A  |; =2500A

E, =130 MeV
E, = 450 MeV/
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Machine Parameters

Working points (8 macroparameters)

V,, = 360MV

> G

E, =130 MeV
E, = 450 MeV/
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Machine Parameters

Working points (8 macroparameters)

_ E,-E _ fopn = (C-Drge,
¢2_aco{ma<(\/2)[(D.95j~ 22 (G -DEE; o)

V. .
=K —2 r=x.Sin r, = =6m
r
=2 10 1
m | V39—26MV
9 ,,,,,,,,,,,,,,,,,,,,,,,,,,,, ‘ ,,,,,,,,,,,,,,,

3N

worklng point
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V,; =360MV

> G

E, =130 MeV
E, = 450 MeV|
=1.93m
[L,=6m
C, =284
C =48
o.C =2
92C7t=7




Machine Parameters

Working points (8 macroparameters)

C'=0:C"=0 C™s)

NN

C'=0;C"<0

o T00 strong compression!

C )
0.3j

0.2}

0.1

-0.02 -0.01
-0.02¢

—-0.04}

—-0.06"

0.01 0.02 -0.02 -0.01

gm

/o\m 702
~0.1 \ \ gm

Local maximum of
compression!
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Machine Parameters

Choosing of machine parameters

1
0.04
0.03}
0.02}
0.01}
7 0 / 5
s[mm]

very strong compression
at the bunch head (spike)
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Machine Parameters

Working points (8 macroparameters)

E, =130 MeV

95000

working point

5000

E, = 450 MeV
rn=1.93m
L,=6m

C, =284

C=48

o.Cc =2

10000 02C~1=2000 m*

po[m™]
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Machine Parameters

k] Working points (8 macroparameters)

3000

2500
2000
1500
1000

500

0

100 50 0 50 100

, s[um]
Z' = (C_l) - a free parameter to move the peak

E, =130 MeV

E, = 450 MeV
rn=1.93m
L,=6m
C,=2.84

C=48
o.Ct=1m?
02C~1=2000 m*
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Machine Parameters

RF tolerance

AY,
Lo °
11
1,
O,
-1r
2
Vag —only the phase chang V. — gradient gives the worst direction |
v,, —only the voltage changt ~
. ” ‘Avl,l _ OEE,
V,, =V, e™ =X, +iY,. 0
11 1 £ 11 1, V1,1 kV1?1CC1 \/ A22 4 522

|. Zagorodnov, M. Dohlus, DESY 10-102, 2010
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Machine Parameters

RF tolerance in ACC1 (10% change of C)

|AV11| R
V. o optimal compression in BC2
11 0.0008 ‘ ‘
0.0006 (:—L _ 1 3
0.0004 Zl
0.0002
0
1

Optimum from the approximate solution

-1
Cl = _r56(2)E1 - r56(1)E zC
1
kr56(1)r56(2)(E 2 E])
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Machine Parameters

Tolerances (10 % change of compression)

RF tolerances at ACC1 RF tolerances at the third harmonic module

0.003 ‘ ; v 0.005— — ‘
! ] \ !
| ) | (] \ AV
0.0025 b 7 S AR Y oooald L2 |
| 1} | . Ly - - - — L -y - - - - - - — - - — - — — — —
| oV | | , W Vi |
0.002F---------+r------ ,’——‘F by [ ! ! | |
; /’, ;Vlvl ; 0_003,,,,,,,,,,‘L,,,,‘g\,,,,: —————————— i -
0.0015777”""*:“’7’{*””:“””””:L ********** | | |
,,,,,,, '”:’ A¢1,1‘3 i 0.002
0.001;;;;‘*% { ! ‘
0.0005J[A\7;.,1L/LL ————— 0.001
0"\/111 3 3 3 0 . I I 1
0 5000 10000 15000 20000 0 5000 10000 15000 20000
0 -2 n0 -2
Z2°[m™] Z, [m~]
2~-1 _ -2
92C~1=2000 m
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Machine Parameters

