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ABSTRACT

The Free-electron laser (FEL) is a source of coherent electromagnetic radia-
tion based on a relativistic electron beam. First operated 25 years ago, the
FEL has now reached a stage of maturity for operation in the infra-red
region of the spectrum and several facilities provide intense FEL radiation
beams for research covering a wide range of disciplines. Several projects
both underway and proposed aim at pushing the minimum wavelength
from its present limit around 100 nm progressively down to the 1 Angstrom
region where the X-ray FEL would open up many new and exciting research
possibilities. Other developments aim at increasing power levels to the 10's
of kW level. In this series of lectures we give an introduction to the basic
principles of FELs and their different modes of operation, and summarise
their applications and current state of development.
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Introduction to
Free-Electron Lasers

Richard P. Walker, Diamond Light Source, UK.

introduction

Historical Background

Basic FEL Physics

Low-Gain FELs

High-Gain FELs

Technical Challenges for Short Wavelength SASE FELs
Harmonics, Seeding and Short Puise Generation

Scope of the Lectures

Introductory

Basic concepts and phenomena
Very little maths

Historical development
Different FEL types
Applications

Technology

World scene
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So, what is a Free-Electron Laser ?

- & device which amplifies shorb-wavelength radiation by stimulated
emission when the radiation and a relativistic glectron beam propagate
together through an ‘undulator” or "wiggler* magnet:

mircor

electron dump
eleciron
accelerator

schematic of an
FEL osciilator

mirror g

Not a coventional laser ! - electrons are free’ in the sense that they
are not bound to atoms as in conventional lasers

{but not completey free since they are under the influence of magnetic
forcas which cause them to radiate)

Main features of FELs

Unike conventional lasers:

- the wavelength of the radiation depends on the electron beam
energy and magnetic field strength and hence is continuocusly
tuneable

- FELs are capable in principle of being extended o very short
wavelengths. FELs have operated from the mm-wave regime
through infra-red and visible and into the vacuum ulira-violet (100
nm} and various projects aim at 1Angstrom.

- no lasing medium, hence no breakdown problems;
possibility of obtaining high peak and average power levels

- flexible time structure of the radiation: puise length and repefition
frequency is determined by that of the electron beam and hence can
be manipulated relatively easily




Role of the FEL vs. Other Light Sources
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Wavelength

Curent Status:
The main role for the FEL lles in the

mature technology;
® farinfrared (FIR) (10 pm - 1 mm) ——""% soveral user facilities

@ vacuum ultra-violet (VUV) {200 - 10 nm} —» Current R&D

@ X-ray regions (10 nm - 0.1 nM) —————» Proposed future R&D

Applications of the FEL

Physics/Chemistry
- 1R : solid state physics, semiconductors, surface chemsitry elc.
- VUV: electronic excitations, photochemistry etc.
- Xray: atomic physics, structure determination etc.

Biology
- microscopy, DNA studies, cell response

Medicine
- surgery, ablation, photo-therapy {IR}

industrial
- matetials processing, microfabrication, photochemistry ete. (IR,UV)

High power microwave applications
- power beaming to satellifes, plasma heating
- remote atmospheric sensing etc.

Accelerators
- inverse FEL, Two-beam accelerator

Nuclear physics
- gamma ray production by Compton backscatiering

Military (SDI/"Star Wars")




First Description of the FEL:
Stimulated Compton Scattering

The undulator magnetic field is seen by the relativistic electron as
an electromagnetic wave

The electrons can either -
i) scatter an undulator “photon” in the forward direction and loose
momentum {Emission} :
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or,

ii} scatter a laser photon in the backward direction and gain
momentum {Absorption) :
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JMaL Madey, J. Appl. Phys., 42 (1971) 1806,
Stimulated Compton scattering
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Because of glectron recoil:

ho, <hw, and ko) >ho,

i.e. emission and absorption of a photon of a given frequency requires slightly
different "undulator photon® energies, and hence different electron energies.

The probability curves for emission/absorption are therefore slightly shifted in

energy:
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Stimulated Compton scattering

Thus, the "Gain Curve’

{.e. rate of {emission - absorption) is the s S SORPHI “}*‘ Ay
derivative of the spontaneous emission e enigstan }f\ tad
curve : £ ; *\

o H v

“Madey’s Theorem” 3 e/ i

i /.
- & useful generai result that aliows the I %
influence on the gain to be determined N AN

from the effect on the spontaneous
emission spectrum (which is easier to
calculate, and measure).
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Stimulated Compton scattering

Madey's work is closely

related to a proposal for ]
. . b

Stimulated Compton 5 o Sl T

. e s T e e O i
scattering of a relativistic sror | T NG
slectron beam from | { - 5
microwave radiation % : ! iy

H [

{Pantell et al., 1968): MCELERATOR ERLABCTOR
: . . . 1 Physiend tion for stinnddated Complon sontlariog at
itself following work going *# O trarad wavelmngths, ¢ 8

back to Kap?tza and Dirac 00 E=17.86 MeV, A, =10 0m A =20
(1933) .G . s Ay . um

*The advantages of a Compton laser are that it is voltage tunable over &
wide range and may provide intense, coherent radiation in portions of
the spectrum where other sources are not readily available®

The main difference of Madey's proposal with respect
to eadier work is the use of a stalic magnetic field,
rather than an electromagnetic one.

R.H. Pantel) et gb., 1EEE J. Quarturn Electr. QE-2 (1968} 805.




Butisita “Laser” ?

The first analysis of the FEL {Madey, 1971} was made using quantum
theory, and the physical principles of FEL operation were considered
different io those of earlier devices.

it was noted however that % cancelled out of the final equations and many
doubts were expressed whether it was a 'true’ laser ...

Later, a fully classical picture was developed* {Hopf et al,, Colson, 1876):

“the quantum theory of a free-glectron laser is extremely tedious, and is
neither desirable nor necessary”  Hopfetal, 1976

The physical picture is of electrons bunching on the scale of the radiation
wavelength and so emitling radiation coherently.

Slightly later & connection was made with earlier theoretical work showing
that the FEL did indeed operate according 1o the same principles as
earlier devices {Kroll et al., 1978)and so it eventually became clear that
the FEL was essentially the latest in a long series of electron beam
devices that generate coherent radiation.

¥ bt also separately i R.B. Palmer, J. Appl, Phys. 48 (1672 3014,

Bunching

For electrons having different longitudinal positions the Electric field of the
emitted radiation depends on the phase with respect 1o the radiation
wavelength: ¢=27zz/4

N, i
Electric field: E=E, fexp{i@k) =E, B intensity: I=] o§32
k=l ‘
Bunching factor
1) uniform distribution: B =0, =0

usual case:

spontaneous emission,
synchrotron radiation etc.
infensity ~ N,

2) random distribution:

(B)=0, Qsz-"Nm T=1,N,

3) electrons all in phase:

(B)=N,, QBZD =N2,

coherent emission:
intensity ~ N2




Historical Background to the FEL - the Klystron

in the first microwave devices {triode} a bunched
beam was produced by direct moduiation of the
beam intensity.

in 1937 the Kiystron was invented capable of
much higher'frequency operation, using a new
technique of veloeity modulation:

output cavily - the bunched beam delivers power
1o the electromagnetic field

drift region - velocity modulation converis to
density modulation

input cavity - v.f. voltage produces a velocity
modulation

d.c. electron gun

The Travelling Wave Tube  ompier, 1947 Pierce, 1950)

the helix slows down
the electromagnetic
wave allowing
synchronism with
the electron beam

Fig, 2.1~Schematic of the travelingwave amplifier.
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In these devices, the electromagnetic radiation is either contained
in cavities (klystron, magnetron) or propagated along a loaded
waveguide (TWT) to slow down the radiation o allow synchronism
between radiation and electron beams (“siow-wave® structures).

