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Basic Postulates of Special Relativity

e Postulate of Relativity — the law of nature and the results of all
experiments performed in a given frame of reference are
independent of the translational motion of the whole system.

* Postulate of the constancy of the speed of light — the speed of light
is finite and independent of the motion of its source. In other
words, in every inertial frame, there is a finite universal limiting
speed c for physical entities (although it is a postulate, it is based
on our experimental observations).



Lorentz Transformation

Lorentz transformation of ‘space-time’ coordinates can be deduced directly from
the two basic postulates of special relativity:
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Orbit In Elecitron’s Reference Frame
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electron orbit seen in reference frame
moving at particle tangential velocity
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Radiation by a Slow Particles

Angular distribution of the radiation power by a slowly moving (i.e. v << ¢) charged
particle under acceleration:
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Relativistic Effects

Lorentz transformation
-
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Power of Synchrotron Radiation by an Electron

e2a12
P—P' = - but a’=»?a and
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Pulse Duration of SR from Bending Magnet

length of the dipole
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The pulse duration of radiation

emitted by an electron as detected
by the observer is:

At=t, —t,
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For a 3 GeV storage ring with bending magnets
of 10-m in radius of curvature. Pulse duration of

SR emitted by an electron is about 8 x10%%s !!
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Typical Spectrum of SR from Bending Magnet

Due to the short radiation pulse duration, the spectrum of SR from a bending
magnet is broad. The maximum frequency of the spectrum can be estimated as:

o, =1/ At

0, = 2Cy° | p = 2m,y°

@, is the revolution frequency of electron
going around the ring.

For TPS, a 3-GeV ring, the revolution is 578.3 kHz.
The maximum frequency (critical frequency) of SR
with appreciable power is about 1.6x10*¢ Hz. It
corresponds to photons of energy 6.6 keV from
dipole magnets.
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Enhancement of Synchrotron Radiation

Source Intensity Spectrum Aw
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Brightness of Synchrotron Light Sources
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Temporal Coherent Radiation by a Short Bunch

electrons radiate incoherently

NANANANS

electrons radiate coherently
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Radiation field from a single electron (say the
kth electron)
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Radiation power from a bunch of electrons
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P,(®) is the single electron radiation power



For a bunch of electrons with Gaussian distribution G(z) which is characterized by RMS
bunch length o

6(2)= raexp( a j

Then, the bunching factor of a beam with Gaussian distribution g{o) can be found as:

jG Je'/dz
J'G dz

> 2m

foo exp[— 22 >+ Zjdz
= © = exp(— 2%262//12)

0 Z2
LO exp[— = jdz

P(w) =[N, + N, (N, ~1)g* (o), ()




Temporal Coherent Radiation by Multiple Bunches

Radiation power from a bunch of N, electrons

YW P(w)~ Nig*(o)R (o)

coherent radiation from a
bunches of N, electrons Radiation power from M bunches

P()~M*NZg*(0)R, ()

If we have a train of bunches moves ‘coherently’ in the
undulator, line width of radiation is not limited by
undulator length, but by total length of the bunch train.
But how can we produce such bunch train??

coherent radiation from M
bunches



Interaction of Electrons and EM Wave in Undulator

Consider an electron moving in a helical wiggler field,

—

B, = B, cosk,ze, + B, sink,ze,

and interacting with a right-handed circular polarized

waVve.
E, =E,cosde, —E,sinde,

—

E, . . E .
B, = —sin®é +—cosdé,.
C C

where ®=kz-awt+y, , Y, is the initial phase of the wave.

From Lorentz force equation,
D vefin]  pom
a:eEL+v>< B, +B, p=ymv

Helical undulator field can be generated
by a bifilar helical current winding.

air pole

Eu - 2Bu [Il'(ﬂ’) cos Zé; B %11 (/I)Sln (Z)ée ziz 11 (A’)Sl‘n Zé: }

where A=kyr , y=0-k,z , I, and I]

are the 15t order modified Bessel function
of the first kind and its derivatives
respectively. In the limitr<< A,

B,=B,(%cos k,z+ psin k, z)



Consider an electron with initial velocity v, = v,, its transverse velocity in the
undulator is:

_ eB, . N
V, =—— (Rcosk,z+ ysink,z)
mk,
— K _ dv
_ e, o V ) _
IBL___(XCOSI(UZ_I_ySIn kuz) '.'m)/—L:evzeszu
V dt
— 51/ 2
5 K electrons are moving at constant longitudinal
/Bz — /8 velocities in helical undulators. However, this
| 4 _ is not the case in planar undulators.
where undulator parameter
eB el B
Ks—F=—— K =0.934A4 |[cm|B, |T
ok~ 2me .lem]B, [T |
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Horizontal electron orbits of different energy:

electrons of different y are orbiting at the

same period.

maximum displacement from orbit center is
inversely proportional to y
‘kick angle’ is also inversely proportional to y
this is the origin of undulator dispersion



Electron dynamics in a laser field

Consider a right-hand circularly polarized light wave propagating along +z
axis in the undulator field, then

E, = E,cosdX— E,sin ®y O=kz-at+y,
. E _ - E - ¥, is the initial phase of the wave
B, =—2sin ®X+ —2cos®dy

C C

with P =MV | from Lorentz force equation (in MKS units)

P i8] o Yo a]




taking dot product with g

- /,——-_?\\ /’— ————————— S
codrv = d Ve sZr- A
52 % 5. 2P 3 B [E vepx(B,+B,) )
\-—dt/ \\ dt ,/ mC\\\ ’/
re—=¥-—— = —-\:‘ —————— , = E_l * laser field do not have longitudinal component
: 1_i _7/: : Ié . dﬁ : :_lB_i_°_ _L: * magnetic forces do no works on the electron
: y? ) dt : ! t 1 dy,
———————— I - =\/2 2 dt I
—f. |
ppl
| | define phase of the ‘ponderomotive
————————————————— VT T T T T e e potential’ as ¢ = (k+k,)z-cwt

‘;7; rr?c (* .EL):%-;(COSCDCOS k,z —sin dsin kuz):%-ﬁcos(’éiw’;)\:

_ ( )N e, K ( ) energy exchange between electron and wave (laser
dz mcyv, . ¥y Cos{P+y )~ mc?2 '7COS P+Y, field) per unit time is a periodic function of ¢ !!

for v,approx. equals to c (or transverse velocities are small enough)



Recall ponderomotive phase ¢ =(k +k,)z - ot

taking derivative with respect to z:

%=k+ku—a)i:k+ku—ki
dz Y

(] 3T 55

in the limit S>> S, or K/y
d¢_k " 1+ K? and /21
dz 27°

we have

‘equation of phase advance’



Resonance Condition

If we choose y =y, such that no phase slippage between the particle and
the ponderomotive wave (i.e. d¢/dz =0), then we have

2
ku—k[“f ]:o
2y,

this is the so-called ‘undulator equation’ (i.e. the
in terms of 1= ﬁu (1+ K 2) resonance condition) that predicts the central wavelength
wavelengths — 272 of spontaneous radiation from a helical undulator with
0 undulator parameter K at a given electron energy.

If we define 77 E(7/—7/0)/7/0 and assume 77 <<1
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The Pendulum Equations constants

For 77 <<1 eA, eE eE/
a = = 0 = 0 —
———————————————————— : L mc MCw mC2k and d, K
: d77 kaLa‘u : -
: dZ 2 COS(¢+WO) I
| e i ..d¢d2¢_1d(d¢j2
' d ST S
: _¢ = 2k 1 i dz dz© 2dz\ dz
L_z _________________ I 2 2 2 -~
i(d—ﬂ (999 (S0 444
) 2\ dz dz® dz dz =7
d°¢g 2kkuaLau ‘ constant of integration
dz2 2 COS(¢'H//0) L ok
Yo E772 “?La“ sin(¢+y,)=C
0
nonlinear oscillation!! N U R '

‘kinetic energy’ ‘potential energy’
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Beam-wave Interaction in Undulator
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define FEL gain (small signal) G as:

c__ (8y)m,c? x volume

g,EZ xvolume

_e'p, alaw
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let = 2 3 3
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and n=Awl/v,,

0.10

small signal FEL gain is given as:
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The First FEL Experiment

