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Free Electron Laser

Free Electron Laser:
«simple and elegant gain medium» : an electron beam in a magnetic field

- broad wavelength tunability (vibration frequency can be adjusted by changing
the magnetic field or the speed of the electrons)

- excellent optical beam quality

- high power

free electrons
bound electrons in atoms and molecules : vibrate at specific frequencies

Synchrotron radiation Vacuum tubes Lasers

Free Electron Laser
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.1 :The photon-matter interaction processes

Absorption
= a photon is absorbed and drives an atom to an excited state E,
N Non excited aE::rI;ed
atom >
+
photon
Spontaneous Emission
The excited atom being unstable, it emits a spontaneous photon after a
duration depending on the lifetime of the excited level. £
E, i
Excited >
atom A
1917: black-body
analysis Stimulated Emission E,
prediction of the E, |
. . . Non excited atom AN
stimulated emission Excited atom +
AN + > 2 identical photons AN\
Photon (wavelength,

direction, phase,
polarisation)

A photon is absorbed by an excited atom, which results in the emission of two photons with identical
wavelength, direction, phase, polarisation, while the atom returns to its fundamental state.

Stimulated emission was seen as addition of photons to already existing photons, and not as the amplification
of a monochromatic wave with conservation of its phase. The notion of light coherence, related to its

undulatory properties, was not considered at that time.
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1.3 The early times of synchrotron radiation
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— v2/e2) 120
(I = vicf) betatron (around 0.5 GeV). V. Veksler |.Phys. USSR 9, 153 (1946)
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1.3 The early times of synchrotron radiation

.P. Blewett, Phys. Rev. 69, 87 (1946
1946 : first energy loss measurement J.F: Blewett, Phys. Rev. (1946)

1947 : first observation of synchrotron radiation

Figure 5
The General Electric team (from left to right, Langmuir. Eld¢
Gurewitsch, Charlton and Pollock) looking at the vacuu

F. K. Gloward et al., Nature 158,413 (1946)

Radiation from Electrons in a Synchrotron

F. R. ELDER, A, M, GUREWITSCH, R. V. LANGMUIR,
AND H. C. PoLLoCk
Research Laboratory, General Electric Company,
Schenectady, New York
May 7, 1947

IGH energy electrons which are subjected to large

accelerations normal to their velocity should radiate
electromagnetic energy.l™* The radiation from electrons
in a betatron or synchrotron should be emitted in a narrow
cone tangent to the electron orbit, and its spectrum should
extend into the visible region. This radiation has now been
observed visually in the General Electric 70-Mev synchro-
tron.? This machine has an electron orbit radius of 29.3
cm and a peak magnetic field of 8100 gausses. The radiation
is seen as a small spot of brilliant white light by an ob-
server looking into the vacuum tube tangent to the orbit
and toward the approaching electrons. The light is quite
bright when the x-ray output of the machine at 70 Mev
is 50 roentgens per minute at one meter from the target
and can still be observed in daylight at outputs as low as
0.1 roentgen.

The synchrotron x-ray beam is obtained by turning off
the r-f accelerating resonator and permitting subsequent
changes in the field of the magnet to change the electron
orbit radius so as to contract or expand the beam to suit-
able targets. If the electrons are contracted to a target at
successively higher energies, the intensity of the light radia-
tion is observed to increase rapidly with electron energy.
If, howéver, the electrons are kept in the beam past the

chamber of the 70 MeV synchrotron the world’s second

synchrotron.

F.R. Elder et al., Physical Review, 71, 1 1, (1947), 829-830
J. P. Blewett, 50 years of synchrotron radiation, J. Synchrotron Rad., 5, 135-139 (1998)
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1.3 The early times of synchrotron radiation
The undulator

* Calculation of the field created by a relativistic particle in the . /\{j/\/
magnetic sinusoidal field (i.e. such as produced by undulators)

Motz H.: Applications of the radiation from fast electron beams, Journ.Appl. Phys. 22,

527-535(1951) [s] [n] [s] [w]

* Influence of the bunching of the electrons on
the coherence of the produced radiation

* observation of the polarized visible radiation T
from an undulator installed on the 100 MeV
Stanford accelerator.

A buncher set-up after a 3.5 MeV accelerator
enables to achieve | W peak power at 1,9 mm

thanks the the bunching of the electrons.

Motz H., Thon W.,Whitehurst R. N.: Experiments on Radiation by Fast
Electron Beams , Journ.Appl. Phys. 24, 826833 (1953)

MAGNETRON
O0SCILLATOR

R.F. PHASE
SHIFTER

SUB SECTION]

DEFLECTED
BEAM

=1.0 COUPLERS (3} “COLLIMATORS

\—FOGUSING
COILS (6)

* Emission of the radiation spectrum (6 mm)

| ELECTRO-
produced from an undulator installed on a 2.3 "ﬂ/wc Mo sl m}: :m*:_eu.ns__ Gt
CRISTAL“ FENETRE

MeV accelerator o T
Combes R, Frelot T., présenté par L. de Broglie, Production d'ondes

millimétriques par un ondulateur magnétique. Comptes-Rendus Hebd.
Scéance Acad. Sci. Paris, 241, 1559 (1955) ONDULATEUR

ACCELERATEUR
|
1

M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016

jeudi 2 juin 2016


http://www.lunex5
http://www.lunex5

|. The origins of the Free Electron Laser

www.lunex5.com

|.3 The early times of synchrotron radiation
electron movement in the undulator

e.beam 'y = L g="_ y:—l B2 — 1
’ y_ mOCZ _C ‘/1_/32 r}/2
) 1
s : longitudinal coordinate Approximation of ultra-relativistic beams 1/}/ <<1 B=1- 2—}/2
x : horizontal direction '
z : vertical direction
Case of a planar undulator of N, periods Case of a helical undulator of Ny periods
B, A ( » 7 ) -
B—>uZ = B,.cos (i—ﬂs> Z =By.cos(kys)Z | | K, = 26 Y By = Bux Sm(,‘TZ )7 = By sin(k, 5)7
u mTm,cC —
? { B,; =B, cos( 7 =B, cos(kys) 7
K, =0.934B,(T)A,(cm) —0
\ l/lS -
undulator wavenumber k,, 4, — ¥
. & Igﬁ‘ sin (kys)
=u3in (ks
— 7o ) 0 F — &4 cos (kys)
ﬁ 0 — O Y )
1—2%—21(—%sin2(kus) <p> 1 K2 1 — 12 _ Ku2
72y =5 (1+5) 2y° 2y
= 5 fsin(ou = i cos (v (=5 fsin (@)t = 55 cos (1)
y
— Ky
s=c(l— # 47/2); + 1’22);2 sin (2w,t) =< v > ct+ 11(637);‘2 sin (2@,t) Y= y f COS ((Out)dt Ywu < sin (COMI)
K2
s=c(1— 21y 4y2)t =<v>ct
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1.3 The early times of synchrotron radiation