Charge | Energy | Energy | Deflecting Deflecting | Compression Total First Second
Q, in BC2 | in BC3 | radius in BC2| radius in BC3 in BC2 compressior| derivative| derivative
nC E,, E,, L, r,, C, C Z,, Z,,
[MeV] | [MeV] [m] [m] [m] [m?]
1 6 2.84 48 1 2e3
0.5 6.93 4.63 90 1 3.5e3
130 450 1.93
0.25 7.8 6.57 150 0.7 4e3
0.1 9.3 10.3 240 0 4e3
0.02 15.17 31.8 1000 -0.5 5e3
C, : scaling for different charges
" 1 I
KX ey = ML mexh Q) maxl, IGQ) _
o, \0, T0
AT Iy 5’Q €@ 3
(trajectory equation in FODO cell)
we have used a more aggressive scaling max] 0 Q)] Cl(Q) ~ const

¥
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Machine Parameters

8 macroparameters
define 6 equations

( 0
E2(0)=Ez, E1(0)=Eyp a—ssl 0)=2,,

0 aZS ' 635 "
%2 )=z, —2(0)=2,, —2(0=2,
| 0S 0s 0s
Eio
Analytical solution without self-fields* Vi1 Eoo
Aoxo)=fo X9 =Ag (fo) P i
"\ nonlinear operator X = Vi3 fo = Z,
(defined analytically) 0 @1 3
) Z !
V2 2"
(7 22
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Simulation Methods and Results

—n 1 : : : :
Xo=Ag (o) Analytical solution without self-fields

Solution with self-fields

A(x) =f nonlinear operator
O (tracking with self-fields)
l’ numerical tracking
XzAal(Ao(X)‘*fo_AQ()) ,/
s =A K- L residual in
1 Bln1 =fo=Fn-1 macroscopic
On = Ona +AF parameters
— a1 -
Xn =Ag (A oXp-1) T o~A K n—])) =) | %= Ao vl\(gn)

analytical correction

of RF parameters
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Simulation Methods and Results

3d simulation method (self-consistent)

BC2 BC3 Collimator

S ' ' , SASE Undulators
= E] % : U | [T s iiiiid]
ACC1ACC39 ACC2/3 ACC4/5/6/7

=edp  ASTRA ( tracking with space charge, DESY, K. Fl6tmann)

CSRtrack (tracking through dipoles, DESY, M. Dohlus, T. Limberg)
—] ALICE (3D FEL code, DESY, |. Zagorodnov, M. Dohlus)

W1 -TESLA cryomodule wake (TESLA Report 2003-19, DESY, 2003)

W3 - ACC39 wake (TESLA Report 2004-01, DESY, 2004)

TM - transverse matching to the design optics
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Simulation Methods and Results

1d analytical solution without collective effects
(8 macroparameters -> 6 RF settings)

1d tracking with space charge and wakes

=y accelerator E(s)=E(s)+Vcodks +4)
$=%

=== compressor E(s)=E(s)
S_L(%) =%t (r565 +Hggd” +Usgel) )

~ seconds
(1 cpu)

quasi 3d tracking with all collective effects

el accelerator  E(s)=Eys)+Vcodks +¢)
_ S =%
~30 min matrix transport for x & y

(1cpu) | == CSRirack

3d tracking with all collective effects

~10 h { mel- AStra
(46 cpu-s) | ====Pp CSRtrack

Xg =Ag (fo) initial guess

l

Al(Xl) :f 0 ~ 5 iterations

l

Xo = X1

~ 5 jterations
Ay(Xo) =g
A(Xy) - f
f :fo final result
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Simulation Methods and Results

8 macroparameters
define 6 equations

A(X) =T

\ 4

RF settings in accelerating modules

Analytical solution without self-fields
+ iterative procedure with them

Charge, Vi b1 Vis b1 3 V, b,

nC [MV] [deg] [MV] [deg] [MV] [deg]

1 144 -4.66 22.6 145 350 23.4
0.5 143.7 4.042 19.65 158.4 351 23.65
0.25 143.36 2.493 20.81 153.9 35216 23.96
0.1 144.8 -6.31 25.6 137.5 356.b 25.62
0.02 144.9 -3.894 25.58 141.65 339/8 19.384

N\ / 7~
N A "
4 » BCZ ,BCS L Lo Collimator
S e N L 1/
2cc1 ACC39 LCCZE ACCA /56
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Simulation Methods and Results

