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Introduction |: What is free electron lasers

* A free-electron laser (FEL), is a type of laser whose
lasing medium consists of very-high-speed electrons
moving freely through a magnetic structure, hence
the term free electron.

 The free-electron laser was invented by John Madey
in 1971 at Stanford University.

* Advantages:

v’ Wide frequency range
v’ Tunable frequency
v'May work without a mirror (SASE)

* Disadvantages: large, expensive



Introduction II: Applications and FEL facilities
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*  Medical, Chemistry, Biology (small wavelength and short pulse are
required for imaging proteins), materials, Military (~Mwatts)...

*  FEL Facilities (~33):

Commissioned and in
operation since 2017

FZ Rossendor’ 4-22 pm operating
FREE ELECTRON LASERS (Germany) 18-250 pm user facility
LOCATION NAME WAVELENGTHS TYPE STATUS UCSE :::.,F:E:: %MD |..:?I'I'I5 - ) operating
- s um - 2.5 mm cirostatic b
fjt‘p'i’:} SACLAFEL |063-2 4 Linac m;?fw CA (USA) 0pFEL  |30-83pm user facility
- EMEA - Frascai i ] operating
SLAC-SSAL - ] operating {kaly) 38-21mm microtron user facility
{USA) LOLSFEL  [12-154 Linac user facility .
II}E"‘H:' - %;:isukuha NI I8 nm storage ring mmngnt
Cmmmany| FLASHFEL |4.1-45nm SC Linac “P““f:".?. : : ;
! el userfaclly | |ius - Okazak UVSOR  |23nm storagering | °PrE0ng
ELETTRA ] operating {Japan} experimeant
Trieste, Haly ZLRM 4-100 nm Linac user fazility Diortmund. Univ. . 470 . ) operating
SOLINELE] . {Germany) ERLA nm storage ring expriment
! ) s - operatin
Brookhaven (USA] |HEHGFEL (193 nm Linac e,peﬁmgm LANL AFEL 4. 8um e operating
MM (USA) RAFEL 18 pm experimeant
Duke Univ. § operating -
TS Ok-4 123 - 400 nm shorage ring = Darmstadt Liniv. ; operating
NC (=4 user facility | |{Germany) IR-FEL 6.6-7.8 pm SCHinac experiment
3 230 -12 i
2 T-ggm o = Beiing FEL | 5-25 ym finac operatng |
iEE . 522 ym fnac operating {China) expermen
{Japan} - user facility CEA - Bruyeres ) operating
' 4 20 - 60 pm q ELSA 18-24 pm inac -
5 50- 100 um (France) experiment
- - LZIE - Osaka - s operating
-'JSM ME-Y 1.7-8.1 pm inac eupﬂx ena'hmnegnt {Japan) 21-126 pm Inac cxpatiment
oA P JAER 22 um SCinac aperatng
VT;rIIFIIJES'DA!It M-I 21-08pm finac no |l:lﬂg:'l {Japan) & mm nduction linac | experiment
— ' L Univ. of Tokyo UTFEL  |43pm Fnac aperating
Ratboud FLARE 327 - 420 pm ing dapan) experiment
University FELIX1 31-35pm inac = ILE - Oizaka ) operating
{Matheriands) el 25 - 260 pm user facility | | 1 vany 47 pm fnac experiment
2] I SCA-FEL 3-10 pm . no longer <] ~ 5 operating
CA (USA) FIREFLY | 15-65 pm SC-inac operatng | |Wapan) LEENA  |85-Toum fnac experiment
8 KAERI 80 - 170 pm microtron operating
LURE - O § operatin - . .
{Francs) r=3y CLIO 3 - 150 pm inac user h‘ﬁw {Korea) 10 mm electrostatic experiment
N Budker Inst. 5 operating
SlE0n 3.2-48 pm SCinae operating Maovosibirsk, Russia 110 - 240 pm finac axpariment
WA [USA) 353 - 438 nm user facility PTeR— -
. of Twen g N ; operating
Science Univ. = 5-16 pm finac operating (Metheriands) IELFEL 200-500 pm fnac experiment
of Tokyo (Japan) ==l user facility EOM Eusion no longar
{Nethertands) FEM operating
Tel Aviv Univ. I mm ehectrostatic operating
{lsrasl) experiment

'So far only operating FEL oscillators with wavelength < 10 mm are included.

o

*Order is first by type of faciity and second roughly by wavelength.

user faclity” means a dedicated scientific research faciity open to outside researchers.