HELICAL MAGNET

(3.2 em PERIOD) 24 MeV BUNCHED

—— e —— ELECTRON
TMIRHQR W M}RRQR% BEAM
— 5.2 m 4-1

MODULATED 10.6u

RADIATION TO b
Cu:Ge DETECTOR MOLECTRON
AND T-250
MONOCHROMATOR
ONOC COE LASER
John Madey (1934 - 2016)
(o)
VoruME 36, NUMBER 13 PHYSICAL REVIEW LETTERS 29 MARCH 1976
SPONT.
. - - - - - 3 - - PowER
Observation of Stimulated Emission of Radiation by Relativistic Electrons
in a Spatially Periodic Transverse Magnetic Field*
n ELECTRON
y ENERGY
Luis R. Elias, William M. Fairbank, John M. J, Madey, H. Alan Schwettman, and Todd I. Smith ‘b) 24 MeV
Department of Physics and High Enevgy Physics Labovatory, Stanfovd Univeysity, Stanfovd, California 94305
(Received 15 December 1975) GAIN
Gain has been observed for optical radiation at 10.6 pm due to stimulated radiation by
a relativistic electron beam in a constant spatially periodic transverse magnetic field. ¥'/,\\ ELECTRON
A gain of 7% per pass was obtained at an electron current of 70 mA. The experiments in- ~7 ENERGY

dicate the possibility of a new class of tunable high-power free-electron lasers.



FEL Oscillator

First Operation of a Free-Electron Laser*

the first working FEL!!

D. A. G. Deacon,f L. R. Elias, J. M. J. Madey, G. J. Ramian, H. A. Schwettman, and T. I. Smith (hOIe for OUtpUt Cou pl I ng)
High Energy Physics Laboratory, Stanford University, Stanford, California 94305 -
(Received 17 February 1977) m Irrﬂr
. A free-electron laser oscillator has been operated above threshold at a wavelength of (3
3.4 pm. -L“"‘g
&

undulator magnet [

drive beam with many many bunches

and high bunch rep.-rate
electron

gun accelerator

low gain

=5 (interaction do not saturates)
mirror’\J

optical cavity with high reflectivity mirrors
(no good mirrors < 200 nm)



Challenges for X-ray FELs

“Finite gain is available from the far-infrared through the visible region raising the
possibility of continuously tunable amplifiers and oscillators at these frequencies
with the further possibility of partially coherent radiation sources in the ultraviolet
and x-ray regions to beyond 10 keV. Several numerical examples are considered.”

John M. J. Madey in “Stimulated Emission of Bremsstrahlung in a Periodic Magnetic Field”, Journal of Applied
Physics Vol. 42, Number 1 (1971)

* No high reflectance mirrors in VUV and x-ray ranges
* Lack of seed lasers in beyond soft x-ray range

* To achieve high gain in a single pass, one has to have a quality
electron beams at high peak current

* May need a long undulator.



* In Vlasov beam model, one has to solve the following equations self-consistently
(Maxwell-Vlasov equations):

g A : * Vlasov equation is, in general,
of & of L of | -
__|_Z —q, +q(E Y2 B)u =0 . honlinear.
ot = 6qi 5Pi : e given a initial beam distribution,
I integrate Vlasov numerically.

- OB |+ determine an equilibrium state,

VxE = _E ' linearize Vlasov equation w.r.t. this
_ | state and solve the linearized

~ oE equation for small signals.
VxB = 1,0 VF (0, R, 0P+ oy — T e
V-E=[f(qg,P,t)°P PP, P )

=—| f(q;,P, V== 1
&g ym m mec

V-B=0




1D Model of Beam-Wave Interaction in Helical Undulator

* Neglecting the transverse variation of the radiation field.

* Assume the wiggler’s gap and width are much larger than the beam size such that
magnetic field is approx. constant within the beam size.

 Beam-wave interaction is strong enough, electron dynamics in an undulator is
affected by the radiation field and if a positive feedback mechanism has been

setup, the amplitude of the radiation field grows exponentially.

note that coherent radiation
Feedback* s in forward direction

input wave electfon. system dispersion coherent amplified wave
dynamics in it
(energy modulation) | T T (microbunching) radiation

Vlasov equation Maxwell Equation



Evolution of Radiation Power in FEL

saturation

exponential growth




Major Performance Parameters for High Gain FELs

For a FEL ampilifier, the growth and saturation of radiation can be described by:

P(z)=aPe”" <P

sat

o is the coupling coefficient, P, is the input power. For SASE, the input noise power is
the frequency integrated synchrotron radiation power in an FEL gain bandwidth
generated in the first gain length. L, is the gain length, L, is the saturation length, P,
is the saturated power. The saturation length is given by

L... = L, In[zsg j

Ly, Ly and P, are the major performance parameters for a high gain FEL amplifier.




