Free-Electron Laser

A) Motivation and Introduction

B) Theoretical Approach | ~  ~
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C) Experimental Realization / Chéllénges

hoto injector acceleration modules collimator undulators
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compressor compressor FEL beam
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A) Motivation and Introduction

need for short wavelengths

why FELS?

free electron - wave interaction
micro-bunching

amplifier and oscillator

self amplifying spontaneous emission (SASE)
why SASE?

coherent radiation



need for short wavelengths
state of the art:
structure of biological macromolecule

reconstructed from diffraction
pattern of protein crystal:

needs =101°> samples
crystallized - not in life environment

the crystal lattice imposes
LYSOZYME MW=19,806 restrictions on molecular motion

images courtesy Janos Hajdu, slide from Jérg Rossbach m



need for short wavelengths - 2

SINGLE
MACROMOLECULE

courtesy Janos Hajdu

resolution does not depend on sample quality
needs very high radiation power @ A =1A
can see dynamics if pulse length < 100 fs

we need a radiation source with « very high peak and average power
» wavelengths down to atomic scale A ~ 1A
o spatially coherent
e monochromatic
o fast tunability in wavelength & timing
 sub-picosecond pulse length k



why FELS?

principle of a quantum laser

“ Laser transition

Mirror Permeable mirror

Active medium

RARRRN

Energy pump

Optical resonator

problem & solution:
active medium - free electron — EM wave interaction



free electron - wave Interaction

free electron in uniform motion + electric field lines
AL (before undulator)

trajectory

~— — — courtesy T. Shintake

http://www.shintakelab.com/en/enEducational Soft.htm
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there are backw

A=2),

ard waves

I free electron is source of waves
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after undulator: .\
waves ahead of particle




micro-bunching

longitudinal motion to 18t order is trivial, but

micro-bunching is a 2"d order effect
— coupled theory of particle motion and
wave generation

transverse bunch structure is much larger
than longitudinal sub-structure
- 1d theory with plane waves




amplifier:

oscillator:

amplifier and oscillator

in principle FEL

amplitude amplitude electrons
A A
AVAVA
...............
frequency frequency wave
2 Ve~ o
AVLVAS

instability, driven by noise, growth until amplifier saturates

amplified noise:

A

amplitude
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self amplifying spontaneous emission (SASE)

AR AR
—ANANVMR
TR TR TR TR TR TR R

log(P/P,)*

uniform random distribution of particles at entrance
iIncoherent emission of EM waves (noise, wide bandwidth)
amplification (- resonant wavelength, micro-bunching)

saturation, full micro modulation, coherent radiation



why SASE?

oscillator needs resonator

but there are no mirrors for wavelengths < 100 nm
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alternative: seed laser + harmonic generation + amplifier

seed laser ZP5 o= RO TR

seed

modulation of micro bunching of amplifier A =nA
electron beam a particular harmonic P ' seed R



coherent radiation
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Iog(P/PO) i bunch of electrons

modulation

>

exponential gai

with increasing micro——— qm
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saturation

no micro-bunching
(only shot noise)
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saturation:

PO N?

with N = particles per A
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B) Theoretical Approach

particle dynamics: undulator motion

about particles

iIndependent parameter: z

particle dynamics: interaction with EM wave
longitudinal equation of motion

phase space and pendulum

FEL low gain theory

micro bunching

electrodynamics (1D)

FEL high gain theory (1D)

continuous phase space: Vlasov equation
FEL third order equation



particle dynamics: undulator motion

field of planar undulator B, =—Be, sink,z

equation of motion ymyVv =-evxB

approach: z cos2a, t with @, =278/ A,

X = Xsina,t
AU li = 2IT/AU
. e K
X = By =—— with undulator parameter K = 5, U1
vimk; Bk, m.ck,
V=V-— _K 2 =~ C—i +K_2
28y 2y° 2
K2
zZ=




example: FLASH
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about particles
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“reference particle”. only interaction with undulator field

constant energy, averaged velocity, ... < 1 >l
index “0” u
K i
resonance — ',2 g — S o ~
V. =Ci/1—- V.=V.—-V =~ X.Sinc t Z, =
condition yO 0 0 0 0 O(ZVOJ XO Xo u

|
| YN
‘f‘

ordinary particles:
in interaction with undulator, external waves, self fields, ...