E[MeV] Phase space Current, emittance, energy spread
1008

1006 &
1004+
1002+
1000+
908
906

400 30 0 = o 200 -50 0 50 100

proj —
bunch head EX 3 [um]

e’ =1.4um]
y L]
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Simulation Methods and Results

1008

1006
1004/,
1002
1000|
Q98|
Q96|
994 |

0Q0=0.25n

2.5

bunch head

C

Current, emittance, energy spread

gP =1.14 um]
el =0.74 um]
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Simulation Methods and Results

Q=0.02 nC

E[MeV] Phase space _
1008 — ! ! - Current, emittance, energy spread
1006 | -
1004+ N
1002/¥ i I\
1000/

998/ -

996} _

094}

10 5 0 5 10
S[pm] P =0.48 [um] S[um]
bunch head E;’roj =0.25 [um]
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Simulation Methods and Results

1.6Ax 31.8 51A%x31.4=1600A
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____ : : ’ SASE Undulators
A C1AE'C39 GO
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Simulation Methods and Results

BC2 BC3 Collimator  I'sg =0 [M], t556=0.06
: = [m]SASE Undulators
% W AN

ACC1ACC39 ACC2/3 ACC4/5/6 N
gxproj = 0,29 Il’tm] proj O 5[}L ]
! £ =0U. m i —
£ =0.23 uml "‘m oo X =0.5[um]
1008 : : 1008 & = - 4 m] 5fo01 =0.25[um]
- E[MeV] E[MeV] | 1008
1006 5 | 008 ! : : 1 .
1004] ~ 1004} —
1oaz R 1002|¥
PPN JE8 e e 1000l : w000l
998/ R 9981
996 998 9961
TR [T B 004t QO i wmncnns S S
994 _ _ .
‘ ‘ ' ‘ ' ' : : ‘ o S[um
-10 5 0 5 10 s[um] -10 -5 0 5 10 [M ]

15

0.5

0
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Simulation Methods and Results

Tolerances (analytically) without self fields (10 % change of compression)

Q,nC 1 0.5 0.25 0.1 0.02
ACC1 AVI/V | 0.001 | 0.004| 0.0012 0.0003 0.00004
Ad, 0.065 | 0.025 0.013 0.007 0.0014
degree
ACC39 | AV|/V | 0.008 0.01 0.0026] 0.0008 0.0001B
|Ad|, 0.13 0.061 0.033 0.02 0.004
degree
ACC2/3 | AV|/V | 0.0042 | 0.0033( 0.0026 0.0024 0.001¢
|AD|, 0.15 0.15 0.15 0.17 0.17
degree

Tolerances (from tracking) with self fields agree with this table
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Simulation Methods and Results

with harmonic module withoutf
Bunch charge, nC 1 0.5 0.25 0.1 0.02 0.5-1
Wavelength, nm 6.5 6
Beam energy, MeV 1000 1000
Peak current, kA 2.5 2.1 1-1.5 | 1.3-2.2
Slice emmitance,mm-mrad 1-1.3 | 0.7-0.9 0.5-0.74 0.4-0.5 0.3-0.41.5-3.5
Slice energy spread, MeV 0.1-0.2| 0.1-0.2 0.25 0.2-0.4 0.25 0.3
Saturation length, m 13 12 11 10 11 22-32
Energy in the rad. pulsg,) 113%%' 700 500 200 30 | 50-15(
Radiation pulse duration FWHM, fs 70 30 17 7 2 15-50
Averaged peak power, GW S5-7 2-4
Spectrum width, % 0.4-0.6 0.8-1 0.4-0.9
Coherence time, fs 4-5 - - -
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Low Energy Spread for FLASH 2
FLASH 2 ( from 2013)

sl Ll J_“‘
.y : :
- . -
>y " ;
> % k e
i e, o, o
il ? -
-

HHG Seed laser <93

FLASH Il

i)
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Low Energy Spread for FLASH 2
FLASH 2 ( from 2013)
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Low Energy Spread for FLASH 2
FLASH 2

Wavelength range 10 - 40 nm 4 -80 nm
(fundamental)

Average single 1-50pd 1-500 pd
pulse energy

Pulse duration <15fs 10 — 200 fs
(FWHM)

Peak power (from 1-5GW 1-5GW
av.)