The minimum wavelength is limited by the difficulty of fabricating
small cavity and waveguide structures:
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The Ubitron Undulating Beam interaction
e oo Invented in 1957 (Phillips).
\ f A “fast wave® structure with a
\ N new interaction mechanism ~
woivanne ] unduiation of the electron
i - } beam.
%‘?S"“ E **/ CORALCTR
N N e S N e e both a microwave tube
- censc st paroms and a non-relativistic
b FEL ampiifier,
The first S-band Ubitron v e -
(3 GHz, A ~ 10 cm) ) e :
V-band Ubitron,
54 GHz, 4 ~ 5 mm
70 kV beam energy
150 kKW output power

R.M. Phillips, Nuct. Instr. Meth. A272 (1988} 1.
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The Undulator

Apotications of the Rudiation from Fast Bloctron Beamy

K. Mert
Aiorease Lateesty, Stonford Dulorsity, Califurels

Invented in 1981 by Motz as & means of (Raceied By 33550)
producing coherent millimetre waves
from a pre-bunched electron beam. woos ool

¥

Later experiments (1961) with 2 3-5 MeV
electron beam showed semi-coherent
emission of 6-8 mm band radiation with

Intensity ~ {current)’?

H. Motz,J. Appl. Phys. 22 {1851} 827.

indicating that the bunch iength was
about 10 mm.

’ Py y Foe £ 3
e, boted hower

Visible radiation was also generated using
2 100 MeV electron beam {(Motz, 1953}

H. Motz arict D. Waish, J. Appl. Phys. 33 (1962) 978.

The Undulator Amplifier

it was also shown {(Molz, 1858) using the same analysis as fora
TWT, that the undulator could be used 1o arplify a radiation
beam - "fast wave amplification’.

Essentially this was a relativistic FEL ampiifier; the feeding back
of the generated radiation to produce bunching at any wavelength
was not however considered.

This could have been the start of the FEL development, but as
Motz pointed out:

“in the relativistic range amplification from undufating electrons
leads to small gains .. radiation from pre-bunched elsctrons
seems a more hopeful approach..”

3 H. Motz and M. Nakamura, Symposium on Millimeter Waves, Brooklyn, 1959,




Historical Background to the FEL

In conclusion,

although the FEL follows on naturally from earlier
work on stimulated compton scattering, it also has
rools in both the Undulator Ampiifier {a relativistic
FEL ampiifier) and Ubitron {a non-relativistic FEL
amplifier) - both fast-wave structures - which
themselves had close similarities with the
Travelling Wave Tube (slow-wave structure},

FEL Operating Regimes

A. Low-gain {Compton)}
single electron interaction; G~ 2% gain per pass small {G<< 1)
usually are oscillators

B. High-gain (Compton)
collective interaction or “instability”; space-charge effects
negligible; G ~ exp(2), G»> 1,
can be amplifiers, or build up from noise (“super-radiant” or “Self
Amplified Spontaneous Emission”, SASE)

C. High-gain (Raman)

“three-wave” device; electron beam is sufficiently dense, and fow
energy, that the collective interaction with space-charge (plasma)
oscillations waves is dominant

can be amplifiers, oscillators, or SASE

10




Electron Motion in an Undulator
m&m MAGN&T

DIIDDDE -t o
D &7 @@ () G e o

polly WMMAW.: TRAECTORY
AXIS

vertical sinusoidal
field component: By =B, cos(kz), k=2n/4,

equation of motion [T B { y= E EEM«V}}
fromfFme(Eeyal) ym i et 05U

integrating gives P B, cos(kz) B, =2= LS cos(kz)
k4

the velocity: vm K
where: K= % =0.93B,{T1 A lem] (dimensionless)
' I m ol o NB] the average
" velocity along 2 is
reduced dus to
since g2+ g2 = f2 (= consaant) B.= z-——-- :f\__“ the undulating
23’ 4y*  motion
Interference Condition
distance between wavefronts d= 2o _ Agcos8
emitied from poinis Aand B Bz
constructive interference if d=nl
. 1 k?
using the previous result B =1~ —
2y 4y
'\ . .
14, x? in the ideal case,
A=l 14 ety 292 on-axis,n=1,3,5
n2y* 2 ete.

11




Spontaneous (Undulator) Radiation

3 3
:ijﬁz_ 1+£.§.y2f92
n2y 2

The spontaneous radiation emitted in an undulator consists £ E{MeV]
of a series of harmonics of a fundamental, whichhas a {7 = s }
wavelength much smatler than the magnet period, 4 (y>> 1)

Typical undulator radiation specira

FReYEG. 3%
5;¢..m iroyemies over Number of hamonics in
o fi g Note effect of coliecting the spectrum increases
Py ; the radiation over g rapidly with K {(~ K%:
iarge angular range . ; S

3% Berd

Ty
-

A gett e H £ )
{ H H Fhegugh 5 M

/e 1T o Pl LN
," G 9 00 motar fom B

14 €t i P fposmit - 2 W \

55 00 ; . . i) W, I W

g 2 < & & 1w ® 1€ 1% 4
photon energy

The Helical Undulator
B =B, {costk,2)x +sin(k,2)9) k,=2n/4,
p= -«%(cos(koz}i+sin{koz) $)

B2+ B3+ B2 = 4% (=constant)

|
1 k2 1

Bymt-mmses
2y2 2;/2

p NB] Higher symmetry
y- me(I +&24 },282] results in only one
2y

harmonic on-axis




w4 Al K?
Resonance Condition oS L e

)
Yo

1Y

N

The same equation gives also the condition for synchronism ("resonance
condition") between an electron and an external radiation beam :
the electrons skip by one radiation wavelength for each magnet period.

the transverse motion
allows an energy
exchange between the
electron and radiation
beams.

A systematic energy exchange can therefore take place, which depends on
the initial phase of the electrons with respect to the radiation, resulting in an
energy modulation, and hence density modulation {bunching) on the scale of
the radiation wavelength.

The FEL Interaction

consider for simplicity a hefical magnet:
B = B,{costk,2)i +sintk,2)9) k, =224,

B= --~-‘%—'<‘}':—({:oso(:oz“}fc +sin(k,2)3)

E = E,Gin(kz ~or +8,)3 +cos(hz—at +45)3) k=2nji=ofc

7:-—£—£.£
me

y:-egaxsin@ Gulkak, Yzt +§,
wne

B=6, when &tk e=wr

A s same as the
"2 d+K*) interdference
2y condition.

ie. Y=}, with J=

13




The FEL Interaction

for small deviations from
resonance define

ZoK ind

Frademovn nvimen
MRASE SPRCS

diagram® energy
L8720

WM

=¥ "?r)/?r

b =—-0%s5ind

§

= the motion of a simple

pendulum; same as synchrotron
motion in a storage ring

M/NW

for large @ electrons
on open trajectories

v

BN ﬁ”:M

for small @, electrons are

e ————— “frapped” on closed
- trajectories
phase {simple harmonic motion}

M:?, M

Motion in phase space

undulator entrance undulator exit
I vy @ N
£ o b BETEIESG
il B . ) K Bt W NI
«;\‘“«*'ﬁ/ﬁwﬁx M i «\MMx s
beam of electrons of fixed energy

’ / oy, &

A
P

and random initial phases

A 4

/TY
N
/ )
E;\/

On-resonance :

«bunching
- no net energy exchange

Far from resonance !