Introduction lll: Basic Setup
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Introduction IV: different types of FEL
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FEL Oscillator (Low Gain)

Electrons bunched at

R(_%mfiom electron phase:  Artwork of N. Thompson - diation wave E—
Incoherent emission Introduction to FEL s

coherent emission



Unperturbed Electron motion in helical wiggler
(in the absence of radiation field)

B, (x,Y,2)=B, [cos(sz) X—sin(k,z) )7]
F(xY,z)=-eVxB=—-ev,2xB=-ev,B, | cos(k,z) y+sin(k,z) X

d(mpv,) dv d(mpv, ) dv
— X —m X=—ev. B sin(k, z Y/ _ Y
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c mcy mc 14 make the integral constant vanishing.
_ cK N .
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/4 0



Energy change of electrons due to radiation field

VL(Z):% cos(k,z) X—sin(k,z) ]

Consider a circularly polarized electromagnetic wave (plane wave is an assumption for 1D
analysis, which is usually valid for near axis analysis) propogating along z direction

—

E (zt)=E|cos(kz—wt) % +sin(kz—wt)3 | E=0

:E:cos(k(z—ct))fc+sin(k(z—ct))ﬂ o = ke
Energy change of an electron is given by

¢ - . L=
—=F-v=—ev ‘E

dt Pondermotive phase:

d
d_‘z:_eEesvicos(w)z—eEGscos(l//) w =K, z+k(z-ct)
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To the leading order, electrons move with constant velocity and hence 7= Vz(t — to)



Resonant Radiation Wavelength

e _ —eE0, cos{(kw +k—k£]z+w0} rooTTTToTTTTomoooos
v

dz . i Detuning parameter:
| ke
We define the resonant radiation wavelength such that - C= Kﬁk‘v (&)
C (¢ ) A
KN+ko—ko—=0:>/lo=/1WL——1J“ =
Vv, Vv, 27/2

v =l-Vo I =1-(V, +V])/C+V. /O =y + 6 =y (1+K?)

z

Au(1+ KZ) B,
FEL resonant frequency: 0~ 27/2 T 27

At resonant frequency, the rotation of the electron and the radiation field is
synchronized in the x-y plane and hence the energy exchange between them is most
efficient.



Helicity of radiation at synchronization

The synchronization requires opposite helicity of radiation with respect to the electrons’

trajectories.
Electrons’ trajectories

electron |
t trajectory |

t, <t <t, <t,

Radiation field observed by
b) electrons

X Electrons move slower than radiation
and hence see the radiation wave
slipping ahead. As a result, the
rotation direction of the radiation
field seen by an electron is the same
as its own rotation direction.



Longitudinal equation of motion

In the presence of the radiation field, the longitudinal equation of motion of an

electron read

d
d—g=—eE95cos(t//) w=k,z+k(z-ct)
74
d Q)
—y =k, +k—
&' T TE)
~k +k-w : +(5—<€0)il
VZ(EO) d€ v,
E-E
~k, +k—— L0 (E-4)
vz 80) ’y 8()
dP
d_z = —¢ED, COS(W) Energy deviation:
=1
—y=C+—F—FP Detuning parameter:
dz V.

&, 1s the average energy of the beam.
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Low Gain Regime: Pendulum Equation

P

ar _ —eE0, cos(y)

dz [ d’ eE0.w

d ® AVt cos(y)=0
—y=C+——P < V6%

dz y.c&,

We assume that the change of the amplitude of the radiation field, E, is negligible
and treat it as a constant over the whole interaction.

d2
dz’

I2eE0 @ Z
7; c&, |

w+Ucos(y)=0 i =

. d’ ( 7[) . T
Pendulum equation: + = +us1n[ +_)=()
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Energy deviation