Spectral width 01-1% 05-15%
(FWHM)

Peak =4 -
Brilliance*10-40 0 - 10 1028 - 103

nm
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Low Energy Spread for FLASH 2

ASTRA+CSRtrack

HHG Seed laser =

FL.ﬂ.SII .II
| > LKA mm) Q>1A=0.2nC %

A > 200 fs
Energy spread < 120keV
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Low Energy Spread for FLASH 2

Energy spread vs. charge?

Slice emittance [um] Slice energy spread [keV]
S I T A E A S 300 | | ‘ | ‘

‘ ‘ | | | ‘ 250
200+
150
100

-3%00 -2600 -1600 O 10100 20100 30‘00 5—%0 —2:0 —1:0 0 1:0 2:0 30

s[um] s[um]

Q=1InC 0Q=05nC Q=0.25nC
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Low Energy Spread for FLASH 2

E in BC 2 = 145 MeV, ACC1 (50%, 50 %)
E in BC 2 = 145 MeV, ACC1 (37.5%, 62.5 %)
E in BC 2 = 130 MeV, ACC1(40%, 60 %)

Slice emittance [um] Slice energy spread [keV]
1.8 ( ( ( 3.5

1.6

1.4

1.2
1 \

0.8

0.6
4000 -2000 0 2000 4000 4000 -2000 0 2000 4000
s[um] s[um]
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Low Energy Spread for FLASH 2

BC2

8= ===

ACCT1ACC39 ACC2/3 ACC4/5/6/7

VAN

o wfzﬁa [keV]

150

60 100+

40

50

20

1 1 1 1 1 | | ‘ |
fo 00 e ° 0100 10 o a0 50 50 100 150 P50 100 =0 0 50 _ 100 _ 150

S[um] S[um] s[um] S[um]
26 26 6.5 6.5
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Low Energy Spread for FLASH 2
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Low Energy Spread for FLASH 2

2D(ASTRA) 3D(ASTRA)
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RF settings in accelerating moo

Charge,
nC

Vl,l’
[MV]

11
[deg]

V1,3’
[MV]

13
[deg]

V,,
[MV]

P,
[deg]

Track1lD

162.41

90.34

20.32

D

183.1]

/

332.67 23.

Elegant

162.41

9.34

20.32

D

183.1]

/

332.51 23.

ASTRA

162.47

941

20.32

D

183.1]

/

332.41 23.

53
47
41
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Comparison with Elegant

ules (without seltlf)



Comparison with Elegant

Elegantvs ASTRA without self-fields

a0 Pclm] B, [m]
50 100 150 200
z[m]
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Comparison with Elegant

Elegantvs ASTRA without self-fields

Lo dhos
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Comparison with Elegant

E[MeV.

1010

Elegantvs ASTRA without self-fields

1005

1000;

ot
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100
s[um]
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Comparison with Elegant

£, [um]

Elegantvs ASTRA without self-fields

s[um]
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Comparison with Elegant

Elegantvs ASTRA without self-fields
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Comparison with Elegant

RF settings in accelerating modules (with selds3|

Charge,
nC

Vl,l’
[MV]

11
[deg]

V1,3’
[MV]

13
[deg]

V,,
[MV]

P,
[deg]

Track1lD
(without)

162.41

9.34

20.32

p

183.17

332.67 23.1

Track1lD
(selffield)

157.81

-3.92

20.8]

|

145.89

339.

19 254

Elegant

157.81

-3.92

20.8]

|

145.90

339.(

D1 25.]

ASTRA

157.84

-3.96

20.8]

|

145.92

338.4

12 25.]
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Comparison with Elegant

ASTRA without and with self-fields

3
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Comparison with Elegant

£ m]

Elegantys ASTRAwith self-fields

80

20

50

100

60+

40|

B, [m]

50 100 150 200

Igor Zagorodnov| Collaboration Meeting at PAL| 2-6. August 2013 | Seite 54



Comparison with Elegant

Elegantys ASTRAwith self-fields
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Comparison with Elegant

Elegantys ASTRAwith self-fields
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Comparison with Elegant

Elegantys ASTRAwith self-fields
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Comparison with Elegant

Elegantys ASTRAwith self-fields
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Layout and Machine Parameters of EXFEL
European XFEL

