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AN INTRODUCTION
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FEL = 4th Generation Light Source
FEL Basics
Lasing conditions 2>
Electron beam characteristics -
Accelerator and experimental systems
FEL — Concepts
FEL — Extending the scietific endeavor

FEL Projects in the world
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Performance Limits of 3" Generation Light Sources:

Storage ring based light
sources are for short
wavelengths (high photon
energies) far away from the
theoretical limits -
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A new Concept is needed to
overcome this limit
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Free Electron Laser

P

electron beam

SINGLE PASS FEL

laser-pulse
accelerator

bunch compressor
accelerator

photo cathode
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FEL BASICS



l_,_——_ PAUL SCHERRER INSTITUTE

Sase Principle:
WAVELENGTH

¢
SRR
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INCOHERENT EMISSION COHERENT EMISSION
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Requires a small electron beam !

PHOTON BEAM SIZE

ELECTRON BEAM SIZE




FEL MAIN COMPONENTS
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FEL Main Components (1)

injection
laser photan
beam

diagnostics

beam
separation

photo- superconducting superconducting undulator

cathode accelerating compressor accelerating ﬁ::;grremem
RF gun module module
\Me‘u’ 120 MeV 230 MaV X-FEL DESY

waveguide

bucking coil

ELECTRON GUN

PITZ

—>crucial element of a
Free Electron Laser!

. electron
Y beam

coaxial
coupler

main solenoid = |
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FEL Main Components (2)

injection
separation . e
Dj g .,l-l‘ g dlagnostics
11 IYAVAVAVAVAVAVAV AV
i bunch
photao- supercondugting _ ; undulator
. COMpressor . energy
cathode acceleratin erating measurement
RF gun module odule
4 MeV 120 MeV 230 MeV X-FEL DESY

—>acceleration
to reduce beam size by
adiabatic damping
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FEL Main Components (3)

injection
laser photon
beam
separation di heaml
T _ ANVWANMAAL .»I'l‘ g agrostics
11 IYAVAVAVAVAVAVATAV RVATAVATAVATAVAV Vo
phota- superconducting unch suparconducting undulato
. COMpressor . energy
cathode accelerating accelerating meacuremeant
RF gun module module
4 MeV 120 MeV 230 MeV X-FEL DESY

UNDUALTOR
—>micro-bunching
—>coherent emission
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LASING PROCESS
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Synchrotron Radiation

light wave:

Radiated Power :
destructive interference

oC
P oc n, (number of electrons) shomoise radiation
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FEL interaction
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electrons: ES
light wave: VA VAVA

Radiated Power :

o 52 (number of electrnns} constructive interference
o n

‘\ n,~10°-10" —— enhanced emission
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Interaction between an electron and the optical field

. transverse velocity electron
-~ due to the undulator field

. Elecu’z;ric component
A optical field
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Interaction between an electron and the optical field

A*  transverse velocity electron ;
i due to the undulator field e A
‘Vx LY
- _Fp< l —_ Y AR »Z
Ponderomotive .~
i Magnetic component

force f/ B

| Electric component optical field

A optical field
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Resonance Condition

trajectory of electron in undulator

E component « N
optical field
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Resonance Condition

trajectory of electron in undulator

E component « N
optical field

A +A A A K*
C _VZ 2y° 2
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Electron Dynamics

electron rest-frame: <v,> =0
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Electron Dynamics
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Bunching

- Inject electrons with energy slightly above the resonance energy

at resonance above resonance

”.n.

( /\(:/ N %% . 7
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it ﬁl liltBunching




ELECTRON BEAM REQUIREMEN
FOR LASING




1 SMALL BEAM SIZE (EMITTANCE)
—> to have a good overlap of the electron
beam with the photon beam

2 MANY PARTICLES IN THE ELECTRON
BEAM - high peak current |ID

3 SMALL ENERGY SPREAD
- to have many particles within
- the lasing bandwidth

E —




Gain (RHO) Parameter:

th — ,0 I:)beam

- Defines the fraction of beam power extracted from the electron beam

1/3

P
2
YV én
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&, = PYE  Normalized emittance



Resonance condition /1 =

Electron Beam Requirements

= Sufficient Beam Energy:

IR:
X-ray:

= Sufficient Current:

50 A
5 kA

2

/4

2
A 1+K—

100 um | 15 MeV

10 nm ~1 GeV

1 nm ~3 GeV

{0.5 HA (A4 =100 pm)
%

0.5 A (A=0.1nm)
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" Good Electron Beam Quality:

Transverse Emittance :

gsi, e=¢g,ly

Energy spread:

9e <10°® <i <
= < (_4N,_p)

Ar
Difficult for short
wavelengths

I

Difficult for long
wavelengths




LOW EMITTANCE BEAM GENERATION
Difficulties

1/ To get a small emittance from the electron source
2 [ To maintain the small emittance during the

acceleration process - Emittance blow up due to:

space charge effects

nonlinearities of the acceleration field

wake fields

coherent synchrotron radiation
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ELECTRON SOURCES



There are 3 methods to extract electrons from a material

Themal Emission

E (eV) a

A

Solid | Vacuum \

d=4eV

T=1500K

Ekin

n(E)

Photoemission

"‘hV'

ADS

Field Emission

E=109V.m-"

d=4eV

dJ/dE
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Thermionic Emission T EkT
Emission Characteristics:
b-
IT)=aT? exp| - 22 RICHARDSON/DUSHMANN
EQUATION

a, b constants a =120 A/lcm?
T temperature b =11°600
1 work function
r spot radius

Emittance Limitation:

. r 2B,
thermal = —3m002 THERMAL EMITTANCE




Photoemission

Emission Characteristics:

E..=hv-¢+e

H_J
SCHOTTKY EFFECT
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STATE OF THE ART -  Laser driven cavity gun:

waveguide

——

CsTe
QE=10*

A =262 nm
e=1pum

bucking coil

electron
beam

~~ coaxial
coupler

il PITZ/DESY

main solenoid
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Field Emission

Emission Characteristics:

2  13/2
I(E):aA%exp{ s —Cg } FOWLER NORDHEIM LAW

e

A

b, C constants
area

electric field In L
work function

S m>Q

»
>

In principle much smaller emittances can be reached



PRINCIPLE OF FIELD EMISSION

V= v

| €2

V(x)=Ey,. —eFx -

dre, 4x

METAL <—— VACUUM

Under the action of a strong electric field the surface potential barrier
can become narrow enough (< 2nm) so that electron near the Fermi-
Energy can tunnel trough.

®=45eV;w=2nm = F=L=2_25[va'1]
(TUNGSTEN) c-w
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Difficulty: Very high fields are needed - few GV/m
>

To overcome this problem use nanostructured tips with
large field enhancement factor 2

Apex radius r Field amplification

E=pE, -
I
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Difficulty: One tip does not provide enough current

- USE SEVERAL THOUSENDS OF TIPS

Problem: The emission area is increased, the divergence
IS as large as for the single tip, i.e. the emittance is
Increased !!

>

Introduce focusing for the electron beams emitted from a
single tip.
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NEW APPROACH:

“ Field emitter array (cold emission) with gate and
focusing layer -

Focusing layer Dielectric
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Emittance Blow Up due to Space Charge Effects

due to the intensity variation over the bunch length, the defocusing transverse
space charge forces are changing - blow up of the projected emittance!

Space charge force  For a homogeneous charge
distribution of an infinite
cylindrical beam the space
charge force inside the beam is
purely linear and defocusing

of a cylindrical beam

Crossisection
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Emittance Blow Up due to RF-Nonlinearities

Nonlinear RF-field

KIM — NIM A 275

eE, K

2
R

2 2
FO0,

2mc

2

V2
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Maximum Current from a Photocathode:

EXAMPLE BNL/PITZ:
1 nC in pulse with 10 ps length = 100 A
BUT

Several 1000s Amperes are needed for the lasing
process

WAY OUT

Take longer pulses and compress them
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/1] Velocity (Ballistic) Compression

Works good at low energies when the electrons are not yet
relativistic!

Principle:
Create a velocity chirp in the beam and add a drift length -
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/2] Magnetic Compression

At high energies the difference in velocity difference

between particles with different energies is strongly
reduced

1 dy
/4 =—>df =—= THE BEAM IS FROZEN !
N By

Way out:
Use path length changes in a dispersive magnet system



Magnetic Bunch Compression

1. Initial condition 2. Offcrest RF acceleration
G
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Magnet bunch compressors create a sever problem 2>
COHERENT SYNCHROTRON RADIATION

Powerful radiation generates energy spread in bends
Induced energy spread breaks achromatic system

Causes bend-plane emittance growth (short bunch is worse)

coherent radiation for 4> g,

— > Oy —

overtaking length: L, = (245,R?)!"