~ no electrons trapped
~ some bunching
~ small energy transfer

Close to resonance :

- nany electrons trapped
~ strong bunching

~ large induced energy
spread

14




Small Signal Gain

Averaging the energy loss/gain over all phases,and dividing by the
radiation beam intensity results in the following expression for the Gain
per pass:

6o AR K2 Lpeak \5p0
I a+kd L \
Find
Ly te] A 7
- depends linearly on logs X=4XN—~L
peak current \“\\ PN 4
- decreases with / Yooz
decreasing < : v
wavelength " RO / '
o) ‘\\ ff
-6 \/
~BOB
NB] F(x} < 0 means gain!
The Gain Curve
Fix}
- B
\‘\ 7008 - the maximum energy transfer
, 7004 from an electron fo the radiation
002 is
. i I N (A?)max/}zl,/ZN
g g T___*/ o %
Rgriera o
“004 T ‘ Ay - the maximum power that can be
006 x=4nN ? exiracted is therefore:
~008- Bser =(2NYL E
- the energy spread of the
electrons must be less than this:
oy [r <Y2N

15




Electron beam energy and FEL wavelength

Ay K2 Due to magnet
== b K =0.93B,[T1A,{em] technology reasons, as
2y < the period reduces, so

does the field amplitude,
and hence K

i on e e choice of electron source for different
radiation wavelengths :

FEAVELENSTH comccom
Qg Y Wum iuen fic e

fro. 52, SY0RRGE
i Ring

! B LINEL i

{ ELECTROGTATE SOCELERATOR g

A= 100 mm, K=25

Yy YYYY

Mpm)

Electron Beam Quality

1) small energy spread o, /y <1/2N
2) small transverse sizes
- for good overlap with the photon beam  9x.y <&

- because focussing effects in the undulator cause
position offsets to tum into angular offsets {and v.v.})

3} small angular divergence:
glectrons iravelling at an angle 0 to the axis have effectively a lower
velocity: Ay v26°

Y20+ K32
and so to stay in resonance;

142 2/ 12

<gz> S(H K*/2)
yvN

4} high peak current

16




Electron Beam Quality

Requirements on angular deviation and energy spread ¢an be
derived from the effect on the spontaneous radiation spectrum

{Madey theorem):
' 2
given: A iﬁg-—(i %—5—- + 7292}
n 7;/2 2
it follows: 84 _ 547 and M. 26>
AT A 14k%R
comparingtothe A4 _ 1
naturat linewidth A N
gives as Ay 1 JV2 s/ ?
before w;<§~;; and (Aé’ )‘ < vy

Other Requirements

optical cavity

1) synchronism with the
electron beam requires:
rocron SeAT e 1
¢ rep.
e.g L, =6.9m(LANL)
frop, = 214 MH2Z
2} sufficiently long '§ -
macropulse 1o allow =
build-up to saturation:  E |
L1 eem
[ X4
2= L.
& o
o i 2

TIME (usec)

17




Other Requirements

4

3} correct cavity length

. A
24 4 3 H .
i \, / ‘s\ | Cavity length
2 S/ \ 1 detuning curve for
o y ¢ theLANLFEL
wBeE R i & b4
SETINBE (pawd

Fluctuations in

4} stable electron beam {aser intensity in
the LANL FEL:
LANL FEL expts. (1984) “Rocky
A= 10 um Mountain” effect
E =21 MeV
looae = 40 A due to gun and
G265 9% accelerator
variations.

The First FEL Amplifier, Stanford 1976

BELICAL MAGNEY

{37 em PERODY 74 Me¥ BUNGHED
——— _ooegom T ELECTROR |
A SR IR " THRROR ATAM NBJ Gain curve =
o S0 vy derivative of spontanecus
MODULATED W8 i radiation spectrum
SAGIATEEN 1D ‘,
Curbe DETELTER MOLECTRON 1o} :

Aug Y758
MONGCRRGMATOR ¢, La%er /\\ ?
59(?&1 i
POWER \_\L

E = 24 MeV : . ELECTRON
NEAGY
lpeak = 70 mA wy o
A= 108 um Sam
Peak gain = 7 % per pass N / CLECTROR
f T eneway
/

L. Elias et al, Phys. Rev. Lett. 35 (1876} 717.
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The First FEL Oscillator, Stanford 1977

b
HELICAL MAGNEY
£ 3 43 MeV BUNCHED
e {32 s PERIDI e = éé%%am o
A5 - Y i -§~o,‘w
BESONATOR | GBIy v | FESORATOR
MERROR w2 MIRROR TR
| Vel
,,,,, |
E =43 MeV
boeak = 2.6 A Increase in _
(=34 um power ?08 Tt
Average power =036 W i
Peak power = 7 kW "’“*“"’“i;’ \X
7 WJ" \
// N et
D, Deacon et al, Phys. Rev. Lett, 38 (1977} B92. ey
The subsequent years
10*
LBLALNL
[1984) LASL
W NAL (1554) et TRWStanto
¥ 4 s
S
. : Bowing/ST!
1 ¥ o ;g{v;
S .
= Nowagivnsk
5 10* ”E;kzmmia}
2 UCSs o raw
£ yoh (19843 i8Sk
& (8 pass)
g
P Clesay (1983
1w | /f/ st ons
o AL
“Wom 3 mm Wum  tum  IW00A 10A 304
Wavelsngth
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Facilities currently providing FEL radiation for research

Laboratory Country Wavelengths Type
Univ. Duke (i) USA 1.7 -1 um Linac
{i 198 nm - 400 nm ¢ Storage Ring
FEL Japan 230 nm - 100 wm Linac
LURE §,CUI0 France 3-90 um Linac
(i 300 - 400 nm Storage Ring |
Univ. Vanderbiit USA 2.1~ 9.4 um Linac
Stanford USA 3-85um S§C-linac
FELIX Netheriands 3.1- 250 um Linac
Jetterson Lab. USA 8-6um 8C-linac
Sclence Unilv, Tokyo Japan 5- 16 um Linac
ucss Uusa 30 pm - 2.5 mm Etectrostatic
accelerator
ENEA Haly 2.1-3.8mm Microtron
NB] all are low-gain FEL oscillators
CLIO (Orsay, France)
{3t muser taile”)
s 100
3 .
£ i .
g 100 & FEL Radiation
3 T | wavelength: 3-90 pm
: i
& = Max. av. power: 1w
g 8 § Max. peak power: 100MWintps
Laser pulse length? 0.5 - 6 ps
Spectral width: 02-5%
e smireor by varying
cavity fength

Linac
Energy: 16-50 MeV
Peak current: 70 A

Macropuise: 10 ps, 5.25-25 Hz

Micropulse: 10 ps FWHM




FELIX (Netherlands)

U.C. Santa Barbara Lonter for Toratort Scionce and Tochaolagy .,

University of Californie, Senta Barbars

the tt the UCBE Frew Blootron Lakers

A=25mm

i=330 um




Lonter for Torahoriz Science and Technalogy

Limiversity of Catifornin, Sants Barburs

TERMINAL
ELECTRONICS

ELECTRON GUN

Ae%i TOR

ELECTRON-BEAM
Enargy 240 ~ 5.0 MV
Currant 20A
Emittance =A0w mmemr
Energy spread w105
Recircubation K7 %

This accelerator uses 99.7 % recycied electrons.

