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1. Introduction
the FEL

Bunch Compressor

Injector

- Main Linac
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. - e
Beam Di'_s_tri.bu-tion_

Undulators

2500

2000

requirements for electron beam:

short wavelength — high energy

narrow spectrum — small energy spread, small wakes

short pulses — short electron bunches

short undulators — small gain length — low emittance, high peak current,
overlapp of photon and particle beam

stability of spectrum and pulse

demanding requirements for all components:

gun, bunch compression system,

main accelerator, collimator and beam distribution, undulators,
diagnostics, feedbacks, ...




2. Example
FLASH — bunch compression (BC) working point

rollover compression, Q = 0.5 nC
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2. Example
FLASH — multilevel optimization — BC-working point

simulation methods (looking for working points)

1d analytical solution without collective effects
(8 macroparameters -> 6 RF settings) initial guess
1d tracking with space charge and wakes ﬂ
m=elp accelerator low level
~ seconds . .
(1 ~ 5 1terations
cpu) - compressor low level
quasi 3d tracking with all collective effects ﬂ
messll accelerator “medium” level ) )
~ 5 1terations
~ 30 min
(1cpt) | ey CSRtrack “medium” level ﬂ
3d tracking with all collective effects
~10h ) Astra “high” level final result
(46 cpu-s) ey CSRtrack “medium” level




2. Example
FLASH — multilevel optimization — BC-working point

linearized compression: Q = 1.0 nC, compression factor = 40
simulation with wakes, SC- and CSR-fields

longitudinal phase space
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longitudinal phase space from lgor Zagorodnov, DESY

density plot




3. Low Level: Calculation of BC Working Points
simplification (no energy spread, no self effects)

E-XFEL
LH
laser heater

bcO

dog leg
\ )\ . - l/._l\._-
Y
LINAC — 0 ”BCO"
LINAC - 0
injektor: .
gun + LINAC BCO CL)' N:i BC1 ;' N_)AS BC2 LT'\?K‘C
(with higher harm.)
\/ \/
energy step position step
s, =S, s, =>s,+D(E)

gvegﬁL(sv) - E

polynomial representation of L(s) and D(&)

truncated recursion of polynomials — total compression to stage n




3. Low Level: Calculation of BC Working Points
compression factor, compression parameters

-1
total compression to stage n: ¢, (s)= (iSn (s)j with

d. I -
° s = initial long. position

f.i. two stage compression: S, = long. position after stage n
~ 50
BC energies
C 81
. ! CO (h)  5(h)
compression factors ~ C — f(A09¢09 AO 9(00 b A19¢1 9 WOal/jl)
- 1
higher derivatives | C/
of total compression C’
- 1
\ J \ J |\ J
Y Y Y
working point parameters =y LINAC parameters = X compressor parameters =p

(amplitudes and phases) (magnet strengths or Rs)

short: y = f(x,p)

inverse function can be calculated: x= g(y,p)



3. Low Level: Calculation of BC Workin

criteria and constraints

peak current

here begins physics:
choice and optimization of
working point parameters 'y

BC energies

compression factors

higher derivatives
of total compression

and
compressor parameters p

f.i. strength of BC,
deflection angle, or R

many criteria

projected emittance
slice emittance

'u-bunch stability

C parameter-sensitivity




3. Low Level: Calculation of BC Working Points
criteria and constraints

f.i. derivatives of total compression
can be used to control the bunch shape
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2. Example
E-XFEL — BC working point 1 nC — 5 kA, total compression = 100

three stage compression (E-XFEL)

130 MeV 500 MeV 2 GeV 17.5 GeV
\ )\ .'/.-.\l- '/._l\.-
Y
L—0 ”BCO" LO—1 BC1 L1->2 L-main

BC energies: pre defined

compression factors:|free,| but total compression fixed (=100)

higher derivatives of total compression: pre defined (=0)

compression parameter: R56, criterion = maximal chirp, constraints from RF, BC, maximal AE