Formulas for 1D SASE FEL Theory

* Coupling coefficient, a.:

a=1/9

* Effective input noise power:

* 1D gain length:

I:)n ~ /OZCEO//?“

Lo =ﬂu/472'\/§,0

1D model gives the highest
possible FEL gain (shortest
gain length).



Formulas for 1D SASE FEL Theory (cont’d)

* Saturation power P_;:

I:)sat ~ /0 I:)beam

* Pierce parameter p:

— . 511/3
| )Lu A, 1
=72 270
A ﬂo—x 7/0
|, =17.045 kA is the Alfven current, A, = a, for helical undulator
A, =a,[J,(&)—J,(&)] for planar undulator. E = a§/2(1+ a’ )
o, =~/BE,/7s isthe electron beam size. Poeam [TW ] = E,[GeV ]I [kA]

is the beam power.



Beam Quality Requirements of High Gain FELs

Acceptable beam emittance is defined by the relation:

Energy spread criteria:

Zy

c < ZFEL
Ar
AE
g, 7 |
electron density
/\/ ) 2_
ene e K3
k2 mc® 4y

1/3

Pierce parameter



FEL Saturation

( a) -n) h

v

O

0

* The electrons oscillates in phase space at synchrotron frequency Q.2 = 2D,E/y,°. As
the radiation field E grows exponentially, the bucket height in the phase space
increases, and the energy spread of the beam also increases due to the interaction

with the radiation field.

* As the radiation power increases, the electron distribution rotates faster and faster
in the bucket (i.e. (), oc VE) , but the growth rate of the field remains nearly the

Same.

* As aresults, when the rotation is faster than growth rate and the rotation reaches
near 90 degree in the bucket. The electrons can not radiate energy any more and
start to absorb energy from the field. The FEL is said to reach its saturation.



Saturation power can be estimated when the synchrotron frequency ). increases to
be equal to the growth rate, it is found to be:

e 307
2D,
Power density for a helical wiggler is:
El" 9, o+ 1 9 :
= — = N.CMC
2 , (o70) 7 57 =167 s
Saturation power is:
P = ‘ES‘Z A—g n.CAmc?
S ZO 1610 0 7/0

But n,cA is the number of electrons per second, n,cAmc?y, is the electron beam
power P,. We have:

'P ~ oP : This is an important result because it implies p is the
LS _N_'(z £ approximate FEL interaction efficiency!!



3D effects

* A beam with finite transverse emittance will have certain angular
spread that makes the beam expands in size as it propagates along
the undulator.

* Planar undulator will have natural focusing force.

e Strong focusing is usually used to keep the beam size nearly constant
for effective FEL interaction

 Diffraction of radiation field has to be considered.

. x . x . strong focusing of electron
beam for long distance
propagation




Xie’s Fitting Formula

 The FEL gain length in 3D model can be expressed by a universal scaling

function
i

L

9

D D 4 D E _ 2
where M :LLl—RJ?c :[ng ]( zgj’m =47{2 j{;ol and L, =4zc’ /A

u

=F(77d,775,777)

is the Rayleigh range. The scaling parameters 7,, 77, and 17, measure the non-ideal beam (the
deviation of the beam from the ideal case). 77, is for the gain reduction due to diffraction, 7. is for
the gain reduction due to electron’s longitudinal velocity spread caused by emittance, 7, is for the
gain reduction due to electron’s longitudinal velocity spread caused by energy spread. L,
approaches L, if all the scaling parameters vanish.



Xie’s Fitting Formula (cont’d)

* The universal scaling function is determined by fitting numerical solutions of
the coupled Maxwell-Vlasov equations describing FEL interaction, is given by

a a a
= a:l77d2 +a‘37754 +a57776

where | :
| I
| I
| |
a a a a a a
: T a77768777/9 T a1077d1177y12 T a1377d14 77515 :
| |
| I
| |

a7 .. g .. a
U TY/ R P b



Xie’s Fitting Parameters

al =0.45 a2 =0.57 a3 =0.55 ad =1.6
a5=3 ab =2 a/ =0.35 a8=2.9
a9=24 al0 =51 all=0.95 al2 =3
al3=54 ald =0.7 al5=1.9 alé=1140
al7=2.2 al8=2.9 al9=3.2