slowly variation of energy, velocity (compared to A,)
index “v’ or skipped

y 14 VV \_/V

)



new independent parameter: z

‘reference particle™ y, VvV, Vj

ordinary particles:

Y, (Z) vV, (Z) V (Z) approach: nearly constant on one period A,

14

z

V@)=t (R =Tl
’ Vv (Z) VO
0
\_Y_/ \_Y_)
initial condition  slippage effects
x,(2)=x,, +%sink,z =%, +%(2)
yv — yO

energy parameter: /], =
Yo



particle dynamics: interaction with EM wave

- Hﬂlﬁf T dw = —eE(r ,t) Ldir
i

o

M M \|} wavelength of light
E(I’ t) 9“6 A

plane wave Wlth k=217 dx/dz
X polarization

e[, cods e (N cosk

dz y

, 3
t, =T, +— +_5c032kuz
VO VO

dw, __ eEK coi[lq (1_ C/\_/O)]Z— k, (CTV (z)+ Z,C0S2kK,, z)} [€0s

dz y

resonance condition (permanent energy transfer): k,(l—c/\_lo):ku S A= 2;2 1+—

it is a condition for the energy of the reference particle or the wavelength A




particle dynamics: interaction with EM wave

dw/
averaged vs. undulator period < dzv> =7? T, (Z) = const

- 1
estimation without longitudinal oscillation <Cos(kuz+¢/ + gopgezl{z)cosku Z> = ECOS(/I

dw, _ _eEK cosp,
dz 2y
Y, = k| CTV (Z) ponderomotive phase

4+ 2K 2 4+ 2K ?
(modified undulator parameter) m

- K? K?
with longitudinal oscillation: replace K by K = K{J{—j = J{—ﬂ



example: FLASH

B,=047T ==

Drahtmesssyst
W S

(=094 ) _1
cmT ) )

W=1GeV - y=1957 /‘|_2;2(1+ j=6nm

.~ K

X=——=26um , ,
J'k“ K= 0 ° 2 | Y1 " 2
2 4+ 2K 4+ 2K

Z= = 0.2nm



longitudinal equation of motion

ponderomotive phase
new longitudinal parameters tv (Z) = TV (Z) + to (Z) = + to (Z)
C

-1 relative energy deviation

d, _, (@) _ke_ke_,

I
dz Z vV, V,

14

with n, and W, =mc®y; follow

particle equations

dl?v:_ eE K cosy

dz  2mc?y; ’
d
2y =2

o = 2K,




o () (0

phase space and pendulum

equations are analog to mathematical pendulum

two types of solution:
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“rotation” “oscillation”

trajectories in phase space
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FEL low gain theory

neglect change of field amplitude
indirect gain calculation

_ gain of field energy _ loss of particle energy _ W, (in)-W (out)

initial field energy initial field energy initial field energy
W, (in) =W, (out) W (in) >W, (out)
G=0 G>0
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FEL low gain theory

neglect change of field amplitude

1 T T T T
G |

0.5

-6 -4 -2 0 2 4 N6
NU
N, = periods of undulator
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Fourier analysis
— amplitude of micro modulation

10> expl-iy,)

(fundamental mode)

micro-bunching
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electrodynamics (1D)

Maxwell equations
l
wave equation
l

1D wave equation Xk, cosk,z
0> 1 0° 0 v (z)
- E —J, =X
(622 c? atZJ <= Hog 3(z) Vz(z)Jz(Z’t)

approach with slowly varying amplitude

(z.t)~ Rl (2)exdlik (z-t/c)) +--
E, (zt)~ R%EX (z)exdlik, (Z—t/c))}+-..




FEL high gain theory (1D)

d(;?ZV ~ _ 2meC2y2 Re{E exp(| } particle equations
d
d—‘ﬂu = 2K/,

Z

| O Zexp(— iy,) micro modulation

electrodynamics



FEL high gain theory (1D)

numerical solution
(Mathcad)

state vector f(initial)

B oy (Re(Ex)

= stack{stack(m,qn) '(Im(En) II

first derivative

D(Z,%) = |n < submattax,0,N - 1,0,0)

Yy & submatrix(x,N,2-N - 1,0,0)