Recall on Undulator radiation : condition of interference

/ electron frame

0
My

Resonance condition :
wavelengths for which one electron radiation interfers constructively

: observer frame
Path difference between the two rays : nA,

cAu/Vs - AucosB/c =n Ay => n A=Ay (I - BscosB)/ Bs

Synchrotron radiation emitted ahead (small angle) => cosO=1 -0%/2
A=N\" Y (I-BcosB)

~ — 1. 2 _ K 2/9\2
Bs=~ <Bs>=1 - 1/2y% - K22y = Au (1-BcosB)
Z,M K2 eB, A, cos0=1- 6%/2
nd, = 14+ =% 1 1292 Ku — A B=1- 1/2Y2 -K2/4Y2=]- 1/2Y2 (1+K2%/2)
" 292 ( 2 y2 ) 27tmoc |-B.cosO= 1/2Y2 (1+K2/2+Y?2 6?)
=0 A=\ Y(I-B)
B =1 A=\ Y(1+B)

Wavelength tuneability by change of magnetic field or electron beam energy
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1.3 The early times of synchrotron radiation

Recall of undulator radiation : linewidth

* Homogeneous linewidth

interference from trains N, periods : 120 case. 0.97 T 2.75 GeV

filament electron beam

AR _ 1
A nN,

Nu= 300 => 0.3 % on HI,0.07 % on H5
Nu=100=>1%onHI, 0.2 % on H5,0.07 % on HI5

Intensity & N2

3.9 nm.mrad et 39 pm.mrad

* Inhomogeneous linewidth

- energy spread : ﬂ B @/ 0.1% energy spread
Storage ring : SOLEIL = 0.1% A, Y
Conventional linac : 0.01 %
- divergence and size 0.1% energy spread
(emittance) Al 292 3.9 nm.mrad et 39 pm.mrad
100 urad SOLEIL U20: 10% A
100 prad LUNEXS, U15,0.01% A 14 KTZ
-observation angle
AL 2m2K? o2y =>When inhomogenous bandwidth
- beam size Ao 1+K2 A2 becomes dominant, then Intensity & Ny
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1.3 The early times of synchrotron radiation

Coherent emission
AN\,

n(s) = N,S(s) E(w)=E,(®)N.f(w) / S(s)exp( z—)ds

I(®) = I,(@)[Ne(Ne — 1) f (@) )HN,]

Coherent Incoherent
-AVAVAVAY Short bunch MAVAVAVAY Bunched beam
 AVAVAYAY LAVAVAVAY
-AVAVAVAV: W\W M
AVAVAVAY S(s) = ZS(S—mlr)
L AVAVAVAY —
Ex : Gaussian beam MAVAVAVAV
10 orders of magnitude for A>>0;
8 for A=20
5 for A=0 Coherent emission for A=A./n with the form factor,

corresponding the bunching efficency (equivalent to the
form factor in Bragg diffraction)
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1.4 :The development of vacuum tubes

Begining of the twentieth century : rapid and spectacular development of electron beams in vacuum tubes
Applications : radiodiffusion, radar detection for iceberg or military use (high frequency oscillations needed).

Example : the klystron

Cavity |

an electric field oscillates on a length As at a frequency v=2 11 f (1-10 GHz,i.e. 30-3
cm).The electrons, generated at the cathode, enter in the first cavity where the input
RF signal is applied.

energy gain

As
AW, :/ ,B.ﬁdt(xE.,Bcosa)t.
0

As
p

The sign of AW depends on the moment t when the electron arrives inside the cavity.
AW is modulated in time at a temporal period T = 2TT/W or spatial period AP.
In average over the electrons, AW =0 since the electrons have different phases.

dy _ e?.f

= E.As.cos ot At -

Cavity 2
the electrons have the same phase with respect to the
Drift section electromagnetic wave in the cavity, since they are bunched.

Then, the electrons enter Second energy exchange :

into the drift space),
The electrons

accumulate in bunches. with Ne the number of electrons, L, the interaction
The drift space length is region in the second cavity, E the electric field. The phase
adjusted to enable an of the electrons in the second cavity is ruled by the
optimal electron electrons themselves.

bunching. electric field The gain in electric field can be very high (103-10°) .

R. H.Varian, S. F-Varian :A high frequency oscillator and amplifier. J. Appl. Phys. 10(5), 321-327 (1939)

Iy
AW, = ¥ /O B E dt = N,EL; cos ot

electrons
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1.4 :The development of vacuum tubes

Block diagram of the klystron

High Gain amplifier

Bunching Coherent interaction - a block for the bunching,
(velocity modulation) with the EM field - a block for the phased interaction with the field : a
high intensity electron beam excites the RF wave in

the second cavity.
The klystron can be operated in the oscillator mode

Oscillator
/\ with a feedback loop on the radiation.

Bunching Coherent interaction
(velocity modulation) | =™ | with the EM field

In a klystron, the cavity and the waveguides should be of the order of the wavelength.

While looking for larger values of the frequency or for short wavelengths, the cavities and
waveguides manufacturing thus limit the operation of the klystron to the microwave region.
=> Another system should be realised for the micrometer and submicrometer spectral ranges.
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1.4 :The development of vacuum tubes
Example : the accelerator

More generally, an electron bunch can be accelerated or decelerated by an wave which period is longer than the electron
bunch’s one => principle of the linear accelerator

The electrons are produced in an electron gun : a thermo-ionic gun or with a photo-injector where the electrons are
then generated in trains. With the conventional thermo-ionic gun, the electrons travel into the so-called buncher (a sub-
harmonic or harmonic cavity) where the electrons travel on the edge of the RF wave, for acquiring energy spread and
being bunched by the velocity modulation, as in the klystron case.

Then, the electron beam is accelerated by an intense RF wave produced by a klystron and sent in the cavities of the
accelerating sections. The accelerating section can be considered as a series of coupled cavities or as a waveguide where
irises slow down the phase of the RF wave so that it becomes equal to that of the electrons. In the accelerating sections,
the electrons should have the same phase with respect to the RF wave. For being so, they are bunched in small bunches.
For example, for a RF frequency of 1.3GHz, the period is of 0.77 ns, | phase corresponds to 2.1ps.