* The saturation power obtained empirically by fitting simulation
results is given by

2

P zl.6,0i P,

sat eam
Lg

* A formula for noise power is not available for non-ideal beam



Input Parameters being used in this study

50-nm High Gain FEL Simulation Parameters

Radiator period [mm] 20
Radiator type helical
Radiator parameter, K 0.445
Operating field, B, [T] 0.238
Radiation wavelength [nm] 49.963
Electron beam energy [MeV] 250
B function [m] 4.95
Beam size, rms [um] 174
Normalized emittance [mm-mrad] 3.0
Peak current [A] 500
Energy spread [%] 0.08
Input power [W] 1

Rayleigh range [m] 10.55
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Evolution of Instantaneous Growth Rate

(emittance=3 mm-mrad; energy spread=0.08%)
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Simulation Results

Gain Length versus Beam Current
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Saturation Power [GW]

Simulation Results

Saturation Power versus Beam Current
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Self-amplification of Spontaneous Emission (SASE)
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First SASE FEL @ Argonne National Lab

Visible Light Diagnostics (VLD)
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Research Article

Exponential Gain and Saturation of a Self-Amplified Spontaneous Emission Free-

Electron Laser

SV Milmn." k. (iluka N.D. Arnnld C. Benson,' W, Berg,' S. (u Biedron, ':\1 Borland,' Y.-C. Chue,' R ). Dejus,' P.K,
I)CII"J"!)L B. Deriy,' \1 Erdmann,’ Y. 1. ruklmul M. W. Hahne,' Z. Hu.mb K.-J. Kun 1 W. Lewellen," Y. Li," A H

Lumpkin,’ O. \I.Lk.nrm E.R. \iou-- A. Nassiri,’ \ Sajaev,’

R. Soliday,’ B. J. Tieman,' E. M. Trakhtenberg." G. Travish,' L.
B. Vasserman,' N, A. Vinokurov,' G, Wiemerslage,' B. X. Yang'

' Advanced Photon Source, Argonne National Laboratory, Argonne, 1L 60439, USA. :Nh\x‘L.‘lh(l’:llll()'. University of Lund,
221 00 Lund, Sweden. ‘Budker Institute of Nuclear Physics, 63009 Novosibirsk, Russian Federation,

*To whom corresy ce should be add:

Scif-amplified spontancous emission in a free-electron
laser Is a proposed technique for the generation of very
high-brightness coherent x-rays. The process involves
passing a high-energy, high-charge, short-pulse, low-
energy-spread, and low-emittance electron beam through
the periodic magnetic fleld of a long serles of high-quality
« The radiation produced grows

exponentially in intensity until it reaches a saturation
point. We report on the demonstration of self-amplified
spontancous emission gain, exponential growth, and
saturation at wavelengths in the visible (530 nm) and
ultraviolet (385 nm). Good agreement between theory and
ﬁlmulmlon indicates that scaling to much shorter

hs may be possible. These results confirm the
ph\slcs behind the wl[-umplll'k'd spontancous emission
process and move us a step closer toward an operational
x-ray free-electron laser.

Generation of high-brightness (photon flux per frequency
bandwidth per unit phase space volume), hard x-rays (photon
L‘IILIXIL\ greater than roughly 5 keV or wavelengths less than

) has long been the domain of high-energy electron
storage-ring-based, synchrotron light sources (/-3). However,
significant advances in X-ray brightness could potentially be
achicved using free-clectron lasing action at these short
wavelengths, Unfortunately, free-electron lasers (FELs) based
on the oscillator principle and conventional laser systems are
limited on the short wavelength side to ultraviolet
wavelengths, primarily due to mirror or seed beam
limitations.

A way to achieve free-clectron lasing at wavelengths
shorter than ultraviolet and including hard x-rays is known as
a single-pass. high-gain FEL based on the self-amplified
spontancous emission process (SASE) (4-8). A high-quality,
high-peak-current electron beam is aceelerated and p.)\v:d

1

§. E-mail: milton @aps.anl.gov

50 s conti sly tunable in wavelength. Achieving
saturation of the process is thus a matter of providing an
undulator of sufficient length and quality and then passing a
sufficiently high-energy, high-quality beam through the
undulator field.