Low Gain Regime: Similarity to Synchrotron Oscillation

FEL I Synchrotron Oscillation
Y is the angle between the transverse velocity
vector and the radiation field vector and hence . gz 1V sin(k,1,7):
d "7 ds C pe

there is no energy kick for =7 /2 |

Energy deviation

RF phase, @

e e
e l//+5 + Usin V/+3 =0 I dszf = Uy, Sln¢rf
. [I’¢E6 w |
U=-"=— =k z+ k(z-ct : 1 eVeekohy
szcgo v ku ( ) . Urs = n_RF— ¢rf = kohrfz-
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Low Gain Regime: Qualitative Observation

S 5
© 5
: s
S S
% %
The average energy of the electrons The average energy of the electrons
is right at resonant energy: is slightly above the resonant energy:
2
A(14K?) A0+ Y=Y +AY
27 /10 With positive detuning, there is

*Plots are taken from talk slides by Peter Schmuser. net energy loss by electrons.




Low Gain Regime: Derivation of FEL Gain

Change in radiation power density (energy gain per seconds per unit area):

ATl =cg,(E,, +AE) —cg,EZ, = 2ce,E_ AE

Energy deviation at entrance

Average change rate in electrons’ energy per unit beam area: /

Pondermotive phase at entrance

All = JO<P> *The average, <...>, is over all v Lon /
© e electrons in the beam. (P(2)) = [dR [dy, Tt (R.¥ )P(R.¥,. 2)
—o0 0

Assuming radiation has the same cross section area as the electron beam, we
obtain the change in electric field amplitude:

AT, +ATT, =0 = | aE = ——tP)
2cgE e

ar _ —eE0Q_ cos(y)

ccilz . - :>< P> =—ekEl 6. <j coS [w( 2)} d2>

—y=C+ P
dzw y:c&, O Y4




Low Gain Regime: Derivation of FEL Gain

d2
Fl//+ Ucosy =0

1

w(2)=w(0)+y'(0)2- J% Jcosw )dz, (1)
0

Assuming that all electrons have the same energy and unlformly distributed in the

Pondermotive phase at the entrance of FEL: P, =0 and f(z//o):z—
T

The zeroth order solution for phase evolution is given by ignoring the effects from
FEL interaction:

d—Pz—eEGS cos(y) ( w(2)= Yo +C2
dz d .
= — = C= Cc=Cl,
i C+ @ P dz ' S
le// 'y CgO L w (O): C

Inserting the zeroth order solution back into eq. (1) yields the 15t order solution:

w(2)=y,+C2+Ay(y,,2) Ay 2)=-

2
af dz Icos[t//o +Cz, iz
0 0



Low Gain Regime: Derivation of FEL Gain
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9'52‘1 Ly =) dz{CZCOS(CZ)_([Sln w,dy, - Sm(CZ)JCOS Vfod'/’o}
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Low Gain Regime: Derivation of FEL Gain

Growth in the amplitude of radiation field: (- |v2veEext‘95w
= . 9 3 A ) X _ 7§cymc2
AE = — In{P) _ A0 01, Ee A23 I—EsinC—cosC
2cg,Ee cyiy 1, C 2 3
| - 47e,mC
The gain is defined as the relative growth in radiation power: A e
E.+AE) —E2 2AE A
s = ( = Ez) = E =7 f (C) As observed earlier, there is no gain if
ext ext the electrons has resonant energy.
Cubic in FEL length |
. 2 3/ 0.1
T = 271]065 w IW
_ 2 _0.05
C7/Z7/ I A —~ E‘
(B % 0
A 2 ~ C . 4 S
f( )= ~ | 1—cosC——sinC 0.05
C 2
E— 0.1
_ d sin® (6/2) » | | | | |
dé é2 15 -10 5 0 5 10 15

Normalized detuning C‘



High Gain Regime: Concept

1. Energy kick from radiation field +
dispersion/drift -> electron density

3 2 T 0 1
6 (rad) 8(rad)

*The plots are for illustration only. The right plot
actually shows somewhere close to saturation.

2. Electron density bunching makes more
electrons radiates coherently -> higher

radiation field;

Nus

AVYAVAVYE
A

3. Higher radiation fields leads to more density
bunching through 1 and hence closes the
positive feedback loop -> FEL instability.

Exponential gain regime Saturation(maximum bunching)

PN

b ) « N

incoherent ~~ e

The positive feedback loop

between radiation field and

electron density bunching is

‘E‘ x N, the underlying mechanism
- of high gain FEL regime.

J o« N°

coherent e