4 ) ) ( ‘ )
‘ J
\ J \—/
electron gun sub-harmonic accelerating sections
buncher

RF wave

M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016

jeudi 2 juin 2016


http://www.lunex5
http://www.lunex5

|. The origins of the Free Electron Laser

www.lunex5.com

1.4 :The development of vacuum tubes

Vacuum tubes such as klystrons and magnetrons and more generally electronics, discovered at the
end of the thirties, knew a wide development during the second world war with applications such
as radiodiffusion, radar detection, where oscillators with high frequencies are needed.

The sources generally use electron beams submitted to electric or magnetic fields, where the
"bunching” is the key concept for the wave amplification.

The use of resonant cavities at the frequency of the emitted wavelength can efficiently insure the
retroaction needed for the production of a coherent wavelength.

=>This field of electronics enables to understand that in setting a loop on a wide band amplifier (in
connecting one part of its output to its entry), on can transform it into a very monochromatic
oscillator.

=>This concept will be used later for the maser and laser inventions.

K. Landecker, Possibility of frequency multiplication and wave amplification by means of some relaticistic effects, Phys. Rev. 36 (6) (1952) 852-855]. Schneider,
Stimulated emission of radiation by relativistic electrons in a magnetic field, Phys. Rev. Lett. 2(12) (1959) 504-505
R. H. Pantell, G. Soncini, H. E. Puthoff, Stimulated Photon-Electron Scattering, IEEE Jounral of Quantum Electronics 4 (I 1) 906-908 (1968)

R. B. Palmer, Interaction of relativistic particles and Free Electromagnetic waves in the presence of a static helical magnet, |. Appl. Phys. 43(7) (1972)
3014-3023

K.W. Robinson , Nucl. Instr. Meth.A239 (1985)
Csonka (1976)
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1.5 The ubitron : Undulating Beam Interaction
1960 : Combining Travelling Wave Tubes and undulators

The Ubitron :
high-power traveling-wave tube which makes use of

the interaction between a magnetically undulated

periodic electron beam and the TEOImode in The ubitron (acronym for undulating beam interac-
unloaded waveguide. tion) is an FEL which was setting records for rf power

generation 15 years before the term “free electron laser”

NeUT . was coined. As is so often the case, the invention of the
sy T ubitron was accidental. The year was 1957 and 1 was
searching, at the GE Microwave Lab, for an interaction
which would explain why an X-band periodically
focussed coupled cavity TWT oscillated when a solenoid
focused version did not. The most apparent difference
ELECTRON BEAM between the two was the behavior of the electron beam;
-5 v % coLLecof  one wiggled while the other simply spiraled. Out of a
( . Lol P WP / paper study of ways of coupling an rf wave to an
— undulating axially symmetric electron beam came the

45° MATCHING INTERACTION 45° MATCHING . . .

RaMP REGION RAME idea of coupling to the TE;; mode by allowing the wave
to slip through the beam such that the electric field
would reverse direction at the same instant the electron
velocity reversed.

INPUT ouTPUT
WAVEGUIDE WAVEGUIDE

R. M. Phillips, The Ubitron, a high-power traveling-wave tube based on a periodic beam interaction in unloaded waveguide, IRE Transactions
on Electron Devices (Volume:7, Issue:4 ),231 -241 (1960)
R. M. Phillips, History of the ubitron, Nuclear Instruments and Methods in Physics Research A272 (1988) -9

GE Microwave Lab
M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016
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1.5 The ubitron : Undulating Beam Interaction

|dea :coupling to the TEOI mode by allowing the wave to slip through the beam such that the electric field
would reverse direction at the same instant the electron velocity reversed.

Ug =12

ELECTRIC FIELD FORCE .
Y mox =12 Zavg

X
= b
| -] I /‘\ DECELERATING LR
H ——]- m.l [§1 rm @ ACCELERATING \_/
E ] | 9 s
1
s ¥ W W
(a) PLANAR -l & T 8 2 3 4 8 .g_’::;,‘:f:____f_s;___/
DI O
T 2o
Z=0 2 2+I0%
S N S N - PHASE POSITION ( Z-T) ) 7 ° ’
)
IE[ L?J IEJ M 12— :’—:’::,-—_‘:_‘:::—:—_ tttt z __
(b} COAXIAL e
N5 [s] e i
L | L J
- L4 -» 0 L4
S ot e e e
T W i el
(C) CIRCULAR
Examples of beam-guide ubitron configurations which zu2s
. . . . 4% n=+2%
provide |00 times the interaction area of a TWT. L J _ ,
-~ 0 v -7 L4

The electron-wave interaction exhibits the same type of first-order axial beam bunching characteristic of the

conventional slow-wave traveling-wave tube
=> it can be used in extended interaction klystrons and electron accelerators, as well as traveling-wave tubes.
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1.5 The ubitron : Undulating Beam Interaction

0 ! L | i | | | | | i !
25 24 27 28 29 30 3.1 3.2 3.3 34 3.5 3.6 3.7
DRIVE FREQUENCY (kmc)

Experiments :an undulated pencil beam in a rectangular waveguide.

unique features :

- very broad interaction bandwidth which results from the absence of a dispersive slow-wave circuit,

- variable interaction phase velocity--hence, variable saturation power level.

Among the physical embodiments of the Ubitron are a number of higher-order mode waveguide and beam configurations.
=>interesting prospect for high-power millimeter wave amplification.

R. M. Phillips, The Ubitron, a high-power traveling-wave tube based on a periodic beam interaction in unloaded waveguide, IRE Transactions
on Electron Devices (Volume:7, Issue:4 ),231 - 241 (1960)
R. M. Phillips, History of the ubitron, Nuclear Instruments and Methods in Physics Research A272 (1988) -9
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.6 The maser discovery

Goal : create a «quantumy» microwave sources in replacing the amplification by an electron beam by stimulated
emission in molecules.

In order to do a "quantum" microwave oscillator, an excited molecules is introduced in a microwave cavity which is
resonant for the frequency of the molecule transition.