Previous measurements of the SASE process operating to
saturation have been m.n.k however none at wavelengths
shorter than 85 x 10" nm (9). As a direct result of advances
in the arcas of high-brightness electron beam production
using photocathode rf electron guns (/0. /7) and long. high-
quality undulator magnets such as those now used at all major
synchrotron light source facilities, recent progress has been
made at extending the measurements of the SASE
shorter wavelengths (/2-14), and in one case o a
of 80 nm (15).

Our low-energy undulator test line (LEUTL) (Fig. 1) and
its various component systems (/6-23) are designed to
achieve and explore the SASE FEL process to saturation in
the visible and ultraviolet wi ivelengths and to explore topics
of interest for a next-generation linac-hased light source.
Using a Ircqucm) sadrupled Nd: (;I.xm drive I;Nr mg-
quality clectron bunches are generated via the g ic
cffect within a photocathode rl’gun using mppq.r as the
cathode material. The electron bunch is mm.nll) accelerated
to roughly 5 MeV, and is then injected into the linear
accelerator and further accelerated to the desired energy (up
1o & maximum of 650 McV), In addition to acceleration, the
beam undergoes magnetic bunch compression to increase the
peak current. Finally it is passed through the undulator field
where SASE beg

The essence of SASE lies in the generation of EM
radiation by the ¢lectrons as they are transversely accelerated
by the magnetic field of the undul magnet and by the
interaction of the EM field back on the electrons. When an
electron beam traverses an undulator, it emits EM radiation at
the resonant wi mhngh A= (AJ’(M + K°12). Here A, is the

dul period. yme” is the \k\lmn h am cncrg A =

through an undulator (a long, high-quality, y
varying magnetic field). A f.nur.lhk instability hgi.ul\
between the electron beam and the electromagnetic (EM)
wave it is producing, and the optical power increases
exponentially until the process eventually saturates at some
maximum radiation output level. At x-ray wavelengths the
peak brighiness would be much higher (by more than ten
orders of magnitude) than the brighiness of sources available
today at comparable wavelengths.

Another significant feature is that this process can occur at
any wavelength as it scales with the electron beam energy and

eBAJS2rme” is the di
parameter, and B, is the maximum on-axis nul\nuu field
strength of the undulator. Although the EM wave is always
faster than the electrons,  resonant condition oceurs such that
the radiation slips a distance A, relative to the electrons after
one undulator period. Thus, under certain favorable
conditions, the interaction between the electron beam and the
EM wave can be sustained and a net transfer of energy from
electron beam to photon beam occurs, At some distance along
the undulator, the radiation generated by the clectron beam

Sciencexpress/ www.sciencexpress.org / 17 May 2001 / Page 1/ 10.1126/science. 1059955



First Hard X-ray FEL Facility
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ARTICLES

First lasing and operation of an
angstrom-wavelength free-electron laser

S - > e R e A P. Emma'*, R. Akre', J. Arthur', R. Bionta? C. Bostedt!, J. Bozek!, A. Brachmann', P. Bucksbaum’,
e . o T X = R. Coffee!, F.-). Decker’, Y. Ding', D. Dowell, S. Edstrom', A. Fisher', J. Frisch’, S. Gilevich,
@ : & : Do ] 3 J. Hastings', G. Hays', Ph. Hering', Z. Huang', R. Iverson', H. Loos'!, M. Messerschmidt’,
2 d o ; A. Miahnahri', 5. Moeller!, H.-D. Nuhn', G. Pile?, D. Ratner', J. Rzepiela', D. Schultz!, T. Smith’,
D\ | 7 &8 P. Stefan', H. Tompkins!, J. Turner', J. Welch!, W. White!, J. Wu', G. Yocky' and J. Galayda'

™ 3 The recently commissioned Linac Coherent Light Source is an X-ray free-electron laser at the SLAC National Accelerator

Laboratory. It produces coherent soft and hard X-rays with peak brightness nearly ten orders of magnitude beyond
=, conventional synchrotron sources and a range of pulse durations from 500 to <10fs (107 s). With these beam

’ characteristics this light source is capable of imaging the structure and dynamics of matter at atomic size and timescales.
The facility is now operating at X-ray wavelengths from 22 to 1.2 A and is presently delivering this high-brilliance beam