Variations on a Theme - Tapering

Variation {"tapering”) of undulator

field {(and/or period) along its 2
length to accommodate reduction 1220 ] K@
in electron energy and hence T apa)? 2 -
increase output power.
E R
o frap the
electrons in the
- bucket and then
move the bucket
¥ . s
! UITRAPPED ELACTROMS down in energy
Yo : § T
! - TRAPPED BLECTRONS
T Q%m




Tapering

< | ELF experiment gt
LLNL (35 GHz),
extraction increased
from 6 % 10 35 %.

"~ Taper 8% )
1.0 b ) -
.o Constant fsid !
- Numerieat
siruiation H
4 b o -
fee- Ve ?
. 3 i %
“ i+
°s 1 E) 3
20
Ziow D revitiric
o | e R |
simulation " \
showing effect |
of trapping - ’ﬁ%
g ‘ - ",'
Rl e e S Su S
¥

othar tapering experiments carried
outat:

{ANL, 106 um, 5%

Stanford, 1.6um, 1.2%

Useful increases in oulput power, but
at the expense of lower gain.

Not sufficient in itself for very high
power.

Variations on a Theme - Optical Klystron

A two-section undulator with a region of large dispersion in betwe;en
- the analog of the microwave kiystron (Vinokurov and Skrinsky, 1;;977):




The Optical Kilystron

The effect is introduce a moduation into the radiation
spectrum and hence into the gain curve:

LoE )
O8 -
3os

g 84
o2

¥

2o

The peak gain is increased significantly but:
- increased sensitivity to electron beam energy spread
- lower exiraction efficiency

Used in the majority of storage ring FEL experiments, where
the high quality allows a higher gain.

Storage Ring FELs

Because of the high energy, high beam currents and high beam qualily,
electron storage rings were once thought the key towards achieving high
power and short wavelength ...

The first successful storage ring FEL was on ACO:

First gain measurements (1981)

1% demonstration of the
iwg Madey Theorem:
x
-
/ iR :
i f ) / \
) : INETRUNENT %\ ,’ y d\y(
\/ Wit B H St ARG XeEG

344 154 o i
TR § it




The First Storage Ring FEL, ACO, Orsay

Later measurements using an
optical kiystron (1983):

E=234 MeV

an SGA

1 =30ma Ubunchy
= G7nsec

First Oscifiation June 1983

Ring energy: 160 MeV
Peak current: -3 A
Wavelength: 850 nm
Mirror reflectivity: $9.965 %
Mirror trangmission: 3105

M. Billardon et &, Phys. Rev, Lett, 51 {(1983) 1652,

Storage Ring Free-Electron Lasers

Ring Country First Energy % range Status
lasing {MeV) {nm)
ACO France 1983 160-240 655-463 Closed
VEPP-3 Russia 1988 350 690-240 Suspended
SuperACO France 1888 600-800 690-300 Operating
User expts.
TERAS Japan 1981 231 588 Suspended
UVSOR Japan 1982 430-800 488-238 Operating
NIJi-IV Japan 1902 240-310 595-212 FEL dedicated
Duke Univ. UBA 1986 300-800 413183 {Operating
User expis.
DELTA Germany 1609 450-500 470-420 Suspended
ELETTRA Haly 2000 0.8-13 356-189 Operating
GeV




Storage Ring FELs - state of the art

Shortest Wavelength 188 nm ELETTRA
Minimum linewidth 3107 {rms) VEPP3
Maximum gain ~20 % ELETTRA, Duke
Maximum peak power 60 kW VEPP3
Maximum gverage power 560 mW ELETTRA
Maximum cw operation 10h SuperACO

© SEPER-ACD Expee v»su&:x(i sie

first pump-probe
experiments, FEL+SR,
at Super-ACO
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Storage Ring FEL Physics

Storage ring FELs are significantly different to single-pass FELs because
of the coupling of the FEL and ring dynamics

- changes introduced by the FEL action {e.g. increase in energy
spread) remain in the beam and are only damped by long-
timescale radiation damping effects

- since at saturation the FEL is operating close to threshold

{gain=losses) it is very sensitive fo smali instabilities and

fluctuations in the electron beam {coupied bunch modes, 50 Hz noise
elc.)

The maximum power of a storage ring FEL is limited by the increased
energy spread, which can be related to the total synchrotron radiation
power emitted in the whole ring {Renieri criterion) ;

AE
Prpy s ("}?)Psa

A Renderi, Nuovo Cimento BS3 1879 160.




Saturation in the Storage Ring FEL

in reality, this limit is not reached because of the increased energy
spread and bunch length reduce the gain:

< £ 13 g v T o8
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ra—— - o ok . . 1]
60 oz o4t o5 pa e e s 0 15
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as power builds up,
the gain reduces due lo increased energy spread
saturation ocours when gain=losses

Saturation in the Storage Ring FEL

Bunch length measurements at ELETTRA using a double-streak
camera

FEL off FEL on

e-bunch profie @ Ly =1 1L MA
- gggg T=13%
— 0,318 ps
232 ps Obon/ Gb off = 1.4‘

Intensity

“100 100




Some features of SRFELS

generally the cavity length
detuning curve is quite complex

58 & L
500}, Detuning Length ry—Periodic puisa |
g it
g . Super-ACO
eob B , E
g X =80 mA
. L
sl B ik
S ¥ 3 3
£33 T 1 K
Z oW ; <:wf¥\'M
417 : otad P
300 o 500 Hz

Higher peak power can be obtained by
deliberately switching the FEL on/off
{"Q-switching”}

eak power
T /P po

i

& average
£

i ;i power

*
v 3 v ¥

AtELETTRAno cw.

operation has vet been
obtained due to small electron
beam fluctuations. it is usually
naturally pulsed, or random:

XN g

EUFELE - European Storage Ring FEL on ELETTRA

Wavelength Muitilayer mirror type
- 350 nmy Ta,04810, .
250 - 268 nm HIO,/SIO,
218-224 nm AOYSI0,  §
189.7 - 200.3 nm AlLO,SIO, §M'
%:
0 10
[

2= 1899 nm
PWEHN =008 min
A 3% 107
Labtrabmad
H H ] H 3 H ¥
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Wavelength Qo




The Duke University Storage Ring FEL
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Advantages énd Limitations of Storage Ring FELs

Advantages:

& Tunable in wavelength
® high average power, and photon flux compared to UV laser or SR
& continuous operation with MHz rep. rate
#® Synchronised to synchrotron radiation

{permitting two-beam, “pump-probe” experiments at high rep. rate)
® Small spectral linewidth {~ 10 “easy”, ~ 10 possibie}
® "Cheap" addition to a Synchrotron Radiation user facilily