28 R
5 N-1
N« -cu-Ne-qeﬁ- Z expl~i-yy)
n=0
for ne0. . N-1

-q,K
I
Zmgcy -y

dnp i'Wn)

dyy € 2-k;Mn

‘I‘O"’D'KA(RG(J D

stack] stackldrn,dy]),
k{ (dn, dy) yral P

runge kuta integration
RK = rkfixed(x0,0,zs,Ns,D)

)

P(z)/P(0) ' ordeyt
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FEL high gain theory (1D)

&

-2n

1
0 2n
ponderomotive phase

0.01

-0.01
10

1 \‘“‘W“—'_'_""l/ I I

-2n 0 2n
ponderomotive phase

0.01

-0.01

MM

=

L e e

-2

0 2n
ponderomotive phase v




continuous phase space, Vlasov equation

many point particles ,,77, — continuous density distribution F(y,7,z)

,7 : y/yo I_l | I I I ‘]




continuous phase space, Vlasov equation

phase space density: |F (.7, z)

continuity equation: 00 (y,7, z)+%—i 0

with “current density”  J(y,7, z):(lg;jF(w,n, z)

oF), olnF), ,OF  OF

therefore =0
oY on on 0z
: : . _oy _
with particle equations ¢'= 3 f(7.2)
=291 _
I7 - 62 g(w;z)
,0F ,0F aF dF
Vlasov equation: Y 0w +17 6/7 > =0 or . =0




FEL 3" order equation

perturbation approach: F(l//,/], z)z FO(/7 =1 )+ Re{lfl(n, z)exp(i l//)}

d°E, | 4, 9°E dE, . 4o
3X +4Ikul70ff 2X _4kuzl7§ff X —IFSEX =0

dz dz dz

with energy offset 77 4 :<,7V> — <yvi/_ Vo
0
| _1e !l kK3
"=33 A |

gain parameter \/4me CA ) beam current

beam cross-section A

solution  E, (z)= A expa,z+ A, expa,z+ A expa,z



FEL 3" order equation

N

E. (z)= A expa,z+ A expa,z+ A expa,z

no energy offset: /7, =0 or <Vv> =W

i
i aiEiaaValdiaXal|

| %;I II%III%II%%I |

0 10 20 30

position in undulator z / Lg

1/L

power gain length: P(z) — ‘Af epoalz‘ O exp(z)

g



C) Experimental Realization / Challenges

Linac Coherent Light Source - LCLS
scales

challenges

rf gun

bunch compression

European X-FEL



Linac Coherent Light Source- LCLS

SLAC mid-April 2009 — first lasing at 1.5 A

bl 138 Mev 250 Mev 430 GeV i 136 Gev T T T T T —

=0, 0, = 0.19 mm = 0.022 mm 1 g, 0.022 mm - : e — — e I

% 003%  Bm010%  aml6% O 0.71% | e 0.01 % 10' 7E, 9 0.4 pum (slice) PP """"‘_‘ -

} Linac-0 Linac-X ] Ly=30KkA v/ saturation

- . ; >
A et _ a,/E = 0.01% (slice) 10 GW
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L=9m L~330m L=550m 0 b
d J @410 F 10 yd 3
_{: .H’ﬂ? BC2 kTgiu;gtI:r E '; ;
LR BILZ:;'n Rﬁs"% igg‘m Rssitzzzsr?m" g 1 OS -
567 L=275m . .
Commission Apr-Aug 2007, Commission Jan-Aug 2008 > Rse= 0 2 ;’{ exponential gain ]
SLAC linac tunnel ! research yard d ,.;-f/
' = S
\ J - —/ Y 107 ~ E
Y ”:,/ 1
linac & i
bunch compression P I + measurements (04/26/09)| | A
o . .
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Active undulator length (m)

E=136GeV
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scales

photon wavelength A 010"°m 0OA,/y

cooperation length L, 010%m

transverse oscillation x010°m (undulator trajectory)

bunch length L, 010° m

bunch width o,""10°m____ width of photon beam(g ™)1 {7 L,
undulator period A, 0107%m overlap of particle beam

power gain length .1 10m with photon beam

Rayleigh length ‘ (scale of widening of photon beam)
saturation length L, =10L,..20L, <L,

undulator length L, J100m

total length LO1C°m

)



challenges

.A|—>A

A= A, 1+K—2
| 2y 5 e Energy - 10 .. 20 GeV

e gain length L, <~ 10 m

e high peak current >~ kA

L1 [4mcy3/1u(aﬂj”3
° V3 e K21

e transverse beam size g, J 10 pm
ol OAL,

e energy spread

e overlap electron-photon beam
(undulator parameter K [ 1)