LC LS @ SLAC National Accelerator La bo ratOI"y ::i;hat f:.:::'g array of scientific researchers. We describe the operation and performance of this new ‘fourth-generation
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First HGHG Expt. @ Brookhaven National Lab
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FEL User Facilities for Scientific Research
(Sources: http://sbfel3.ucsb.edu/www/vl_fel.html ; http://www.lightsouces.org )



http://sbfel3.ucsb.edu/www/vl_fel.html
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Free Electron Laser Facilities Worldwide
FACILITY NAME | WAVELENGTHS

LOCATION
RIKEN, JAPAN
SLAC, USA
DESY, Germany
ELETTRA, Italy

Radboud U. Netherlands
LURE-Orsay, France
Jefferson Lab., USA

SUT, Japan

FZ Rossendorf, Germany
UCSB, USA

PSI, Switzerland

DESY, Germany

Shanghai, China

Dalian, China

|
FELIX
CLIO
Jlab FEL

FEL-SUT
FELBE
ITST
Swiss FEL
Euro-XFEL
SXFEL
DCLS

0.63-3A

1.2-15A
4.1 -45 nm

25—-420 um
3-150 um

363 -438 nm
3.2-4.8 um

5-16 um

4 —250 um

30 um — 2.5 mm
1-70A
0.5-47 A
1.2-10 nm
50 - 150 nm

NC Linac

NC Linac . )
SC Linac hlgh gain
NC Linac
NC Linac
NC Linac
NC Linac

SC Linac

NC Linac

SC Linac

electrostatic

NC Linac

SC Linac . .
NC Linac hlgh sl
NC Linac



Characteristic Times in Matter
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Injector module

e, v Photocathode dc gun
(¢c)Rey.HoryKEK .

H. Sakai et al., Phys. Rev. Accel. Beams 28, 091603 (2025)

Beam dump
Main-linac module

ENERGY RECOVERY LINAC

(Optical Unit)

Main Linac

’1— 5 GeV 44

B Sto
Injector eam P




Superradiant THz Free Electron Laser @ NSRRC

UV Laser Faraday Cup

Photo-cathode % Solenoides
RF gun Y . U100 undulator
E&. ?// Rl R — ' J__ v THz
&l ‘ "Rl R el EALE_LE ml ff'tTR | T_ / diagnostics
' | THz Test BPM / 4

E-beam diagnostics diagnostics




Simulation of Superradiant THz FEL

e Since the bunch is short w.r.t. radiation length,
simulation is done by unaveraged 3D FEL code —

0 | PUFFIN

* For start-to-end simulation, we use the RF
compressed beam simulated by IMPACT-T as

gmﬁ' i B ) . :

o input for PUFFIN simulation
S

gm“- ]

= -100

o

2l i -50

0 0.5 1 1.5 2
z [m]

The radiation is immediately established in the >0

U100 undulator and quickly achieves to its
maximum value as we expected for super-radiant
emission from an ultrashort drive. In this simulation, -100 50 0 50 100

the parameter K of the U100 undulator is set at 4.6 xiL,
and the radiation frequency is 2.6 THz. Spatial distribution of the THz radiation (c.f. L. = 0.556 mm)

100




IR and THz FEL Facilities around the World

Facility Name
CLIO
FELBE / TELBE

FHI FEL

FLASH THz Beamline
PITZ THz SASE FEL
SABINA THz/IR FEL
FELIX

TARLA

ALICE

FELIChEM

CAEP THz FEL
FEL-SUT

FEL-TUS

iFEL

KU FEL / THz CUR
LEBRA

t-ACTS

NovoFEL

NSRRC THz FEL
PCELL MIR FEL / THz FEL
ITST (UCSB FEL)
Jlab FEL

Location

LURE-Orsay, France

FZ Rossendorf, Germany
Fritz Haber Institute, Germany
DESY, Germany

DESY, Germany

SPARC Laboratory, Italy
Radboud U. Netherlands
Golbasi, Turky
Daresbury Lab., UK
NSRL Hefei, China