— T T N N VT - == : -
R A AN R TS T 7]
| = Tha Jr-ray lager project European XFEL

__ Main Linac
Wl Collimation
Beam Distribution

500
1000 ——

2500 -50
3500 50
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Layout and Machine Parameters of EXFEL

June 2007: Official project start announced on basis of start
version at 850M€/y2005 construction cost

Early 2009: Start of construction

30.11.2009: Signing of international state treaty which
provides the basis for the foundation of the European

XFEL GmbH in charge of the construction and operation of
the XFEL facility

DESY leads the consortium that constructs the accelerator
AR uAl End 2013: First beam in injector

End 2014: First beam in main linac

§ End 2015: Ready for users  Accelerator Challenges at the
European XFEL 2

Winfried Decking (DESY)
LBNL, May 5 2011
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Layout and Machine Parameters of EXFEL

o

Baseline New Parameter Set
Electron Energy 17.5 GeV 10.5/14/17 .5 GeV
Bunch charge 1nC 0.02-1nC
Peak current 5 kA 2-5kA
Slice emittance < 1.4 mm mrad 0.4 - 1.0 mm mrad
Slice energy spread 1.5 MeV 4 -2 MeV
Shortest SASE wavelength | 0.1 nm 0.05 nm
Pulse repetition rate 10 Hz 10 Hz
Bunches per pulse 3000 2700

Accelerator Challenges at the
European XFEL &2

Winfried Decking (DESY)
LBNL, May 52011
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Layout and Machine Parameters of EXFEL

Layout

Bunch Compressor
Injector BB

__ Main Linac

... Collimation
Beam Distribution

500
1000
1500 Undulators

2500

2000

Gun LH

_M ]
l_. E, =130MeV E,=700MeV  E3=2400MeV E,=14/17.5Ge\
DL C
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Layout and Machine Parameters of EXFEL

Working points (11 macro-parameters)

C, CI, C"

E, =130MeV E, =700MeV  E, =2400MeV

Rse,1=" Rsg2="7 Rsg3=?
C, =7 C,=?

What is the optimal choice?
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Layout and Machine Parameters of EXFEL

l561=7, Isg2= 7, Ig3 2 Cr 72, C 7+
o
Restriction on maximal energy chirps at BCs  J; EE
o, 1 001( 1] a° 1( 1]
rO =——Z|1-— ro =——Z | 1-— 0 =-z 1-—
*ot) 5E1£ Cl] *@ s U G, @ 5. CC,T G,
Wake compensation? (5E ’5E ’5E )
1 2 3
5 — 1 QWLinac
= \/§ E, + scan of the RF tolerance vs. C, and C,

. 0 0 —_
It Tog) > MaX(sgqy), then rgg = max g,

. 0 . 0 _ .
If rigey <min(rs ), then rg  =minrg,
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Layout and Machine Parameters of EXFEL

Maximal RF voltage

RF tolerance

2 1\3 4 5 6 7

Defocusing due to S = I_ P ~1
space charge |\ y2£n
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Nominal Scenarios of EXFEL

Macro-parameters

Charge| Momentum | Compr.| Momentum | Compr.| Momentum | Total First Second
Q, | compaction | jngc, | compaction | inBC, | compaction | compr. | derivative| derivative
nC factor in BQ o factor in BG C, factor in BG C z yad

R56,11 R56,21 R56,3 [m-l] [m-2]
[mm] [mm] [mm]
1 -100 3.5 -54 8 -20 121 0 2000
0.5 -89 3.5 -50 8 -20 217 0 1000
0.25 -78 3.5 -50 8 -20 385 0 1000
0.1 -71 3.5 -50 8 -20 870 0 1000
0.02 -67 3.5 -50 8 -20 2100 0 1000
E,=130MeV  E,=700MeV  E,=2400MeV
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Nominal Scenarios of EXFEL