: I 2 volume
transverse: generate !ow emlttgnce beam o _[—z—m L,
preservation of emittance |
GF bunch charge

longitudinal: compression

acceleration space charge forces:
diagnostic and steering E, O %iz
a-l’

undulator alignment



rf gun

waveguide

[ ———

bucking coil

electron
beam

mirror
photo

cathode

laser

~ coaxial
beam

coupler
main solenoid il /

typical parameters of FLASH & European XFEL:

gl 0AnC EOS5MeV | O5A
y 10

longitudinal compression 1 - 0.001 needed ! (5 kA)



magnetic bunch compression

y>>1 - velocity differences are too small for effective compression
magnetic compression: path length depends on energy

accelleration “off crest” -
head particle with less energy than talil

FLASH:

pih == W B N O NN ¢/
NP NI AN PN AN @M\W%\W/ﬁ)\\%ﬂ//ﬁx\%ﬁ/

4 magnet chicane

1st bunch compressor

gun accellarating module ~10m

N
NN NS N NS A N> N 2 %

beam dynamics with space charge and CSR effects

—

2nd compressor, more modules
undulator

%/Aﬁl\\%;/ﬂﬁl\\\%j/ “*V\—\*//%WAI




magnetic bunch compression - 2

FLASH (1.2 GeV, 4 nm)

photo injector acceleration modules collimator undulators

UV laser compressor compressor FEL beam
4 MeV 130 MeV 450 MeV 1.2 GeV
LCLS (14 GeV, 0.15 nm}vI |
6’ MeV 135 MeV 250 MeV 4.30 GeV | 13.6 GeV
6, 083mm ¢ =0.83 mm o, 0.19 mm g, 0.022 mm 1 gy~ 0.022 mm
6;2005%  G,;~010% o5 1.6 % 65 0.71 % | 05 0.01%
|
; Linac-X '
. ‘) L) L=0.6m |
f & @ —160° |
gun ; . . e |
Linac-1 Linac-2 Linac-3 |
L=9m L=330m L=550m l
@ —25° @~ —41° |
|
- \ |
— --existing ' undulator
| finac | A L=130m
Lo, ey

European XFEL (0.1 nm)

Injector-

Main Linac
Collimation
Beam Distribution

500
1000
1500

BCs at 130 MeV, 500 MeV and 2 GeV 2000

Undulators
2500



European XFEL

Schleswjg-Halstein” == |  Hamburg

“totaldength _
i -’ ,
- actelerator length
‘Lenergy ’
=L minimak wavelengity
2 —iie hurehes /-second
Sy =y buncheharges:~ 11D
N T typical peak current © @\

\,’“ Uik
i [

DESY-Ba hrenfe!d =




European X-FEL - 2

superconducting cavity, 1.3 GHz E,_.. - 40 MeV/m
23.5 MeV/m are needed

"
| 1040 mm 10

Quality factor Qg
=
5]

10° Accelerating field E ,.. [MV/m]

10 20 30 40




European X-FEL - 3

Abbreviation for

Location
Start of commissioning
Accelerator technology
Number of light flashes per second
Minimum wavelength

of the laser light

Maximum electron energy

Linac Coherent Light
Source

California, USA
2009

normal conducting
120

0.15 nanometres

143 billion electron volts

Spring-8 Compact
SASE Source

Japan

2010

normal conducting
60

0.1 nanometres

6-8 billion electron volts

LCLS SCSS European XFEL

European X-Ray Free-
Electron Laser

Germany

2014

superconducting
multi bunch operation

0.1 nanometres

17.5 billion electron volts

(14.3 GeV) (6-8 GeV) (17.5 GeV)
Length of the facility 3 Kilometer 750 Meter 3.4 Kilometer
Number of undulators (magnet structures 3
for light generation)
Number of experiment stations 3-5 4 10
Peak brilliance 8.5-10%2 5.10%2 5.10%2
[photons / s / mm? / mrad?/ 0.1%
bandwidth]
beamlines "
SASE 2 £
poiey U2, oo | ©
e E
electrons ui1 —
17.5 GeV o
—_— o
i
SASE 1 ¢
tunable, planar SASE 3
0.1 nm

tunable, helical

04-1.6nm