Population inversion:

- Townes, Basov et Prokhorov : spatial separation of excited molecules (Stern-
Charles Gerlach type), efficient but not very practical.
Townes - proper exciting radiation of the atoms and molecules.
(1905-2015) 1949 : "optical pumping"”, with circularly polarised light for selectively filling some
Nobel 1964) Zeeman sub-levels of atoms (Alfred Kastler (1902-1984, Nobel 1966) and Jean

Brossel).
-1951, population inversion by RF radiation enabling to create samples of
"negative temperature”, (E. Purcell and R. Pound, working on Nuclear Magnetic A Kastler
Nicolay Resonance) (1902-1984,
Gennadiyevi 1954 - first MASER in the micro-waves Nobel 1966)
ch Basov
(NH3 molecule).
(1922-2001) @@
NObel |964 Focuser cross section OUTP'-I' Input
@@ guide  guide
t }
1écul Jet Focalisation Cavité
moléculaire N E— micro-onde
Scuarce i J'l'lilv R R i
Aleksandr >
Mikhailovich Inversion de Emission
Prokhorgv End view of source pOpulation Stimulée
(1916-2002)

Columbia University
Nobel 1964 J.P. Gordon, H. J. Zeiger and C.H.Townes, Phys. Rev., 95 (1954) 282.
J. P.Gordon, H.J. Zeiger and C. H.Townes, Phys. Rev., 99 (1955) 1264.
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1.7 The laser discovery

1958 : principle of realisation of the laser by Charles Townes and Arthur
Schawlow (1921-1999, Nobel 1981)

Bell Tel. l.aboratories,

Charles «The extension of maser techniques to the infrared and optical
Townes region is considered. It is shown that by using a resonant cavity of
(1905-2015  centimeter dimensions, having many resonant modes, maser
Nobel 1964)

oscillation at these wavelengths can be achieved by pumping with
reasonable amounts of incoherent light. For wavelengths much
shorter than those of the ultraviolet region, maser-type
amplification appears to be quite impractical. Although use of a
multimode cavity is suggested, a single mode may be selected by
making only the end walls highly reflecting, and defining a suitably

Arthur .
Leonard small angular aperture. Then extremely monochromatic and
Schawlow coherent light is produced. The design principles are illustrated by
(1905-1999 reference to a system using potassium vapor.»

Nobel 1981)

A. L. Schawlow C. H.Townes, Infra-red and optical masers, Phys. Rev. Lett. 1 940-1948 (1958)

Patent, Optical Masers and Communication, by Bell Labs.
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1.7 The laser discovery

To shorten the wavelength, use a Fabry Perot type optical resonator

In order to achieve an optical maser, the maser cavity resonant on its fundamental mode would become extremely
small ( of the order of | micrometer) and becomes not doable at that time.

Conditidion for the light to interact at each pass with the amplifier medium: 2L. = p.A
c=1P.

the light should be in phase with the one from the previous pass :
the optical path for one round trip should be equal to an integer number p of wavelength A

A
For a fixed cavity length L, only the wavelengths verifying L. = P2 can be present in the “optical maser” light.The
longitudinal modes associated to different values of p verifying this %quation are called the longitudinal modes of the
cavity. C C
The shift in frequency between two modes is given by : V= — = ——
A 2L
O,divergence of the light beam : wo = (7\/21t)1/2 [L C(LC_ZRC)]1/4
W020C7L zo=nwo2/k
L
C 52 w3 A
< > — 1+ — _ 0 06,=—
w(s) =woy [ 1+ Z Zp = 7l p—

Case of a HeNe laser at 633nm, waist of 600 um, Rayleigh length of the order of 2m. Over 2m propagation length, the light

beam diameter remains practically constant. =>The beam is very directional.
M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016

jeudi 2 juin 2016


http://www.lunex5
http://www.lunex5

|. The origins of the Free Electron Laser

www.lunex5.com

1.7 The laser discovery

1960 : First Ruby laser (lon CR3+ in ruby)

Hughes Research Laboratories

T.H. Maiman, Nature, 187 (1960) 493T. Maiman, Stimulated Optical radiation in Ruby, Nature 187, 493-494 (1960).
T. H. Maiman, Hoskins, D’Haenens, Asawa and Evtuhov, Phys. Rev., 123 (1961) 1151.

In 1954, N. Bloembergen, Basov and Prokhorov propose the 3-level MASER concept : with a proper illumination
of a solid such as a Ruby crystal, population inversion takes place.
first working laser by generating pulses of coherent light from a fingertip-sized lump of ruby

illuminated by a flash lamp
Easier to operate than the equivalent gas based maser. It has been used in particular as a very low noise amplifier.

Theodore Harold Maiman
(1927-2007)

DO

AN

SREENEERN 11181

b)

1 lwent LI L1 B L V) IMAL LT
6925 R, R, 6950
Wave-length (A.)

Fig, 2. Emission spectrum of ruby : e, low-power excitation;
b, high-power excitation
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1.7 The laser discovery

|966: Mirek Stevenson
and Peter Sorokin at
General Electric

first dye laser
tuneable yellow to red

1960: Ali Javan 1962 :R. Hall

first gas laser (He-Ne) first semi-conductor

Gaseous discharge AsGa laser (diode laser)

CW source of infra red, | mW p-n junction of the semiconductor gallium arsenide through

which a current is passed can emit near-infrared light from
He-Ne MASER recombination processes with very high efficiency.
50cm. 4]’7_
—1 SILVER RIBBON
=] 197 1: Concept of the
/ SILVER-GOLD

Y mR (MICROALLOYED) — Free Electron Laser
venio- 1977 : First FEL in the IR

Imm He & O.lmm Ne OUTPUT

(Stanford, USA)

R L Yy —
CLEAVED FACE . o .
RF SEMICONDUCTOR 1983 : First FEL in the
20mc GOLD-TIN CLAD ZINC DIFFUSED ..
o -
Javan, Bennett and Herriott, Phys. Rev. Letters, 6 (1961) 106. MOLYBDENUM DISC P-TYPE LAYER visible (O rsay, France)

R.J. Keyes and TM. Quist, Proc. IEEE (Inst. Electron. Elec. Engrs.), 50 (1962) 1822.
Hall, Fenner, Kingsley, Soltys and Carlson, Phys. Rev. Letters, 9 (1962) 366.
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1.7 The laser discovery

The limitations of the «optical maser»

«As one attempts to extend maser operation towards very short wavelengths,
a number of new aspects and problems arise, which require a quantitative
reorientation of theoretical discussions and considerable modification of the
experimental techniques used.»

«These figures show that maser systems can be expected to operate
successfully in the infrared, optical, and perhaps in the ultraviolet regions, but
that, unless some radically new approach is found, they cannot be pushed to
wavelengths much shorter than those in the ultraviolet region.»

A. L. Schawlow and C.Townes, Infra-red and Optical masers», Phys. Rev. 1 12 1940 (1958)
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Il.1 The FEL concept emergence : Motivations for an exotic laser

J.M. ). Madey .. .
«Schawlow and Townes’ descriptions of masers and lasers coupled with

the new understanding of the Gaussian eigenmodes of free space offered
a new approach to high frequency operation that was not constrained by
the established limits to the capabilities of electron tubes»

- Was there a Free Electron Radiation Mechanism that Could Fulfill these
Conditions?