Limitations:

- mainly due to the present performance of high reflectivity (> 95 %)
multilayer mirrors, which fimit the shorlest wavelength achievable, as

well as the range of tunability
- limited power ouput

10




Mirrors for Storage Ring FELs
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With higher gain {e.g. OKS5 at
Duke) it should be possible to use
Aluminium mirrors to reach at
least 150 nm with wide tunability.
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Jefferson Lab. High Power FEL

High average FEL power achieved by means of high average
current superconducting linac with energy recovery:

R
wiggler 5

energy recov'?ary ~75%
& recxrcxfiaﬁan beam line 1.1 mA no re {:ove-ry

5 mA max. with recovery

vt r
| = 4.4 mA—T" 0 electron beam power
A= 3.1 pm K

Py =17 kW +—> _ 0.8 % efficiency
(12N =1%)

G.R. Neit et al,, Phys. Rev. Lalt. 84 (2000) 662.
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Jefferson Lab. High Power FEL
Upgrade 1o 10 kW in progress:

E = 160 MeV
N S i=10mA
=250 nm-15 umn
IR Wiggior S $iY Wignler
fo 10 gt
} 190 7 3
S8 my '
Applications:

Polymer surface processing {e.g. clothing, carpets etc.)

Metal surface processing (a.g. cotrosion resistant materials with increased
toughness)

Micromachining {mechanical and optical components)

Electronic materials processing (e.g. electronics for use in harsh
conditions)

The FEL High Gain Regime - Why ?

FEL oscillators are limited in wavelength by the availability of high
reflectivity mirrors:

Wavelength
1000 A 100 4 1A 14
1.4 H 7 H H
Optiest
Loatings
Projectes Natural

HgF N multilayers crysialy

Mirror reflectivity
f>3
W

i

10 eV G0 gV 1 ke ke

Photon energy

A different mechanism is therefore needed to approach short
wavalengths.

12




The FEL High Gain Regime

The high-gain FEL regime with exponentially growing radiation was first analysed

around 1977 (Kroll et al.}, establishing a link between the FEL and the Travelling Wave
Tube.

]
e o]
o]
s o]

SEBEEIRLELEREAREE

tistance

The use of this mechanism - with no resonator and with sufficiently long
undulator that self-bunching can oceur starting from random statfistical
fluctuations in infensity - as a source of coherent radiation was proposed in

1979 (Kondratenko and Saidinj. AM. Kondratenko and E. Saidin,

Sov. Phys. Dokl 24 (1979} 886.

The FEL High Gain Regime

in this regime we refer to a coliective "instability™:
bunching - radiation - more bunching - more radiation ...

Calcutation of micro-bunching in the TESLA XFEL:

undulator middle of undulator exit
entrance exponential {saturation)
growth regime

13




The FEL High Gain Regime

A simple theory which describes most of the physics with a single parameter
{the Pierce parameter) was developed in 1984 (Bonifacio et al.y:

1, = classical electron radius
n, = electron density

2/3
o= {_{{9_}3_) / Q, = plasma frequency

space-charge
forces implies :
pel

e J NBJ neglecting

For a long undulator the power grows as: f~ %exp{z{ Lg)

whete the gain lengths is: Le = A, /430
Saturation occurs in about 20 gainlengths: Ly, ~20Lg ~ 4, /0
with a saturation power: P~ply E

A. Bonifacio et al.,
NOTE: power gain jength = field gain fength /2 Opt. Comm. 50 {1984) 873.

Electron Beam Requirements for SASE (1D model)

2 ¥uy =05y 0ny’)
8mall electron beam emittance £< :’; Ny THAYERY
Small electron beam energy , .
spread Opl/E<p ‘

High peak current

initiaf proposals 1o use the high-gain
regime for short wavelength FELs
assumed use of a storage ring, because
of the possibility of creating high current,
low emittance beams:

e.4. Murphy ard Pellegrini, 1985

NBJ this would involve switching the beam into
the FEL bypass and back again, once each
damping time

14




Electron Beam Requirements for SASE

3%

Later, with the 28 £

A

development of r.f. guns

with low emiltance, the

direction switched to the
use of linacs.

o fmeearu s
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N
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1980

TEEY 18548

Yoar

IS 6o

in alfinac @ electron gun gives fixed normalised
emittance (g}

as finac energy increases, the
geometric emittance (g} decreases

First proposal for an Xeray FEL (0.1 - 4 nm) based on the SASE

principle, using the SLAC linac, was in 1992
C. Pellegrind, 4'th Generation Light Source Workshop, Stanford, Feb. 1992,

The FEL as a "Fourth Generation” Light Source

With the increasingly real propsect of the
FEL entering the short-wavelength
domain of the synchrotron radiation
sources, it is now considered to be the
*fourth generation® of light source:

15t Generation: rings built originally for HEP
and used parasitically for SR

2nd Generation: rings specially buiit for SR

3rd Generation: dedicated rings with a large
riumber of undulator radiation sources

4th Generation: coherent radiation sources

NB} Not only is Brilliance important, but
also the short radiation puises, into the
femtosecond region

Loy Beam Britlance
8 &

o
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E
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SASE FEL Radiation Properties

Electrons comsmunicate only with the electrons in front of them, at a distance
no larger than the slippage distance = N A

The main effect however takes place over the smaller "cooperation length”, L,
- the slippage over one gain length:

A A
5 Ly e
N G ST

Al the undulator entrance the glectron distribution - and hence the initial
spontaneous radiation - is random on the scale of the radiation wavelength.

As amplification occurs each cooperation length evolves independently. The
fina! radiation therefore consists of a number, M, of spikes whose intensity
varies independently, where

M= Lounen

2L,

SASE FEL Radiation Properties

2 Mt
The total intensity of each pulse o8 o :
fluctuates from shot to shot, St it {
following a Gamma distribution with Boaillfh ;
normalised rms variation = ot %___
Y AR
Wialis i
1.9
284 : w
The overall bandwidth of the g Zi
radiation is relatively large, 0]
given by the temporal duration o
of one spike: s
M - 2- = Wt
7 2L, 157
. % RE i
i.e. the bandwidth is M times 5 |
that of the Fourier Transmform A
limit of a single spike. e ox 16 3B 28 28

16
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Typical temporal and spectral structure of the TESLA XFEL at 0.1 nm:
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High-gain and SASE Experiments
Several amplifier and SASE tests in the mm-wave region in the USA in the mid-
80's (LLNL, NRL) e.g.