R56/m of BCO R56/m of BC1 R56/m of BC2

compression in BC1
compression in BC1
compression in BC1

2 3 4 5 6 7 ’ 3 4 5 6 2 3 4 5 6 7

compression in BCO compression in BCO compression in BCO




2. Example
XFEL — BC working point 1 nC — 5 kA, total compression = 100

charge sensitivity

R56 sensitivity Im
rf sensitivity: amplitude sensitivity 4 — A +0A4, 54\~ ¥
phase sensitivity @, = @, + 99, B
A
complex sensitivity A RN A 4+ 5A y
(amplitude and phase together) \(0
s oC A
maX —
C A,

with 04 = 4, exp(iy)

rms rf sensitivity
(all amplitudes and phases together)

2.5,




compression in BC1

2. Example

XFEL — BC working point

complex sensitivity L—0

2 3 4 5
compression in BCO

f.i. S0:120 and AC?'
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»

N AAO

C — 5 kA, total compression = 100

rms sensitivity

2 3 4 5 6 7
compression in BCO

this is essentially the L—0 picture!
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| P Main Changes of the XFEL LLRF System & HVF Validation Fond Perspectives

Fast Longitudinal Feedbacks at FLASH

Beam Based Feedbacks:

 BAM before BC2 corrects phase in
RF-Gun

« BAM and BCM after BC2
simultaneously correct amplitude and
phase in ACC1 and 3rd harmonic

« BAM and BCM after BC3 correct
amplitude and phase in ACC23

from Holger Schlarb, DESY

TR 1 "h.
Lo T 6'? (%3 ;3 Ek.si | ASSOCIATION



4. Two Level Optimization of BC Working Point

high level simulation

Full 3D simulation method (200 CPU, ~10 hours)

Gun LH
M
._. E; =130MeV  E, =700MeV Ey =2400MeV E, =14GeV
DL 1

| 4w, 12w, 64W,
; s | ™M

=l ASTRA (tracking with 3D SC) since 2011: ASTRA with wakes
=== CSRtrack (tracking with CSR, “projected” model)

W1 = wake of TESLA module

W3 = wake of 3@ harmonic module

TM = transverse matching to the design optics




4. Two Level Optimization of BC Working Point

find WP parameters of high level simulation

y = working point parameters (energy, compression + derivatives)
X = LINAC parameters (amplitudes and phases)

p = compressor parameters (magnet strengths or R56)

no self-effects: y= f(X,P) fast scan to find
X=g (y,p) the working point Y,p

with self-effects: y = fQ (X,p,Q) O = bunch charge

y:fQ(XnﬂpﬂQ)_i_f(XnHLp)_f(Xn’p)

fix point iteration to find LINAC parameters



4. Two Level Optimization of BC Working Point

find WP parameters of high level simulation

Full 3D simulation method (200 CPU, ~10 hours)

Gun LH
'-. E| =130MeV  E,=700MeV Ey = 2400MeV E =14GeV

DL BC, BC, BC
i Py — e e e e e
[ ' 1 1
W | 4w, | 12W, 64W |

W,
P ™
™ |, 1™ ! =1.6km'

—

Y. :fQ(XnapaQ)/

X, =g(y-y,+/(x,.p):p)
T

(use low level inverse function)

scheme from
I.Zagorodnov, M.Dohlus: A Semi-Analytical Modelling of Multistage
Bunch Compression with Collective Effects, Phys. Rev. STAB, 2011.




2. Example
E-XFEL — BC working point

fi.Q=250pC —>5kA compression factor = 400

longitud. phase space current, emittance, energy spread
-3 E/GeV
5 /10 1 \
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from Igor Zagorodnov, DESY & = L.5pm

1st meeting of EXFEL accelerator consortium



5. Micro-Bunching

amplification mechanism

Current Gain=10_, 10%
LIR\;[\D/;\/\,
Impedance
Energy

AVAVAVAVIRA VA VAV




Ji Qiang

5 . M i c ro_ B u n c h i n g Lawrence Berkeley National Laboratory

WL * ” Microbunching Instability Workshop
h I8 h” level Oct. 6-8, Berkeley, USA, 2008

~

Large Scale Simulation Is Needed ’\| ‘.’R

Final Longitudinal Phase Space Distribution w/o SC and CSR
(Using 10M and 1B particles)