Compton Scattering Appeared as the Most Promising Candidate

Benefit of using relativistic electrons beams:

=> Strong periodic field Ecps = &
Undulator W )
- tuneability . — _l_ Zu _|_ }’292
27
Need of high peak current = >
electron beam sources
=> FEL concept
J. M. J. Madey, Nobel Symposium, Sigtuna, Sweden, June 2015
. . . ) J. M. J. Madey,Wilson Prize article: From vacuum tubes to lasers
Can gain be achieved with such a system! and back again, Phys. Rev. ST Accel. Beams 17, 074901 (2014)
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ll. The invention of the Free Electron Laser concept

1.2 The FEL quantum approach

J- M. J. Madey.: Stimulated emission of Bremmstrahlung in a periodic magnetic field; J. Appl. Phys., 42, 19061913 (1971)

Stimulated emission of Bremmstrahlung :

The Weizsicker—Williams method is used to calculate the gain due to the induced emission of radiation
into a single electromagnetic mode parallel to the motion of a relativistic electron through a periodic trans-
verse dc magnetic field. 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.

At least two authors have considered in detail the
process of induced bremsstrahlung at radio and optical
frequencies due to the scattering of an electron beam by
the ion cores in neutral and ionized matter concluding
that appreciable gain was available under favorable
conditions.!~® This analysis deals with the radiation
emitted by a relativistic electron beam moving through
a periodic transverse dc magnetic field. We will consider
the process as the scattering of virtual photons using the
Weizsicker—-Williams method* to relate the transition
rates to the more easily calculable rates for Compton
scattering. As shall be seen, finite gain is available under
the appropriate conditions from the far-infrared through
the visible region raising the possibility of laser-type
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.

1 D. Marcuse, Bell System Tech. J. 41, 1557 (1962).
2D. Marcuse, Bell System Tech. J. 42, 415 (1963).
* M. V. Fedorov, Sov. Phys. JETP 24, 529 (1967).

*W. Heitler, The Quantum Theory of Radiation (Clarendon,
Oxford, England, 1960}, p. 414,

In geometry, the devices suggested herein resemble
the undulator structures proposed by Motz in 1950°
and subsequently developed by him® as sources of
millimeter wave and infrared radiation. However,

A closer resemblance is to be found between this
paper and that of Pantell, Soncini, and Puthoff’ who
proposed the use of stimulated inverse Compton
scattering but were restricted in gain to the infrared by
the low microwave photon densities obtainable at
present as compared to the number of virtual photons
in a strong dc magnetic or electric field.

s H. Motz, J. Appl. Phys. 22, 527 (1951).
5 H. Motz, J. Appl. Phys. 24, 826 (1953).

"R. H. Pantell, G. Soncini, and H. E. Puthoff, IEEE ]. Quan-
tum Electron. 4, 905 (1968).
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ll. The invention of the Free Electron Laser concept

1.2 The FEL quantum approach

J. M. J. Madey.: Stimulated emission of Bremmstrahlung in a periodic magnetic field; |. Appl. Phys., 42, 1906—-1913 (1971)
J. M.J. Madey, H.A. Schwettman,W. M. Fairbank, IEE Trans. Nucl. Sci. NS-20 (1973) 980

Virtual photons : associated to the magnetic field
Weisacker-Williams approximation:

Undulator : similar to the field of a planar wave of wavelength ; A,

Fields in the moving frame of the electrons in the undulator

Undulator wavelength in the electron ‘s frame : Ay/Ys = N’ A=
the electrons see the magnetic field as a planar wave

Photon emission / absorption forbidden due to the conservation
of energy and momentum

=> for free electrons : two photon process: Compton scattering

emission :

Doppler effect A=N /(1 +Bs) Ys= A/ 2Y 2= A/ 2 Y?

Stimulated Compton scattering
gain : transition rate(diffusion) - transition rate (absorption)

does not depend on Planck constant.

E. Schrodinger, Annalen der Physik IV, Folge 82,257 (1927)
P. L Kapitza, P.A. M.ab Dirac, Proc. Cambridge Phys. Soc. 29,297 (1933)
H. Dreicer, Phys. Fluids 7 (1964) 735

R. H. Pantell, G. Soncini, H. E. Puthoff, Stimulated Photon-Electron Scattering, IEEE Jounral of Quantum Electronics 4 (1 1) 906-908 (1968)
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1.3 The FEL regimes

Compton regime Raman regime

the scattered wavenumber ks’ is the sum /
V4 . . .
The scattered wavenumber ks difference of the incident wavenumber ki’ and
equals the incident wavenumber k;’: of the plasma wavenumber k;, leading to the

Stockes and anti-Stockes lines

Y
bk K=k K
s — ™M —%p
Wy = W; = W),
2
o=y = |t ], =neec.
EoMyY EoMpCY

Practically, one considers that the FEL is in the plasma regime if the number of plasma oscillation
Np done by the electron while it travels into the undulator is at least one.

Nodi  Nedu®, Nodw [ Jee
N p— p— p—
Ap 27c 27e \| €,mycy’

477:280moc3y3
292
eNjA;

M. Kroll, P. L. Morton, M. N. Rosenbluth, Stimulated emission from relativistic electrons passing through a spatially periodic transverse
magnetic field., Phys.RevA 17 (1978) 300
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1.3 The FEL classical approach

Weizsacker-Williams approximation :
for extreme relativistic limit : the static undulator field of period A replaced by a pure electromagnetic field of wavelength

A= (1 +Bs) Au= 2\, transverse current J;

Case of a pure transverse
electromagnetic field
=> Usual classical scattering problem,
electron motion : collisionless relativistic complicated by the relativistic nature of

Boltzmann equation, with P the canonical the particles Maxwell
momentum, x the position

- equations
/ 5 F 5 5 Relevant radiation :
(_]: - _Z + 5‘7i _._J_f. +P; _._]_(.... =0, back scattered, with a Doppler shift
dt 3t X ; oP; of the wavelength

reduced distribution in Maxwell eq.

Development of the reduced distribution in perturbations i i
=>small signal gain

small-signal theory :incident and scattered modes are kept

o = B4ny 25 e Ry Lzl'i(sin /n)?
New hyp : AW =W  — . ° e, k2P i dn n/m
- slowly varying amplitude and phase $ +?
- depletion of the incident field neglected K=k +k,;, N=0 : no net gain
N<0 : v>v,, gain, eq. of Stockes line in Raman scattering
=> electron density fluctuations (bunching) u=Aw/v,-K. N>0 : v>v,, absorption, eq. of anti- Stockes line

responsible for the scattering

The Gain is produced by a bunching of the electronic density in presence of a field

F.A. Hopf, P. Meystre, M. O. Scully, W. H. Louisell, Classical theory of a Free Electron Laser, Opt. Comm. 18 (4) (1976) 413-416
F.A. Hopf et al., Classical theory of a free-electron laser, Phys. Rev. Lett 57 (18) 1215-1218 (1976);
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1.3 The FEL classical approach

Appropriate magnetic field description

Studies on radiation from electrons traveling through a static transverse periodic magnetic field : classical,
semiclassical, and quantum field theories.