CAEP, Mianyang, China
SUT, Japan

Tokyo University of Science, Japan
Osaka U., Japan

Kyoto University, Japan
Nihon University, Japan
Tohoku U., Japan

BINP Novosibirsk, Russia
NSRRC, Taiwan

CMU, Thailand

UCSB, USA

Jefferson Laboratory, USA

Wavelength range

3-120 um

4 —250 um / 100 — 3000 pum
3-60 um

10-300 um

10 -3000 um

10-100 pum

3-1500 pum

2.5-250 um

4-16 um

2-200 um

71.4 - 447 um / 686, 1344 um
5-16 um

5-1000 pm

0.23-100 um

3.4—-26 um /500 -1873 um
1-6 pum

180 - 360 um

8—340 um

214 -500 um

9.5-16.6 um /100 — 300 pum
30-2500 pum

1.5-14 pm

Type

Oscillator

Oscillator / Superradiant
Oscillator

Superradiant

SASE

SASE

Oscillator

Oscillator

Oscillator

Oscillator

Oscillator /Superradiant
Oscillator

Oscillator

Oscillator

Oscillator / Superradiant
Oscillator

Superradiant

Oscillator

Superradiant
Oscillator / Superradiant
Oscillator

Ocillator

Accelerator
NC Linac
SC Linac
NC Linac
SC Linac
SC Linac
NC Linac
NC Linac
SC Linac
SC Linac
NC Linac
SC Linac
NC Linac
NC Linac
NC Linac
NC Linac
NC Linac
NC Linac
NC ERL
NC Linac
NC Linac
Electrostatic

SC ERL



THz SASE FEL — an Example

Beam Parameters:

* Bunch charge: 2nC

e Bunch duration: 13.33 ps
* Peakcurrent: 150A

* Beamenergy: 15 MeV

e Normalized emittance: 3.0 mm-mrad

* Beam size: ~1 mm
* Energyspread: 100 keV
Undulator parameters:

e Period length: 30 mm
* Number of periods: 100
e Undulator parameter: 2-4

High bunch charge !!

lambda_FEL vs. K

140 +

120 ~

100 + I
a0 -

3 THz

A [um]

200 225 250 275 300 325 350 375 400
K

# To achieve high peak power, the bunch should be long enough to
contain as many micro-bunches as possible. Hence, it requires longer
bunch at lower THz frequencies.

# High peak current is required to make gain length short enough so that
the FEL can reach saturation under fixed undulator length.



Gain length [m]

Gain Length vs. lambda_FEL

020 1\,
018 \
N
N
\'\
0.16 - N
0.14 -
0.12 -
60 80 100 120 140

A [um]

* Gain length, L, ~0.135-m @ 100 um wavelength
* Lg, ~20L,for SASE, should saturate in a 3-m

long undulator

FEL parameter, 0.0138@ 100 m
wavelength means that the interaction efficiency
is about 1.38%

Expected output power is 31 MW for 2.25 GW
beam power.

Corresponding pulse energy is 418 pJ |

0016

01015 1

0014 +

01013 -

0012 1

01011

P sat [MW]
=

26

24 1

Pierce parameter vs. lambda FEL

B0 1040 120
A [um]

P sat vs. lambda FEL

144

a0 104 120
A [um]
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PITZ THz SASE FEL

24 MeV

l_

M CTR station
CDS Booster JL L\ —L THz output

—

RF Gun Bunch éompressar Undulator

6.67 MeV

* The THz SASE FEL prototype is
under development at PITZ

* To be used for pump-probe
experiment at European X-ray FEL

* 1.3 GHz photoinjector @ 60 MV/m
accelerating gradient

* RF pulse duration of 1 ms at 10 Hz
repetition rate

* 3.4-m long LCLS-I undulator (Au =
30 mm, 113 periods)

SLAC LCLS-I undulator

Parameter Value
Bunch charge 3nC
RMS bunch length 5.840.3 ps
Peak current ~165A
Mean momentum 17 MeV/c
Projected momentum spread 98 keV/c
Maximum FEL pulse energy  29.67+5.54 u]
Central wavelength 100 pm
Spectral bandwidth <12pm FWHM

Boonpornprasert, P. et al.,

I HIGH3.Scr2 (mirror with hole)
I HIGH3.Scr3 (HIGH3.Scr2 mirror in)
40+ P HIGH3.Scr3 (HIGH3.Scr2 mirror out)

Pulse energy [,uJ]

w30

£

3

S
20 -
10+
0

102

Pulse energy <W> [uJ]

100

180

160

140

Fluctuations oW/<W> [%]

20

10 :
15 2 25 3

Position w.r.t. undulator entrance [m]

in IPAC2023, Venice, 2023.
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