RF settings in accelerating modules

Charge| Viy | ¢11 | Vis b1 3 Vo | 6o | Vg b3,
nC_ | MV] | [deg] | [MV] | [deg] |[MV] |[deg]|[MV] | [deg]
1 145 2.4 22 164 656 29.Y 1832 21.1
0.5 154 15.9 24.8 185.6 661 304 1824 21.1
0.25 159 19.4| 26.6 190.4 652 29 1860 23.9
0.1 160 19.2 27 187.8 643 27.0 1887 25.1
0.02 158 17 28 181.9 640 27.1 1893 26.]|
Tolerances (analytically 10 % change of C)
Q, nC 1| 05| 025 0.1 0.09
‘AVM‘ /\/1?1 5e-4| 3e-4| 2e-4 1le-4 5e-b
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Nominal Scenarios of EXFEL

Beam dynamics simulation
Full 3D simulation method200 CPU, ~10 hourk

._. . =130MeV E, =700MeV E; =2400MeV E, =14GeV

DL BC,

"“l"“. S
PP — —

W1 |W | | AW, | 12w, 64w, !

™! L TM | TM :
ol z=1.6 km

=== ASTRA ( tracking with3D space chargeDESY, K. Fl6tmann)

=P CSRtrack (tracking through dipoles, DESY, M. Dohlus, T. Liath)

W1 -TESLA cryomodule wake (TESLA Report 2003-19, DE3003)
W3 - ACC39 wake (TESLA Report 2004-01, DESY, 2004)

TM - transverse matching to the design optics
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Nominal Scenarios of EXFEL

Beam dynamics simulation
Fast 3D simulation methodl( CPU, ~10 mir)

Gun LH
B g™
DL BC, BC, BCs
T ' '

W, |
TM:

l
1 W3

|
| |
| AW, | 12w, 64W, |
|

I ]

™  TM I

==l Transport Matrix + analytical longitudinal space charge wake

===  CSRtrack (tracking through dipoles, DESY, M. Dohlus, T. LienQ)
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Nominal Scenarios of EXFEL
Longitudinal phase space (Q=1nf}h collective effects (fas

E[GeV]

after gun after acc13
6.8 ; 134 ;
GTL 4 q3z|
66] -
130¢
oL b
B4l ; | 1281
-5000 g 5000 1200 g 5000
after BCO after BC1
134 : : 720 r : T T
1321 710} - i
1304 TOoL ol
1281 Ga0L )
126 | I | | | \. GE | | | ’ |
S1s00 1000 -500 0 00 1000 1500 2000 -800 -100 0 100 200
after BC2 ¥ 104 after linac
2420 : : ; : 14015 : : . ;
24101 14011
140051
24001
141
23901

1.39851

2380 . . ; s i sl Ty 1.399 s

40 20 0 20 40 60 40 20 0 40 60
The chirp is compensated/ s[ Mm]

by the linac wake
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Nominal Scenarios of EXFEL

Cross-check of the modelaét vs. full),

Q 1nC Wlth collectlve effects
5§ | p— _ _

E[GeV] 14t

19.599

S[um]
| [KA] 6

40 20 0 20 40 60 Slum]
-6. August 2013 | Seite 71



Nominal Scenarios of EXFEL

Q=1 nC
Phase space .
JE - D Current, emittance, energy spread
g X 10 ! ! 14.008 ]
14:004 i | ‘kA i i
g ) N
4 ______________ 14
S Y [ 178fs '\ -
2_ ...................... : : :
o . >N/ Ehm
e ~ . J\ &lum]
o S - S—— T—— e 2 s e, 1 N s [MeV]" pripae oy
| : = ; ; ! = O:|M
| | : bunch hea T s e ‘
470 20 0 20 40 60 ™" 40 20 0 20 40 60
S[Mm] gxproj =09 [um] S[!J“m]

£ =3.5[um]
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Nominal Scenarios of EXFEL

Q=250 pC
E  Phase space Current, emittance, energy spread
X 10 1 |
1 ' T 14.01 |
14.005 i i | i
. 0.8  BKA .
05 i .,"“-‘i i R ’
0.6t T T
‘.'(c: m] ! v i:’
) 04 SNETIIRA E
P ‘ { o Mev
a5 |02 F emm NV
bunch head | ; |
20  -10 0 10 20

S0 0 0 10 20
S[um] | S [um]
M =0.45[um]

g, =1.5[um]
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Nominal Scenarios of EXFEL

Q=20 pC
Current, emittance, energy spread

8 [ I A ]
5kA : 0c[MeV]
e 4\ L f
4 - 4: 7777777777777777777777777 S
Ey[ H m:r‘ 2 fs P “".’