bend-plane emittance growth

>

5

txy

A

&
—

A% = R, (S)AEIE
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FEL CONCEP
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Classical FEL Scheme

electron bunch train .
- undulator + optical resonator ——

I 0oonin.it
IIIIII.

coherent

bunching —= ? YNV emission

SASE FEL Scheme
(Self Amplified Spontaneous Emission)

WAV

electron bunch train

e undulator (spontaneous emission) undulator (amplifier) ——
\ I I I I g n 1] II I I I I

coherent
WV[\NVM/\’ emission
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transverse:

diffraction limited TEM,, mode
5: 10°
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Output properties
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SEEDING
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compressor

Seed i N g . H G H G seeds;haser modulator radiator H{:':-IG
+

High Gain Harmonics Generation IRy -
modulation Lol
/ . e-beam
S\
1
09
HGHG

=
[0.a]

I
“
AN

Intensity (a.u.)

e
I

261 262 263 264 265 266 267 268 269 270
wavelength (nm)




BE

PAUL SCHERRER INSTITUTE

Seeding: SELF SEEDING

(demo for X-FEL)
E.L. Saldin etal., DESY electron beam bypass  demodulated output
[ electron beam radiation
1% undulator . 2" undulator
Lol Lot s ol ladn Lad o Lad p Kadn Eadnlad 1 Lad g Loty Ll graZIng
irTore JBCaoa et atat s talay
> > ; > v
G600 060 0 0o N
SASE FEL slit FEL amplifier
. (linear regime) grating (steady-state regime)
electron beam monochromatic
x-ray beam beam dump
10 T T T T T U U e
) r = 6 B
s 8f 3
QS 6 - 4r
- 3 ()
2 4} 2 2t
& 2 AN L "o
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00 -50 0 _ 50 100 150 200 0 20 40 ;00 80 100
time (fs) IS —_—
10~ " T T T3 = 108 2 " ;
3 e 0.82— Gaussian fit _ é;’_ 08%— /Gaussmn fit _
N S 06k 3 o 0.6 E
g O F E © 04F 3
E g 04F | 1 - SJpOe: ;
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FEL EXPERIMENTS



Users Dream will become Reality 2

= SINGLE SHOT imaging of single
biomolecular complexes

NEEDS MANY PHOTONS ON
THE SAMPLE'!

LYSOZYME MOLEKUEL

= TIME RESOLVED studies of structural

processes during chemical and biological
reactions

| - -
Light induced structural changes

during photocycle NEEDS VERY SHORT PULSES!
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- permits time resolved studies at the atomic level

SHORT PULSES in the range of
fs are needed in order to study the
dynamics on the atomic and
molecular level

Myoglobin:

How does the oxygen get in
and out of the haeme unit?
« t=0: Photodissociation

« 4ns: CO rotates 90°,
moves 4A from Fe and stays
in site for 350 ns

« 1 ms: CO located in outer
protein coat

otein backbone, Hem, CO, His-63 and His-93

Schotte et al Science 300 1944 (2003)



Atomic and
molecular
dynamics occur
at the fs-scale

SHORT PULSES are mandatory to
take snap shot before molecule flies
apart (takes only 4-20 fs!)
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FEL PROJEC
(a selection)
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The Elettra Storage Ring FEL

’ optical cavity length 32.4 m

beamline

\
)

— .

=\ 5 m helical undulator "-ia}
‘/ 4.5 m helical undulator N FEL beam
-€ "l\
' o ' ' ! ' Storage ring operation 1.0 [ GeV
. A =189.95 nm Tunability range 350 — 190 [ nm
=S 3.5-65]eV
L) Average power >1 (W
> Pulse length (FWHM) ~5]ps
7 > |< Peak power > 40 | kW
S |AL = 0.06 nm Pulse energy >0.2 |mJ
T AWLA= 0.03% Photon flux"~ > 10"® | photons/s
- Polarization circular (linear may also be possible)
Repetition rate 4.6 | MHz
4 e L - Synchronization with I:1
189.0 189.5 190.0 190.5 191.0  synchrotron radiation

wavelength (nm)

“4-bunch operation, ““within the laser bandwidth
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JLAB recirculating FEL

Driver Accelerator Design Spec. Achieved (as of Jul. 21 2004)
Linac Energy 145 MeV 160
Linac Ave. Current 10 mA 9.1
Charge 135 pC 150
Transverse Emittance 30 mm-mrad <15
Energy Spread 0.3% 0.3
Bunch length * 0.5ps 0.35
FEL System