ELF, Lawrence Livermore National Laboratory {1985}
35 GHz (8.7 mm); 3.6 MeV, 450 A beam

1%

MIT (1988}
Eiteotve = 5359 ¥ 800 um; 2 MeV, 800 A beam
pi .
[iid o "
g W A
I “
o
¥ : ;{}”3 o
£l k] 2 &

High-gain and SASE Experiments

PALADIN, Lawrence Livermore National Laboratory (1988/8}
10.6 wm Amplifier; Advanced Test Accelerator {ATA): 45 MeV, 800 A beam

w 3 ¥ i ¥ § ¥ £ K3 ¥ g H ]
I + Experiment R
| - Simulation j
Brven
30 {envelope) LM 14 MW output
5 ; . A T
- 3 o
g [ ]
2
= 201 _
s > nd
& L -
104 -
ok , R 18 KW input
() %0
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UCLA/Kurchatov/LANL/SSRL Experiment

108
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M, Hogan et al., Phys. Rev. Lelt. 81 (1998} 4867 Cu:Ge Detector [mV]
The APS SASE FEL
(using the Low Energy Undulator Test Line LEUTL)

PROJECT GOALS

« Porform expariments with the SASE FEL output
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in preparation for an x-ray regime maching
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APS SASE FEL: Undulator and Diagnostic Line

CCD Camers

Filter Wheels

A\

1\

YAG/OTR screen Mirror, mirror whole

Length gx24m
Quadrapole &0 Button BPM Period 3.3cm
Corrector
Gap 9.4 mm
Fleid 1T
K 3.1
Intermodute ?ﬁiﬁwnfa&
33em Sourge
courtesy of 8.V, Milton, APS gap R wsstos
APS SASE FEL: Results
3
w A
6%~
16 A B ¢
oy waturationat | | Energy (Mev) 217 | 217 | 285
F 530 nm Wavelength (nm) | 530 | 530 | 285
o
é Charge (nC} 03 | 03 | 03
K3
B Bunch length {ps)| 0.19 0.77 0.65
o
w Peak curent{A) | 630 | 171 | 184
% Normalised
S Emittance 8.5 85 7.4
{mm mrad)
Energy spread 0.4 0.2 0.1

Gain fength {m) 1.0 1.4 0.8

10 saturation
i / at385 nm
157

B 5 1 18 7 %
Distonce {in

8.V, Milton t al., Stience 292 (2001) 205.
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Intensity [arb. units]

APS SASE FEL.: Trajectory & Matching Effects

165

%y 5 10 15 20 25
Distance {m]

Advanced
Phoron y
Bource il
e, Natigpent Laluimnsory

courtesy of S.V. Milton, APS

APS SASE FEL: Recent Results at 130 nm

VUV: 130 nm, R=100 pixels, Nov. 5, 2001

105t -

1%k

10° -

Percentile Integroted Intensity {a.u.)
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0 § 10 18 28 25
Distance Traversed in Undulutor (m)

Advanced
Photon
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Aseensst Natiowal LADOY

courtesy of 8.V. Milton, APE
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APS SASE FEL: The First Experiment

Single Photon lonization / Resonant lonization to Threshoid {SPIRIT)
M. Pelfin MSD/ANL

Duerptive o

planred in 2002

SPIRIT will use the high VUV pulse energy

from LEUTL to uniquely study —
Trace quantities of light elements:
H, C, N, O in semiconductors with
100 times lower detection fimit
Organic molecuies with minimal

fragmentation

cell mapping by mass becomes feasible
polymer surfaces

modified {carcinogenic) DNA
photoionization thresholds

Excited states of molecules

cold wall desorption in accelerators
sputtering of clusters

Mictoscope 1OF
ks ]
.
P oo S
= Sumpis_ %
. . .
+ LEUTL
Pigih )
N s *
g “ § Sk 3 v
%; oo 11 WWW‘
N ;’ S :
ki it

Advanced
Photon

courtasy of S.V. Milton, APS Seuaree

e, Mapin, LADOIIY

VISA (Visible to Infrared SASE Amplifier) ¥¢=c=smiar
(BNL-LLNL-SLAC-UCLA collaboration) !

First saturation
March, 2001

Wavelength:
Average Charge:
Gain Length
BASE Energy:
Fotal Gain:

Eneryy . .
fndi Energy vs. Position
1 ‘ ”
3 1 E
e
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E o
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Future Short Wavelength SASE FELs
Extension of existing projects:
APS-FEL: extension to 50 nm

TTF-I: extension to 6 nm {1 GeV) underway; will become & user facility

New Projects:

Linac Coherent Light Source (LCLS) 15A 143 GeV  Linac
TESLA X-FEL 0.85A 50GeV  SClinac
Spring-8 Compact SASE Source {(8CCS) 3.6nm 1 GeV Linac
BESSY-FEL 1.2 nm 2.25 GeV Linac
SPARX/FERM! (italy) 1.2/11.5nm 2.5/3 GeV Linac
4GLS (UK) 12 nm 0.9 GeV ERL

Linac Coherent Light Source - LCLS B @g




LCLS Main Design Parameters

Fundamental FEL Radiation Wavelength 1.5 15 A
Electron Beam Energy 14.3 4.5 GeV
Normalized RMS Slice Emittance 1.2 1.2 mm-mrad
Peak Current 34 34 kA
Bunch/Pulse Length (FWHM) 230 230 s
Reiative Slice Energy Spread @ Entrance <0.01 09.025 %%
Saturation Length &7 25 m
FEL Fundamental Saturation Power ® Exit 8 17 GwW
FEL Photons per Pulse 1.1 28 19
Peak Brightness @ Undulator Exit 0.8 .06 1093+
Transverse Coherence Full Fult
RMS SHee X-Ray Bandwidth 0.06 0.24 %
RMS Projected X-Ray Bandwidth 0.13 0.47 %
* photons/sec/mmiimad 0.1%-BW

LCLS

Total Estimated Cost ($FY2002) $196.5 M
 Project Engineering and Design (direct) $29.7 M

+ Construction(direct) $1062M
¢ Overhead $231 M
» Contingency $375M

Timescales

May 2002 Projected DoE approval of preliminary project baseline {CD-1)
Jan. 2003 Projected DoE approval of performance project baseline (CD-2)
Mar. 2004 Projected DoE approval for start of construction (CD-3)

Oct. 2004 Startof Construction ‘

Oct. 2007 Projected DoE approval for start of operation (CD-4)

tJ




LCLS Science Program

Femtochemistry
Nanoscale Dynamics in
Condensed matter
Atomie Physics
Piasma and Warm Dense
Matter
Structural Studies on Single
Program developed b
riemations! tean, of “42 Particies and Biomolecules
scienfists working with
accelerator  and  laser
physics communities X-ray Laser Physics
Cimsas
Sz_;i s S99

TESLA: The Superconducting Electron-Positron Linear
Collider with an integrated X-ray Laser Laboratory

B

500 GeV #inear collider 3136 M EUR
Detector for Parlicle Physics 2106 M EUR
Additional cost for X-FEL 531 MEUR
TOTAL 3877 M EUR
Construction tme 8 years




TESLA: The Superconducting Electron-Positron Linear
Collider with an Integrated X-ray Laser Laboratory

Technical Design Report March 2001

TESLA XFEL: Integration with the Linear Collider

FEL bunch train particle physics

11500 burches 3 1 nC buneh train FEL

Masla tunnel
20.5 Krny ~-P
Laser Labaratory
ane
intaracton-16.8 km —
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12,3 ko v FEL slectron
transter lines
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LCLS and TESLA XFEL Performance
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The BESSY FEL Wavelength: 60 - 1.2
Photon energy: 20 eV - 1 keV

BESSY il 1.7/1.9 GeV

storage ring
proposed 2.25 GeV
. : superconducting
. G finac
experimental hall w RO
25 e, ﬁzzm
o & {0 2 1N -
Charge: inC z » 3 ,»’fwgf %{12 oy ‘ 3
Bunch length: 85-2601s N o
Peakcurrent:  15-5kA BE o eeoaow o [esswiernnm
Norm. emittance: 1.5 mm mrad ok S LT
Energyspread: 0.1% £33 ,:jz:.g oA o, 5B}
o ) ) {6, 08 VeV -
9 1 2 3 4 3 & i
F{RAG

initial cost estimate: 148 M EUR |

Technical Challenges for Short Wavelength

SASE FELs
& Infector
- Low emittance
- Stability

® Compression and Acceleration

- Emittance preservation due to Coherent
Synchrotron Radiation (CSR) and
transverse wakefield effects

- Stability (phase, amplitude)

& Undulators

- Precise fabrication of long undulators

- Trajectory alignment

- Wakefields in the undulator (resistive wall,
surface roughness, geometrical changes)

& Photon beams handling
- optics, diagnostics efc.