£,[rm]

20 S AN\ N\ |

5 1 0 % % 1 0 1 2
S[um] s[um]

£ =0.14 [um]
£7 =0.26 [um]
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Nominal Scenarios of EXFEL

Beam parameters from S2E simulations

Parameter Unit
Bunch charge nC 1 0.5 0.25 0.1 0.p2
Peak current (gun) A 43 24 13.5 5. 12
Bunch length (gun, FWHM) pS 25 22 20 1Y W/
Slice emittance (gun) um | 0.8 0.5 0.3 0.21) 0.09
Projected emittance (gun)| pm 1 0.7 0.6 0.3 0.1
Compression 114 233 363 87/ 3833
Peak current KA| 4.9 5.6 4.9 5 4.6
Bunch length (FWHM) fs 178 72 39 12 2p
Slice emittance m 1 0.7 0.5 0.3| 0.1%
Projected emittance um | 3.5 2.2 1.5 0.84 0.26
Slice energy spread MeV | 0.45| 0.44 0.6 0.6 0.8
(laser heater of)

L
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Nominal Scenarios of EXFEL

Radiation energy statlstlcs (1-25-120 runs)

(E)[mJ] Mean energy

0 50 100 150

z[m]

30

25

20

15

10

fS Rad|at|on pulse Wldth (RMS)

Charge, nC

Mean radiation energy, mJ

0.1-0.4

Pulse radiation width (FWHM), f

525-50

10-20

1-2
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Nominal Scenarios of EXFEL

Radiation Properties from S2E

Bunch charge, nC 1 0.25 0.02
Wavelength, nm 0.1
Beam energy, GeV 14
Peak current, kA ~5
Slice emmitance,mm-mrad 1 0.5 0.2
Saturation length, m 85 60 45
Energy in the rad. pulse, mJ 1-4 1-2 0.1-0.4
Radiation pulse duration FWHM, {25-50| 10-20 1-2
Averaged peak power, GW | 10-50| 10-100| 50-15Q
Spectrum width, % 0.15-03 0.18-0.5
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Strong Compression

Q=1 nC, I=10kA
5E Phase space

3 14.014
x 10

Current, emittance, energy spread

114.012

i 14.01

1
O "
0.6
04§

[0 2] SO

0

-40 -2iO ‘ 0 2i0 4i0 60 - _
s[um] e”¥ =09um] Slum]
£ =8 [um]
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Strong Compression

Q=1 nC
Parameter Unit
Bunch charge nC 1
Peak current (gun) A 43
Compression 116 228
Peak current KA| 5 | 9.8
Bunch length (FWHM)| fs | 178 7&
Slice emittance Lm 1 1
Projected emittance | um | 3.5 | 8
Slice energy spread | MeV | 0.45| 1
(laser heater ofl
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Strong Compression for 250 pC

E [MeV]

e R563 20 mm .. Rsg 3= 23 mm.

2410} 2410¢

54 05L 2405}

2200l 2400}

2395| ol

2390 2385 [ b Cuzsa

2385¢ 2380} ,

2380570 0 10 20 30 230 0 0 10 20 30
s[um] s[um]

""""""""""""""""""""""""""""

10 20

10 0

30

sum] s[um]
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Strong Compression for 250 pC

Macro-parameters

Momentum| Compr.| Momentum| Compr. | Momentum| Total | Second
compaction| in BC, compaction| n BC, compaction| compr.| derivative
factor in C factor in C factor in C (CYy’
1 2 )
BC, BC, BC, m
R56,1’ R56,2’ R56,3’
[mm] [mm] [mm]
-78 3.5 -50 8 -20,...,-24| 385 1000
E, =130 MeV E, =7/00MeV  E; =2400MeV

Igor Zagorodnov| Collaboration Meeting at PAL| 2-6. August 2013 | Seite 81




Strong Compression for 250 pC

Phase space Current, emittance, energy spread
1.5 | ! ! !