Stimulated emission rates and laser evolution equations describing exponential gain and saturation.

One-body classical Lorentz force equation in the presence of periodic magnetic field and a plane
electromagnetic wave.

Phase space paths for electrons are related to those of a simple pendulum and describe laser gain, saturation,
and coherent electron beam modulation.

A single particle classical theory : amplification due to the single electron stimulated Thomson scattering.
necessary tool for the description of the electron dynamics in a storage ring with a free electron laser device.
Saturation : Jacobi elliptical functions

W. B. Colson, Theory of a Free Electron Laser, Phys. Lett. 59A, 187 (1976)
W. B. Colson, One body electron dynamics in a free electron laser, Phys. Lett. 64A (2), 190-192 (1977)
W. H. Louisell, . F. Lam, D.A. Copeland,W. B. Colson, "Exact" classical electron dynamic approach for a free-electron laser amplifier, Phys. Rev.A 19
(1) (1979) 288-300
W. B. Colson, C. Pellegrini, and A. Renieri, editors for the "Free Electron Laser Handbook", North-Holland Physics, Elsevier Science Publishing Co. Inc.,
The Netherlands (1990).
A. Bambini,A. Renieri , The free electron laser :A single particle classical model, Lett. Nuovo Cimento 21, 399-404 (1978)
A. Bambini,A. Renieri, S. Stenholm, Classical theory of a free electron laser in a moving frame, Phys. Rev.A 19,2013-2025 (1979)

/ gain scheme \

electrons

+ Indulator > electron o coher'ent
+ Electromagnetic Lorentz bunchi Maxwell emission
wave equations unching eq.
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1.3 The FEL classical approach

The resonance

Consider a plane wave travelling in the same direction as the electron, with its electric field in the trajectory plane.
The electron is resonant with the wave if :
while the electron progresses by A, the wave has travelled by A+ A, (Aut nA)

N Ae  Au+nd,
t . P
0 Vg C
N nA, = c(1— )t
ANNNAANANNNNNN ol Al 2 (-B)4R) 1B
t ' n B n f o Bs(1+ Bs) a uﬁSU"’ﬁS)
o + A /2v
yon M, Ki

Planar I’lﬂ.n — (1 | 7 )

NN NNANNNANNNNNNNNNNN VNV

ot s SW = E Vdi

velocity // E

"NNANNNNNANNNNNNNNNNN VNV Y 1
u

A=
Helical 2”7/2

(14+K?)
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1.3 The FEL classical approach
Energy exchange => bunching => amplification

Light wave-electron interaction

The amplitude of the interaction only depends on the The FEL oscillator :
longitudinal position of the electron in the electron the historical configuration
bunch with the periodicity A. optical multi-pass, low gain regime

The electron tend to bunch along given positions,
separated by A..

Bunching (A- separation) takes place by velocity
modulation (electrons set in phase).

ﬁ?=0 for A= A., there is no average energy @ G:]:[B)

exchange at first order: half of the electron gain L. AU
energy, half of them loose energy W P
For the interation to occur, A should be slightly N 7

different from A : A= ﬁ}z {l+%) K =0.94 Ao (cm) B (T)
one finds that for A> A. amplification (gain and beam

deceleration) GOLong2/Y3

for A< A: absorption (beam acceleration)
Optical feedback with an optical cavity
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1.3 The FEL classical approach
Gain expression

Small signal gain :

2me?  K* L 2 o
G=n U (3 |:]n— —Ja —sinc? (nN,
P () [t (8) =T (€))7 sine® ()
Depending on the sign of (A — Ar), the optical wave is either of the

electrons, or is

G varies as the inverse of the cube of the energy. The higher the energy, the lower the gain. But, according to the
resonance condition, short wavelength operation requires the use of high electron beam energies. In consequence, for
a same undulator length, the gain is smaller at short wavelengths than at longer ones.

The gain is proportional to the electronic density. The more electrons interact, the larger the gain. For short wavelength
FELs where the gain is naturally small, one should employ beams with high electronic densities.

The gain is proportional to the beam current.

The gain is proportional to the third power of the undulator length, it seems that the longer the undulator, the higher the
gain. As the undulator length, the gain width also decreases by 1/nNy, because of the interference nature of the
interaction. Temporally, the light pulse should remain in the longitudinal bunch distribution, for the interaction to occur.

Similarly, both the optical light and electron bunch should overlap properly all long the undulator propagation.

To account for these effects, let’s introduce some correction factors in the gain.

M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016

jeudi 2 juin 2016


http://www.lunex5
http://www.lunex5

ll. The invention of the Free Electron Laser concept

www.lunex5.com

1.3 The FEL classical approach

Gain correction terms

* Transverse filling factor : Non perfect transverse overlap e — 1
between the laser transverse modes (TEMOO mode of waist w.) F L4 (222, /14 (B2
and the transverse dimensions of the electron beam ox and o.. \/ 20y \/ 20;

« «I[nhomogeneous reduction» : According the the Madey’s theorem, spontaneous emission broadening due to energy spread
and emittance affect directly the gain.

Homogeneous linewidth Inhomogeneous contributions
( AL ) | - Electron beam emittance * Electron energy spread
— Vhom = ——
A" nN, (ﬂ)d_ _re? A/l) 2m*K? o? Al 26,
v — 2 —V =
W 4 T KEA (G ="
n
AAN2 AAN2 AAN2
F... = 14_@ - 14_@ - 1+m -
"ol U@ Y (8
An / hom An ) hom n hom
* Longitudinal overlap : between the electron bunch of RMS length o | Nuﬂ,u —1
and the optical wave should be be maintained. The light wave in in Fg = |14
advance by NuAy with respect to the electrons, and for short electron O
bunch distributions, it could escape.
2. 1273 g2 7
T°r, A N> K 0
_ u'uu .0
G = n=—" = FrFn e 701 () =Ty (§)] 5, sine? (TN,
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1.3 The FEL classical approach

Saturation

* Electron beam energy loss (unsatisfied resonant condition)
- energy exchange
- (spontaneous emission)