0.04 T T T T T
10M
1B%
no sc, No csr
0.035 .
e No sc, NO csr
8 . .
§ ool with, 1E7 particles
3 with, 1E9 particles
@
0.025 -
0.02 | | | | | L2}
086 0.4 02 0 02 0.4 0.6

bunch length (ps)
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5. Micro-Bunching

increase slice energy spread — reduced micro-bunching
laser heater:

| laser

I
il f

T
||||||||m||||||||m|l||||

LN

Example LCLS:
final long. phase space at 14 GeV for initial 8% uv laser intensity modulation at A = 150nm

0.002L
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-44103]
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-0.010}
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t (sec) t (sec)
courtesy P. Emma
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integral equation method: G

Heifets,Stupakov: PhysRev ST, 064401 2002
Huang, Kim: PhysRev ST, 074401 2002

r, amplification of relative modulation

gain facto

length along linac

zZ =

A = wavelength of initial density modulation

K

kernel depends on impedance, current, optics, rf settings,

spectrum of uncorrelated energy spread, ...

laser heater

max-max gain
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compression in BC1

10

5. Micro-Bunching
example: E-XFEL

max-max gain, LH — 1MeV (compressed)

maximum = 1360

2 3 4 5 6 7
compression in BCO

1000

800

1600

1424.4

200

rms rf sensitivity:

1 nC — 5 kA, total compression = 100

max-max gain, LH — 2MeV (compressed)

compression in BC1

S :1/255

3 4 5 6 7

compression in BCO

250

200

1146.C

1100

45.71




6. Transverse Dynamics
example: FLASH 2008

BC2 BC3 L LA Collimator

=l Ao (e e TP RL E=le
A"A ITmern
d ACC1 ACC2/3 A CCA4/5/6

1000 Ekin / MeV

500

length /m

0 20 40 60 &0 100 120 140 160 180 200
N |
50 A 200 A 2.5 kA

horizo'ntal beta functibn /Im

% s2e calculation

ASTRA
CSRtrack 1d (3d)

.
.
.
.
L]
.
.
.
.
L]
L]
.

design optic (2+)

n =
vertical beta function / m Ematohing
' ' ito design

50 | | . - | | .




6. Transverse Dynamics
optimization: change quadrupole settings to approximate design optic

horizontal beta function quadrupoles
,BXE':' T ' 7 M ™ ' | L T TIT 01 11 1l

m 40 opt. optic with s.c. i

design optic i

1 1 1 1 1 1
g0 S0 100 110 120 130 140 150 160 length / m

vertical beta function

ﬂ a0 T T T T T T T
Y

1 1 1 1 1 1
all S0 100 110 120 130 140 150 160 length / m
optics after BC3
(s2e simulation)
deviates from design

fast optimization with low level model k



6. Transverse Dynamics
a low level model

0
transverse EoM: i(x,J:M(x,]+ with M=[O 1 J
dz \ x X F./vp, ke —pi/p

k hor. focusing strength

X

F hor. SC force

X

VP, long. velocity, momentum

znd Order momenta. cxx = <x’ x> cxx' = <x, x'> fox, = <x’, x’> C — (zxx sxx’j
. ’ 1 ( 0 <Fx’x> )
momenta tracking: C=MC+CM+—— ,
4l <Fx’x> 2<Fx’x>

: , f 0 C..
low level momenta tracking: |C'=MC+CM +-2
VHpH C 2c. .

XX

approximation ,effective linear force”: F = f x with <Fx,x> = fx<x,x>
coefficient f = fx(l,cxx,cyy,---) for a gaussian distribution

Sacherer: RMS Envelope Equations with SC, CERN/SI/Int. DL/70-12 18.11.1970 k



heta-function f m

6. Transverse Dynamics
comparison: “high” level (TrackFMN) with low level

TrackFMN <--> linear optimization

B | | |
quadrupoles

35

30

25

20

15

10

L

(TrackFMN) ! | ! | ! | ! | ! | ! ! <&
0

&0 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155

length f m
red/blue = TrackFMN = tracking with xy space charge solver

brown/black diamonds = low level momenta tracking



7. Conclusion

high numerical effort for “high level” physical models

even these models are not gauged (to the very end),
but they are successful

also much simpler models (low level) are successful

optimization and tuning:

complicated goal because of difficult tradeoff between
different effects

with self effects:
tuning of BC working point and optics is necessary

both is feasible with multi level computations
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