14.01
14.005
14

13.9%

0 0 10 2
S[pm]
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Strong Compression for 250 pC

Phase space C;urrent, emittance, energy spread
13.955 1 1 1
1395 ; mj
13,945
13.94 : V]
13,935
10 0 10 20 % 30

s[um] s[um]
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Strong Compression for 250 pC

Phase space E)Ourrent, emittance, energy spread

5 0 5 10 15 9[

s[um]
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Strong Compression for 250 pC

13.97

13.96

13.95

13.94

13.93

13.92

Phase space Current, emittance, energy spread
e 8 { { {
o
RN & um,
Ve & [
o [MeV]
5 10 5 10 15
s[um] s[um]
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Strong Compression for 250 pC

Phase space Current, emittance, energy spread
13.97 S g g *
13.96

13.95

13.94

13.93 V]

13.92

-2 -1 0] 1 2

s[um] s[um]
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Strong Compression for 250 pC

Phase space Current, emittance, energy spread
2.5

14.02
2

14.01
1.5

14 1

V]
13.99 05

13.98

s[um] S[um]
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Strong Compression for 250 pC

Beam core parameters vs. Rgg

25 ‘
.. O lfs]
20
\\s\
15 SN

10

s N_ 2 1
70% of particles

21 22 23 24 %0 21 22 23 24
~Rys s [mm] -R,, ; [mMm]

0.6 slicer | | 4 r | ' ‘
slice
£ [um] edum] N

24 20 21 22 23 24

23
—_ mm —_
R56,3[ ] R56,3 [mm]
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Strong Compression for 250 pC

Beam core parameters vs. Rgg

8

o.[MeV]

articles

%0 21 22 23 24 %0 21 22 23 24
~Rge s [mm] —Rys s [Mmm]
: ‘ 8 ‘ : :
0.65/ & [um] f A &lum]
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0.55
0.5/
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Strong Compression for 250 pC

Radiation energy vs. Rg (with und. wake and taper)

z=60m
E[mJ] 4
. .
1.2
2.5
1,
2
0.8
1.5 06
1 0.4
0.5 0.2
% O 21 22 23 24
_R56,3 [mm]
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Strong Compression (SLAC)

SLAC-PUB-14234
FEMTOSECOND OPERATION OF THE LCLS FOR USER EXPERIMENTS*

Gun

(320 m)
L2-linac

(540m)
L3-linac

S

: ! :
BC1 BCZ2
250 MeV 4.3 GeV TeAV3 25-14GeV
1.2 Chirp Scan 28-Oct-2009 00:11:30

02K &

0.18

Q=20 pC

0.16
0.14

0.12

0.1

0.0

ol

0.1 — 5

0.08

w

0.06

FEL X-ray Pulse Energy (m.J)

0.04

v

0.02

L2 RF Phase (degS)
Figure 2: FEL power (blue) and Ipk(red) vs. compression
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Strong Compression for 250 pC

Radiation energy vs. compression rate

Zz=60m

L2 Chirp Scan 28-0Oct-2009 00:11:30
I T T

02

0181

0.16-

0.14-

0121

01r

008

FEL X-ray Pulse Energy (mJ)

0.061-

0.041

0021

0 £ | | ! 0 3 :
21 22 23 24 % w  w w wm w w s
L2 RF Phase (deg3)
_R56’3 [mm] Figure 2: FEL power (blue) and Ipk(red) vs. compression
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Strong Compression for 250 pC

Radiation energy vs. compression rate
Zz=60m

L2 Chirp Scan 28-0ct-2009 00:11:30
T T T

0.2

0181
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_R56, 3 [mm] Figure 2: FEL power (blue) and Ipk(red) vs. compression
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Strong Compression for 250 pC

Radiation power vs. compression rate

Zz=60m
200 ‘ ‘ 700
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New Results and Comparison with Elegant

Gun ACC1ACC39 L1 L2 L3 SASE
LH DL BC BC BC Collimator

B T e CSRtrack+ASTRA
W, aw, w leaw, (Guangyao Feng)

'TM LT™M ' TM | TM
wed- ASTRA ( tracking with space charge effects, cylindrical symmetric algorithm )

memelp-  CSRtrack (tracking with CSR effects)

GUN ACCI ACC39 Eleg ant
(Hyunchang Jin)

ASTRA ELEGANT

D2

D1

ELEGANT GENESIS
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New Results and Comparison with Elegant

Current
4 } IS SRS e
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