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» Self-amplification of spontaneous radiation (SASE)

» Seeded FELs

* Self-seeding
e High-gain harmonic-generation (HGHG) and other seeding schemes

» 3D and beam quality effects
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Temporal Coherent Radiation by a Short Bunch

electrons radiate incoherently
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electrons radiate coherently
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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)= rgexp[ & j

Then, the bunching factor of a beam with Gaussian distribution g{o) can be found as:
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Temporal Coherent Radiation by Multiple Bunches

Radiation power from a bunch of N, electrons

YR P(w)~ Nig*(o)R (e)

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

P(w)~ 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
wave:

E, =E,cosde, —E,sinde,

- E, . .. E .
B, = —=sin®¢, + —cosDE, .
C C

where ®=kz-at+y, , ¥, is the initial phase of the wave.

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

Helical undulator field can be generated
by a bifilar helical current winding.
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where A=kr , 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<< 4,

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



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

_ eB, . A
V, =———4 (Rcosk,z+ ysink,z)
mk,
— K _ dv
— Y, Q V ) ~
IBJ_ ___(XCOSkuZ+ySIn kuz) '.'my—lzevzeszu
Y dt
— 51/ 2
5 K electrons are moving at constant longitudinal
/82 — /8 velocities in helical undulators. However, this
| 4 _ is not the case in planar undulators.
where undulator parameter
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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)
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taking dot product with g
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define phase of the ‘ponderomotive

---------------- \\,------———--————-’ potential’ as ¢ = (k+k )z-wt

dy e (z g )_€E K eE, K TN

—=——|f,-E, |]=—-—(cosdcosk,z—-sindsink,z)=—-—cos(p +

dt mc ('BL ) mc y ( )= —— (¢ ‘//o)

dy B ee, K e, K energy exchange between electron and wave (laser

dz mev, ' ” COS(¢+':”0)z 2 '7C05(¢+Wo) 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 -t

taking derivative with respect to z:

%=k+ku—a)i:k+ku—ki
dz Y

e sl (5] ] |3 )] 5

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

we have

‘equation of phase advance’



Resonance Condition

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

2
K, k| T =0
274

this is the so-called ‘undulator equation’ (i.e. the
in terms of 1= ﬂu (1+ K 2) resonance condition) that predicts the central wavelength
wavelengths — 27/2 of spontaneous radiation from a helical undulator with
0 undulator parameter K at a given electron energy.

If we define 77 5(7/—70)/7/0 and assume 77 <<1

2 2 2
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The Pendulum Equations constants

For 77 <<1 e eE eE/
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define FEL gain (small signal) G as:

G (8y)m,c® x volume

g,EZ xvolume
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small signal FEL gain is given as:

G(17)=-G,9(7)

with g(r7)=[2(1—-cosz)-7sin U]is
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The First FEL Experiment

HELICAL MAGNET
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John Madey (1934 - 2016)

(a)
VoLuME 36, NUMBER 13 PHYSICAL REVIEW LETTERS 29 MarcH 1976 °

SPONT.
o
Observation of Stimulated Emission of Radiation by Relativistic Electrons o

in a Spatially Periodic Transverse Magnetic Field*

i ELECTRON
! EMERGY
Luis R. Elias, William M. Fairbank, John M. J, Madey, H. Alan Schwettman, and Todd I. Smith SEMEY

b
Department of Physics and High Enevgy Physics Labovatovy, Stanfovd Univeysity, Stanford, California 94305 (o)
(Received 15 December 1975)

GAIN
Gain has been observed for optical radiation at 10.6 ym due to stimulated radiation by

a relativistic electron beam in a constant spatially periodic transverse magnetic field. \.r’\\
A gain of 7% per pass was obtained at an electron current of 70 mA. The experiments in- ~7
dicate the possibility of a new class of tunable high-power free-electron lasers.

ELECTRON
ENERGY




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 Enevgy Physics Labovatory, Stanfovd Univewsity, Stanfovd, California 94305 .
(Received 17 February 1977) m IrTﬂr
. A free-electron laser oscillator has been operated above threshold at a wavelength of (3
3.4 pm, -(-“"';!3
&

undulator magnet O

drive beam with many many bunches

and high bunch rep.-rate
electron

gun accelerator

low gain

- (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

e 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):

( o A o ) * Vlasov equation is, in general,
— —qi+q(E+\7xB)— =0 nonlinear. - S
o o aqi aPi e given a initial beam distribution,

I

|

I

|

I

: integrate Vlasov numerically.

- OB |+ determine an equilibrium state,

T |

I

|

I

|

VxE = E linearize Vlasov equation w.r.t. this
R state and solve the linearized

N _ E o o )
VxB= :quJ.Vf (qi P ,t)d 3p 4 L&, % | _ECI_U_a'Elc:n_fSr_s_m_al_l Elgn_al_s ________

R ~ = ) \-1/2
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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 .
(energy modulation) | 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

a 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

e Effective input noise power:

* 1D gain length:

I:)n ~ IOZCEO//I

Lo zﬂ,u/47z'\/§,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 ~ /O I:)beam

* Pierce parameter p:

— . 51/3
| ﬂ,u A, 1
P 2 2
A ﬂax 7/0
I, =17.045 kA is the Alfven current, A, = a, for helical undulator
A, =a,|[J,(&)—3,(&)] for planar undulator. E = au2/2(1+ a’ )
o, =~lB&./7s isthe electron beam size. Poecam [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:

Z,

8<2“FEL
Ar
AE
g, 7 |
electron density
N -
ene e K[
k2 mc*  4y;

1/3

Pierce parameter



FEL Saturation

(a) (b)) m Z\

* 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. Q, 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, w 1 9 :
= — = N,.CMC
Z, 4(/)7/0) ZOD22 16'0 0 Yo
Saturation power is:
P = ‘ES‘Z A—g n.cAmc?
S ZO 16/0 0 7/0

But n,cA is the number of electrons per second, n,cAmc?y, is the electron beam

power P,. We have:
This is an important result because it implies p is the

~ I
s E P € 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
B, ' o B! =2 beam for long distance
B, =

T propagation

: >
L, z




Beam Quality Requirements of High Gain FELs

Acceptable beam emittance is defined by the relation:

< ﬂ“FEL . p
r L
Energy spread criteria:
AE _
E, "
electron density
- _ / —1/3
1|, engc e K233 ] .
—_ . N4 . H t
1% 5| <o kvzv 2 47/3 lerce parameter




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 \‘Illlm." E. (-qukm. N. D. Amold,' C. Bumm. W. Berg.' S. G. I!miron." M. Burl.md Y.-C. Chae,' R ). Dejus,' P.K,

l)clllhmq.. B. Deriy,' \1 Erdmann,’ Y. 1. Eidelman,' M. W. Hahne,' Z. Ilu.mb K.-J. Kml L W. Lewellen," Y. Li," A. H,
Lumpkin,” O. Makarov,' E. R. Moog." A. Nassiri,' V. Sujacv.” 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, IL 60439, USA. "MAX-Laboratory, University of Lund,
221 00 Lund, Sweden, "Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russian Federation,

*To whom corresg ce should be add:

Sclf-amplified spontancous emission in a free-clectron
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 field 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
ﬁlmulallon indicates that scaling to much shorter

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

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

) has long been the domain of high-energy clectron
storage-ring-hased, synchrotron light sources (/-3). However,
.\igmﬁc.ml 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 emisston process (SASE) (4-8). A high-quality,
high-peak-current electron beam is aceelerated and p.;\\cd

§. E-mail: milton @aps.anl.gov

s0 is continuously 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.uh 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. 17) and long. high-

ality 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 process to
shorter wavelengths (/2-14), and in one case 1o a wavelength
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 ultraviotet clengths and to explore topics
of interest for a next-generation linac-hased light source.

Using a |I't‘(|ll\‘llt) quadrupled Nd: (Jl.hs drive I:mr hl&.h
quality clectron bunches are generated via the ic
cffect within a photocathode of gun using mpp..r as the
cathode material. The electron bunch is mm.tll) accelerated
to roughly 5 McV, and is then injected into the linear
accelerator and further accelerated to the desired energy (up
1o a 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 begins.

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 undulator magnet and by the
interaction of the EM ficld back on the clectroas. When an
electron beam traverses an undulator, it emits EM radiation at
the resonant wavelength 2, = (WJ2OHN + K°12). Here B, is the

dul pcrmd yme™ is the electron beam energy, K =

through an undulator (a long, high-quality,
varying magnetic field). A favorable instability begins
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 brightness 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

eB,hJ2rne” is the dimensionless undulator strength
parameter, and B, is the maximum on-axis magnetic field
strength of the undulator. Although the EM wave is always
faster than the electrons, a resonant condition occurs 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 1o photon beam occurs, At some distance along
the undulator, the radiation generated by the electron beam

Sciencexpress/ www.sciencexpress.org / 17 May 2001 / Page 1/ 10.1126/5cience. 1059955
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First Hard X-ray FEL Facility

X-ray Transport

Far Experimental Hall

Claudio Pellegrini

Paul Emma (right)
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ARTICLES

PUBLISHED ONLINE: 1 AUGUST 2010 | DOI: 10.1038/NPHOTON.2010.176

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

P. Emma'*, R. Akre', J. Arthur', R. Bionta?, C. Bostedt!, J. Bozek!, A. Brachmann', P. Bucksbaum’,
R. Coffee!, F.-). Decker, Y. Ding', D. Dowell', S. Edstrom’, A. Fisher!, J. Frisch', S. Gilevich',

J. Hastings', G. Hays', Ph. Hering', Z. Huang', R. Iverson', H. Loos'!, M. Messerschmidt’,

A. Miahnahri', S. Moeller!, H.-D. Nuhn', G. Pile?, D. Ratner', J. Rzepiela', D. Schultz!, T. Smith',
P. Stefan', H. Tompkins', J. Turner', J. Welch'!, W. White!, J. Wu', G. Yocky' and J. Galayda'

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
to a growing array of scientific researchers. We describe the operation and performance of this new ‘fourth-generation

light source’.
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Self-amplification of Spontaneous Emission (SASE)
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First HGHG Expt. @ Brookhaven National Lab

Dispersion Section
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Direct seeding

y) Spectral bandwidth can be
e-beam AL A £ AL LA ‘ reduced significantly. However,
ALRRARARRRRRRR N NARARANNRARARERNRNRNTIND large fluctuation in output

X_ intensity is expected
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