Technical Challenges for Short Wavelength
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Parameter Location LCLS Goal Values®
Normalized Slice Emittance injector (@150 MsV) 1.0 mm mrad (BMS)

Yndulator Entrance 1.2 mm
mrad {(RMS}

Normalized Projected Emittance  Injector {@ 150 MeV) 1.2 mm mrad (RMS)
Undulator Entrance 1.5 mm

mrad (RMS)

Slice Energy Spread Injector {@ 150 MeV) <001 % {(RMS)
Undulator Ertrance <0.01

oot Enoren e Undu[am Eﬂt{agce D 08 dﬁ (gﬁds)
1010»‘ 1.2 mymanrad
1.8 mmenyad

§ At o peak cutrent of 3400 A at the undulotor
8 23 mmmrad

1.7 mm-mrad is the largest slice g 107 -

emittance, which aliows saturation R4 mmrye
within the LCLS Undulator (120 m, & 448
including gaps between modules),
assuming a local current of 3.4 kKA.

10 $. Roiche i

0B TT4G 8080 100 120
zim]

*stice emittance® is the
focal emittance pvera
cooperation length.




TESLA XFEL: Parameter sensitivity
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LCLS Injector Requirements

Parameter
ﬁ;ﬁ;:“ ent éogofi 2C *Recent” results {PAC 01}
Normalized transverse emittance |<12/10pmrms | SLAC/GTF 1.2pmat0.3nC
projected/slice BNL/ATF 0.84 um at 0.5 nC
Rate 120 Hz
Energy 150 MeV
Energy spread @ 150 MeV $0.1/001%
projected/slice
Gun laser timing stability Note the severe
Booster mean rf phase stability stabifity
Charge stability requiremnents
Bunch length stability

Magnetic Bunch Compression

AEE ;

AEE
Overcompfessio%
s~——-zF—~+§ / e -
z z ]

LN\

Ae = RGAFE

Under-compression

[

V= Vsin{on

R¥F Accelesating
Voltage

o

Path LengtheBnergy
Dependen Beamiine




Magnetic Bunch Compression

Magnetic compression is usually carried
out in more than one stage e.g. LCLS :

overall compression X 37

SLAC linac tunnel i FFTB hall

Coherent Synchrotron Radiation (CSR)

Coherent
radiation for:
2> @,

Free space radiation from bunch tail at point A overtakes bunch head, a
distance s ahead of the source, at the point B which satisfies...

s=arc(AB) — [AB] = R~ 2Rsin(6§2) = RG*/24 = 0,
ie. when L6%=240,

for LCLS: o, = 22 pm, L&*~ 5 10
= ] deg. bend, over2 m

10




CSR -> Energy Variation along the Bunch

; /Chafge distribufion

Ai@

~CSR wakefield

CSR — Emittance Growth

Radiation in bends

Energy loss in bends causes
transverse position spread after
bends =» x-emittance growth

S A T

A
-
o
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Codes for “Start-end Simulations”

Macro particles Macro particles Macro particies and

External maps for E- and Tracking by matrix slements Discritized radiation field
B-field Aralytical model for CSR and Analytical modet for undulator
Space Charge wakefields wakefields

for LS ..

8. Reiche

Undulators

Short wavelength FELs with long
undulators need focussing along
the length

Undulator sections are interspersed
with quadrupole focussing magnsts
{as well as other correction and -

diagnostic elements)

TESLA TOR, March 2001

12




TESLA XFEL Undulators

Main TESLA XFEL Undulator Parameters (SASET)

Gap 12 mm
Period Length 6 om
Peak On-Axis Field 1.32 T

K 3.71
Segment Length 5 m

Number of Segments 53
Undutator Magnet Length 165 m
Total Undulator Length - 323 m

Total for 5 SASE Devices

Total No. Segments
Total Undulator Length

TESLA TDR, March 2001

LCLS Undulator

Main LCLS Undulator Parameters

Gap & mm
Period Length 3 om
Peak On-Axis Field ) 132 7
K 371
Segment Length 342 m
Number of Segments 33

Undulator Magnet Length 1128 m
Total Undulator Length 121.3 m

Prototype LCLS undudator under test

AT e

VaaurnCharter
l SremiD /S mmOl '




Undulator Quality and Alignment

Very high field quality, and precise alignment, is required to maintain
the beam trajectory within tight tolerances, e.g. TESLA XFEL

k24 3 Y ¥ Y
-.., " w T T v v -~
o 03k ofs - & osh A
g o33 %%. 'g - % e \ ?
K P P
Sl e, ] E1 N
3 & - -
E 1 e g AN
& bz (% T ] Q azlk .
Z ) Z
b A, L | N
i 3 4 Y W
[ 20 40 &Y B W o ¢ 4 & % 10
rms beam displacement (em) rms quad ofiset {um)
reduction in gain due to trajectory reduction in gain due to random
errors caused by random guadrupole misalignments, before
undulalor field errors correction

Effect of Spontaneous Radiation

Weak taper of undulator field needed
o compensate change in resonance -10
condition due to energy i0ss caused 20
by spontaneous emission : A

<f
&
S

for LCLS: %K =-1.510"m?
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K=0.1 {inner), 0.5,
1.0, 10.0 {outer)

Harmonics
LR ATOR MAGREY

7))

£
Py

where do the
harmonics come from
in a planar undulator 7

8 - fi _ Ei os(2kz the velocily along the z-axis is
z a2 42 cos(2kz) modulated due to undulating
Y Y motion

in the frame which moves with

the average velocily along z,
! the electron pefforms a

S “figure-of-eight” motion,

increasing with K value, giving

rise to emission of harmonics.

¥ feed. uniisd

w [rel weite}

Harmonics in the low-Gain FEL

Lasing on the 3rd harmonic (and not on the fundamental) was first
obtained in the Stanford Mark 1 FEL (Benson and Madey, 1989).

it was also shown that a FEL operating near saturation generates
harmonics in excess of spontaneous radiation due to the harmonic
content of the bunching (Bamford and Deacon, 1989).

prevvi i 55t
B v §5Y

W GO
e o 857
awok w53

EPMEREY {JOLLE
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Coherent Harmonic Generation

(AL
HEE (TETE] R
MORULATOR COMPACTOR RADIAYOR
UNDULATOR CISPERSIVE INOULATOR

SECTION

First demonstrated on ACO, where the 3rd hammonic of an 1.08 um
Nd:YAG laser was generated with 102-10° enhancement over
spontanecus emission (Girard et al. 1984).