* Increase of energy spread
intuitively, the gain bandwidth gets larger because of the inhomogeneous contribution and the

gain distribution flattens

* Slippage

- The slippage can stop the interaction : the electrons travel slightly slower than the photons, and
one at the exit of the undulator, the time difference becomes typically NuA/c. For not the
radiation to escape from an electron bunch of duration 0;, one can consider that the radiation

advance should remain in the peak of the distribution :

< — u
c 10 104

Z. Huang, K. J. Kim, Review of the free-electron laser theory, Physical Review Special Topics-Accelerators and Beams, 10(3), 034801.
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The first FEL amplification

24 MeV beam, amplification of a CO?2 laser at 10.6 ym

Undulator period : 3.2 cm, length 5.2 m
single pass gain : 7 %

Modulated CO»
laser pulse To dat
WAy 0 dala
SFg Grating LA —~ ('4-19_"1“1 ~—~acquisition
<[ | 42 4 1 CuGe |l 5 (W = N5V )—s
AN C Det - [ -
CO2 TEA : }
e ¥aVaaaataatatataatats 13 mz : A.
00800000000 oM T
' Superconducting _ |’ <t 10MHz ‘
Halix : Y T |
Electron To beam ? '
beam from dump 2
superconducting @ shier | /
linear accelerator ’
From 1.3 GHz
acceleralor
phase rel.

FIG. 2. (a) The spontaneous power at 10.6 um as a
function of the electron energy. (b) The amplitude and
phase of the modulation imposed on the 10.6-um optical
radiation from the CO, laser. Amplification corre-
sponds to a positive signal. The instantaneous peak
gain attained a value of 7% per pass. The helix field
amplitude was 2.4 kG and the instantaneous peak elec-
tron current was 70 mA. The electron energy was
-swept through a small range in the vicinity of 24 MeV.

‘ . . o o The full width in energy (half-width in wavelength) at
L. Elias et al., Observation of the stimulated emission of radiation by the 1/e points in (a) is 0.4%. The power density of the
relativistic electrons in a spatially periodic transverse magnetic field, Phys. 10.6-um radiation in (b) was 1.4x10° W/cm?.

Rev. Lett. 36, 717-720 (1976)
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Madey’s theorems

The gain can be expressed as the derivative of the undulator spontaneous emission expression.
It is a remarkable result which corresponds to the Madey’s theorem.

dcb(e _0) = 20m2ctl < Ay >
Q" 7 2A?<E} >
1 d< AY? >
A = —
~an - 2 dy

with & the fine structure constant, / the beam current, Z—g (6 = 0) the angular spectral flux on-axis of the undulator
spontaneous emission.

The first theorem relates the the energy spread < E 12 > 1ntroduced by the optical wave to the spontaneous emission
of the undulator.

According to the second theorem, the second order energy exchange < A9 > is proportional to the derivative of
the spontaneous emission of the undulator.

Due to the resonance relationship linking the particles’ energy to the emission wavelength, the spectral ”gain”
distribution is close to the wavelength derivative of the spontaneous emission spectrum versus A.

Validity : Gain <0.2

J-M.J.Madey,H.A.Schwettman,W.F.Fairbank:,IEEETrans.Nucl.5ci.:20,980-980(1973)
J. M. J. Madey: Relationship between mean radiated energy, mean squared radiated energy and spontaneous power spectrum in
apower series expansion of the equations of motion in a free-electron laser, Nuovo Cimento 50B, 64 (1979)
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The first FEL in 1977
1977 : First Free Electron Laser by |. M. ]. Madey in Stanford

D.A. G. Deacon et dl, First Operation of a FEL. PRL 38, 16, 1977, 892

ABOVE
THRESHOLD

+o.7m#

INSTRUMENT

WIDTH
< 8muL
First demo : on linear accelerator, MARK llI,
Stanford, infra-red } k
J. M. ). Madey S
BELOW
HELICAL MAGNET THRESHOLD
(3.2 ¢cm PERIOD) 43 MeV BUNCHED

____________ —< ELECTRON

N OO0 e
RESONATOR "—_— 5.2m ——’I RESONATOR

MIRROR MIRROR
: 12.7m

FIG. 2. Emission spectrum of the laser oscillator
above threshold (top) and of the spontaneous radiation
emitted by the electron beam (bottom),

FEL oscillator at 3.4 pm, 43 MeV, 12.7 m long optical cavity

M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016
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Saturation- Hope in storage ring FELs

overall efficiency of such a system thus would not
be limited to the fraction of the electrons’ energy
convertible to radiation in a single pass through
the interaction region. The feasibility of the idea
hinges on the form of the electrons’ phase-space
distribution after passage through the periodic
field, a subject currently under study.

Use of a storage ring would be particularly at-
tractive because the rf accelerating field for the
ring would have to supply only the energy actually
transformed to radiation in the periodic field. The

L. Elias et al., Observation of the stimulated emission of radiation by relativistic electrons in a spatially periodic transverse magnetic field,
Phys. Rev. Lett. 36, 717-720 (1976)

* Magnetic elements (dipoles, quadrupoles, sectupoles...)

* Emission of synchrotron radiation (dipoles, undulators)

» Compensation of the energy loss per turn with a radio-
frequency cavity

* Bunching
bending
magnets
\y
2,
%o,
% ‘o
/o ,O

VW~ .
FEL

Renieri,A. (1979). Storage ring operation of the free-electron laser:The amplifier. Il Nuovo Cimento B Series I 1,53(1), 160-178.
Dattoli, G., & Renieri,A. (1980). Storage ring operation of the free-electron laser: the oscillator. Il Nuovo Cimento B Series | 1,59
M. E. Couprie, CAS School Free Electron Lasers and Energy Rddovedf@Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016
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After the first FEL ....

Unfortunately, none of the electron-beam sources available at that time had enough electron-beam current and
satisfactory electron-beam quality to make lasing easy. Although gain was measured in several experiments, it
was not until six years later, in 1983, that the second free-electron laser was operated in the optical part of the

spectrum.
The first was at Laboratoire pour I'Utilisation du Rayonnement Electromagnetique (LURE), in Orsay, France,

where the electron beam in the storage ring ACO was used to acheive lasing in the visible.
The second was at Stanford, a team from TRW used the superconducting accelerator previously used by Madey

to acheive laseing in the near infra-red.
The third was Los Alamos, where a newly constructed electron accelerator was used to acheive lasing in the

mid-infrared.