Ave. Power (cw) 10 kW 8.5
Lasing efficiency 1 KW/mA 2.6
Stored Optical Power (@6um) 132 KW

Injector g

P

*at desired energy spread

0 - I — _-EI’D'-D—--—--—EL
s ., :
Dump
deceleration
N OO Undulator
[ T | gl =Se.l e 1ITIITII

FEL resonator
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4GLS
Daresbury
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] =

X-FEL facilities ool A e

e R

" ' P
"""""""" @%ﬂ;

ﬂﬂﬂ

Europe
X-FEL - DESY 2012

SLAC Linac - 1 — - —~CgMz _ £ Japan
ﬂ-krg o,

e NS o % SCSS - SPring8 2010

==—=|CL§ Injector
e el 1Y

_ Beam Lines

LCLS -SLAC 2009
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TeslA L-reElLai DESY

supercondocting
POSITRON linac

XFEL laboratory
FEL undulator magnets

—— ) b
‘ﬁ;‘.;.l-l' ':':3'.-. ,_-r‘:_'_r;: e
e

= |

25-50 GV 4
(142719 f'
i JL27 GeV
g | HERA

i
i vt fiaeae

- superernducting
ELECTRON linac

S —
& eV X-FEL Injector Linac
longitudinal bunch compression TESLA-HERA
gnet chicanes (BC) tunnel for ep
500 MeV Collider Injector Lina collisons




Courtesy Bart Faatz (DESY)

Beam Energy and Wavelength

1000

800

600

400

Electron Beam Energy (MeV)

200

VUV-FEL
VUV to Soft X-rays: 100 - 6 nm

User faci|ity FEL radiation:

measured diffraction
pattern of a double slit

FEL at TTF 1 (1999 - 2002)
Proof-of-Principle for SASE in the VUV
First Lasing 2/2001, Saturation 9/2002

I A

40 60 80 100 120 140 160 180 400 800

FEL Wavelength (nm)
TESLA
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Laser Compressor Compressor

5MeV 127 MeV 370 MeV 445 MeV
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FERMI (Sincrotrone Trieste)

Footprint

12° vertical ramp
Shielded Undulator Hall
(~ 4 parallel undulators)

Experimental Hall
> 8 Beamlines
Support laboratories

& Klystron gallery.
Laser room 300 m?
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PSI-FEL (Switzerland)

injector linac main linac final linac
<(~ O.ZSGe\Q P (3.5-5.0 GeV) . (~ OigeV)
. B -
low emittance bunch compressor undulator
%gun N ) StageS . . Sectlon
~20m ~210-375m ~50m
N J N— A
Y YT
Critical part

of the machine Similar problems as other projects

R. Bakker



PSI-XFEL Project

NEW APPROACH — has 4 characteristic elements:

OROXOXO

Field emission from a nano-structured tip array
- homogeneous beam distribution

Focusing of the individual beamlets
—> reduction in emittance

High gradient acceleration in diode configuration
—> reduction of beam blow up due to space charge forces

Two frequency cavity for linear gradient
—> allows longer pulses and higher compression
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CATHODE AND DIODE ASSEMBLY WITH 2 FREQUENCY RF-CAVITY

__/

Removable anode\A a ]

|

«

TS B ——

v s S S SSSSSSSSSSSSSSSSSS

S ." 7
N PULSER| %
DC Qf'adien-r ~

500 MV/m 4 i
Current 10A <




... and many more !
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Single Pass FEL Activity

N
oY
== .
=
Massachusefts Instifute of Technology

Bates Linear Accelerator Center 4G LS
Advanced/
Photon ,
source @ILEUTL ot
= R -
’\.l , s -
recerre] |

.
BERKELEY L

TTF / XFEL

OS

POHANG UNIVERSITY OF SCIENCE AND TECHNOLOGY!
2.9 2. 9h0) -1

>PAL — FEL
! SPring..8

=)

SCSS

Stanford
Lil‘lEﬂl’ L SCHERRER INSTITHT
écceleratﬁr - I?
enter
w3 BEG OTATD
«JAL VAN

UCLA / srooxnruen Jﬁ‘i;( (U )
NATIONAL LABORATORY .? /’_] I @ L%/ ﬁ
VISA / DUQ INeN - EINEN. FERMI 7 _
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SC technology / NC technology
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THE END
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