Later experiments at SuperACO have shown aiso the 5th

harmonic. i
- requires very precise alignment of ‘§ e
laser and electron beams % :
- average CHG output is limited by the £,
{aser repetition frequency {10-20 Hz in § E
these experiments). . 3
o 18 : ; &e

Giey ey famfl

e

*Non-linear" Harmonic Generation

High gain regime experiments This was later explained as being due to the

at ELF {35 GHz) showed a exponential gain on the fundamental driving the
rapidly increasing signal at the harmonic bunching:
3rd harmonic:
Intensity Bunching
. A v : . X3 ’ - .
I8 AR B S S B N w oab L oy
ol ., Fundamentyd B b sah n=t :f’f A b
" % a4 & > i ;
- L ¥ £ e 2018 - : . ?g :
3067 " 4 b4 - s o ) ) ]
L F N, eEnE N
ol ® ¢ M n=3 £ o :
* po iy
M 68 20 : .
el N 3n harmomic. 7 sooal ¢ ; 18 g
N . @ [t
§ s -
o ¢ 5 § : 3 i aent n=§ RS-+ 1
¢ 04 G 12 L4 2B 24 28 /
Lo lont} [y s e .
k5] L4 &8 28 LX< &0 &L
¥ LES ¥

A. Bonifacio et al., Nucl. instr. Meth. A293 (1950 827.
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“Non-linear” Harmonic Generation

This led 1o the proposal for:
Resonant Frequency Tripling

A two-stage FEL amplifier, with the second
undulator tuned to the third (or higher) harmonic of
the first.

- O Mirors

- advantages of an amplifier configuration (narrow
linewidth)

« o seed required at the output frequency

A, Bonitacio et al., Nucl. Instr. Meth, A256 (1890} 787.

High Gain Harmonic Generation (HGHG)

modified version of the the previous scheme, using a dispersion
section 1o enhance the bunching:

gigpersion
w-heam o linac suction
$ b oulpe |
N (2210004}
- - ——
}::::} B’ 4T AV = ¥ I : ¢ N ‘%}%ﬁ*
Ti-Sapphire e seed o
oy (223000R) —Lybem pent e L ]
regenerative  modultor  untapersd tapered
systent wiggler viggiar wiggier

Advantages of HGHG, compared o SASE:

- radiation is fongitudinally coherent

- no spiking: smooth pulses in the temporal and spectral domains
- narrower linewidth

- wavelength stability provided by the seed laser

- adjustable pulse length by varying the seed laser pulse length

- shorter undutator

L.H. Yu, Phys. Rev. A44 (1991) 5178,
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HGHG - First Experiment, BENL

soosi motulatar saehator
apt LalPm Lwdm PG FEL
0.6 e, OF MW i Som e B3 e 52 1 ?irw

Bx=Q T Badd? ¥

W W

dingershe soetion

LwQEm
@ b gt ity [:j $200 SIEC SA00 S0 BUWO SIS 5400
WV, bps 1204 O 3 [T ——————
& & B.5x e & HOMG
< 5.05% A 8o & saee
seed laser off =
- di & NB] SASE
& seed laser on %” § 3| scale factor
£ o X /
HE
Z 20 i
& & ooyt . ;
PR - e T - B M S e
k3
g Eleotr B Modulation (% = §§
2 on's Boergy B 308 N
S * & > S single shot g%
FWHM Aviy=2.5% measurement I3
With CO, laser on T ; 1
S i
; o ST . o
L., Yu et al., Science 289 (2000 832, S0 RS0 $200 B280 5900 5360 5400

waviengh g

Deep-Ultraviolet FEL (DUV-FEL), BNL

Phase | Phase ;| Phase
3 i i

FEL output 460 200 100
Wavelength {nm}

Seed laser 800 400 300
wavelength {(nm)

Eleciron Beam 200 210 300
Energy (MeV)

Emittance 7 4 3

{ye, mm-mrad}

Peak current {A} | 300 500 1060
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HGHG X-ray FEL
Cascaded HGHG using the 'fresh-part-of bunch’ scheme :

P, 300MW WOW 1AW 18GW JAMW P AGW
225605 . 1064y

f’ﬁgig%

t TG A Lrwinerarsd 2
;»———v-——— 3Gev o, by=Sx10" |
H
1 Stage 2™ Stage ¥ suge i Stuge [Amplificr
(A) 2250 A4S0 {430 96 (90 36 80 Wi oW
A fem) |55 58 156 3% (3% 9 129 231 23
dyifdy 0.4 0.1 81 0.4
Lefm) |4 9.3 4% 4 12 85 {1.5 58] 10
Le(m) (074 0871087 0830088 pLI2]LI2 186 186
Tna™46m to reach 2 GW
£ Wu and L.H. Yu, Proe. PAC 2001
Two-stage SASE FEL
- o . i : being
aphlior implemented
" as part of
Qctn bean s roschiomalc IR TYF Phase il
iy BoRID oam durnp
without seeding . with seeding
. ; - ;
: i
% »
W
w £24 25 3 L5 18
aa {9

J. Feldhaus et al., Qptics Comm, 140 (1887} 341,
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Regenerative Amplifier FEL (RAFEL)

High-gein FEL with a small amount of feedback, 1o aliow it reach
saturation in a small number of passes. First developed and
demonstrated at LANL (Nguyen and Goidstein, 1997).

The concept was then modified to include monochromatization so
that the seed radigtion is longitudinally coherent.(Faatz et af, 1999

Experiment is currently being carried out at TTF-1:

6w 49m 85m o
ol ¥ M N
3 ; ; 3
Falty coherent : } .
output radistion ; : :
CHO-20G nm > + - i
S0 : €€ boam .
i “otiimutar Second 66'4 m between the
4 - -3 COMPIORROY i )
: Kf; : 2 B W mirrors corresponds to
ngVA_,,_{? ”{:8 A W 2xdistance between
¢ i oy % micropuises {9 MHz).
Mirrox I \ M
M . with bote Accolerator 2
Spherical modute sﬁ:;:ﬁ:)
mirroe (S

Plane Litirow
Erating

Motivation for Shorter Pulses:
Radiation Damage




Chirped-beam Two-stage SASE FEL

. 1.0x1074

| S monochromator;

i
Y
5
5
I
i
H
H
H
i
3
H
H
H
H
+
3
3
3
Y
3
3

< 43 g —> € 30 m
| S ——

o
ot

>

N 2m
SASE gain (P,,/10%)

SASE Saturation (23 GW)

C.8. Schroeder et al., PAC 2001

Reduction of pulse length by seeding
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W. Brafsid ¢t al., TESLA-FEL2001-02
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“Puise Slicing” using the FEL interaction

to create femtosecond puises of incoherent
soft Xray and Xray radiation in a storage ring:
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PR 3 |
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Sdweption o Wiggie Digporsive Bondd

AA Zholents and M.S. Zololorav, Phys. Rev. Lett. 75 (1996) §12.

Delwy {28}

RW. Schoeniein et al, Scignce 287 (2000) 228.
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Conclusion

Since the first operation 25 years ago,
FELs have branched out inmany different
directions so that today there is a very wide range
of FEL related activity.

{See for example the Proceedings of the Annual
International FEL Conferences).

Many developments are underway,
involving challenging accelerator physics and
technological problems, particularly in the case of

" theshort wavelength FELs

I'hope these few lectures have stimulated some |

interest in this expanding and exciting field.