During the same period, development of ubitron-type devices began at several laboratories. Because the
threshold electron-beam current at which space-charge wave can be excited increses as the third power of the
electron energy, these devices were limited to low electron energy (no more than a few MeV), and long
wavelength. Neverthess, Marshall and his co-workers acheived lasing at 400 ym with electron beam having an
energy og |.2 MeV and a peak current of 25 KA.

sub-mm

collective instabilities involved (space charge waves)

C. Brau, Free Electron Lasers,Advanced in electronics and electron physics, edited by PW. Hawkes, B. Kazan, supplement 22,
Academic press (1990)

M. Billardon et al,, First operation of a storage ring free electron laser» Phys. Rev. Lett. 51, 1652,(1983)
J.A. Edighoffer et al.,,Variable-Wiggler Free-Electron-Laser Oscillation, Phys. Rev. Lett 52, 344 (1984)
R.W.Warren et al, First operation of the Los Alamos Free Electron Laser», DOE_Report (1984)

D. B. McDermott et al., High-Power Free-Electron Laser Based on Stimulated Raman Backscattering, Phys. Rev. Lett. 41, 1368
(1978)

M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016
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The second Compton FEL : the first visible and first storage ring FEL

. Vinokurov et al, Prepint INP,
M. Billardon et al., Phys. Rev. Lett. 51, 1652,(1983) D.A.G. Deacon, M. Billardon, P. Elleaume et al, Optical klystron experiments for the ACO storage ring FEL, Appl. Phys. B34,

1984,207-219
Vsible => 100 MeV P. Elleaume, J. Phys. Collog 44 C1-333 (1983)

sotorage ring superior in terms of electronic density, energy spread, emittance => higher optical gain

TABLE I. ACO characteristics in the FEL experiment.
TABLE II. Optical cavity characteristics.

Energy 160 —166 MeV

Circumference | 29 m Le.:ngth . ’ 5.5 m
Bunch to bunch distance 7 11 m Mirror radius of curvature 3m
Electron beam current for oscillation 16 to 100 mA Rayleigh range 1m
rms bunch length ¢, 0.5 to 1 ns Wavelength of maximum @ 620 to 680 nm
rms bunch transverse dimensions o, o, 0.3 to 0.5 mm Average mirror reflectivity at 6328 A 99.9659,
rms angular spread ¢,’, o,’ 0.1 to 0.2 mrad Round trip cavity losses at 6328 A 7x 104
rms relative energy spread (0.9to 1.3) x 103 Mirror transmission 3x10°°
Electron beam lifetime . 60 to 90 min ‘
Dispersive
Mirror reflectivity degradation observed at 240 MeV Undulator Section Undulator

AlA(v|v|v|v|A]|Aa
[A]>]v][<JA]>[v[<]A[>[v[<]A]>[v]<] [a[a]v]v]v[v]a

»

[Mv]«]a]>]v[«]A[>[v]<[a]>]v[«]A]

»

(<v[>[a[<]v]>]a][<][v][>[a[<]v[>]A]

(Al«]v[>[a[«[v[>[A][«[v[>[A]<«][v[>|[a]a]v]v[v]v]a
AlAlv|v|v|v|A|A

VERTICAL MAGNETICFIELD

A
LR LD

HORIZONTAL ELECTRON TRAJECTORY |

MN\AN\/J\.“'“
\AM
]
: | l
8000A 5000 A
. . . . Fig. 3. Spontaneous emission spectrum dI/dAdQ measured for an
Fig. 1. Vertical magnetic ficld calculated for the Orsay optical gjectron energy of 238 MeV and a magnetic field parameter of

klysfron (gap: 33 mm) and the corresponding calculated K =209 atlow current where the modulation is almost total. The
horizontal electron trajectory at an energy of 240 MeV current decay I(f) is superimposed

It}
Li
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The second Compton FEL : the first visible and first storage ring FEL

Spontaneous Emission in the visible

A K2 K2
/ln: u 1 Ux | Uz 92 92
ACO 2y2n( ot +7°6;+7°67)
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The second Compton FEL : the first visible and first storage ring FEL

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

—_ . * h3
3 'Max "Max ‘Max
-2 ' 2 e ) | =600 | |=23800 |=2350
f'ﬁ\ equivalent mirror > N, ) A
! . _*" ‘ = = = 8A
+ " ; \\ displacement > | 6405A 6476A 653 |
vooum) )
(a) ]f(b) “ S
H { closed to
closed to / \ threshold
) /
max Gain/ \
loss . \
N
/‘ \
/ (\
;) X
/ \
/ﬁ/ \
4 \
/I ¥\
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/ \
/ : \ - :
| [I | | \¥ | 0.155 | | | AA
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RF /,
requency (Hz) FIG. 4. Spectra of the cavity output radiation under

two conditions: curve g, cavity detuned (no amplifica-
tion) and curve b, cavity tuned (laser on).

Transverse profile

Temporal structure
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The second Compton FEL : the first visible and first storage ring FEL

Second FEL : on storage ring, ACO, Orsay, visible, 1983

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

M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016
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First coherent harmonic generation results

ACO (Orsay, France), 166 MeV

=> CHG at 352 nm

Drift space

First undulator or . sec
u maanetic ond undulator

dispersive section

Lt HI?IH l 1t[I[t[4]1]

Coherent
emission

- .SV v
T T AR

g ufm;uu;m;{ummw A

Focused bunch el_ectron
pulsed laser trajectory

” “radiator”

‘mModulator”  “Buncher

B. Girard,Y. Lapierre, |. M. Ortéga, C. Bazin, M. Billardon, P. Elleaume, M.
Bergher, M.Velghe,Y. Petroff, Opitcal frequency multiplication by an optical
klystron, Phys. Rev. Lett. 53 (25) 2405-2408 (1984)

ACO (Orsay, France), 220 MeV
=> CHG
at 177 and 106.4 nm

Coherent Harmonic Generation in the Vacuum Ultra Violet Spectral
Range on the Storage Ring ACO, R. Prazeres, | M. Ortéga, M. Billardon,
C. Bazin, M. Bergher, M.E. Couprie, H. Fang, M. Velghe Y. Petroff , Nuclear
Inst.and Methods in Physics Reasearch A272 (1988), 68-72

352 nm
R;=3

352 nm
Rz > 100

100 ns
—

Linewidth sharpening

Experimental results on ACO (1987)

Observed harmonic 3 5
Corresponding wavelength [;5.] 1773 1064
Integrated ratio R} 350 3-4
monochromator bandwidth [;k] 2 2
monochromator angular aperture [mrad®] 1.4 3
Spectral ratto R, (A, §2) 6000 100
Number of coherent photons,/pulse 1.5x107 10°
in spectral width [105.] 0.1 0.07
in angular aperture [mrad] 02 0.1

M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016
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Efficiency

Small signal gain bandwidth : 1/2N,,

- Ay 147 1
Resonance condition => o1 AN,

Y

When the electron travels on half the width of the gain curve, it can deliver up to
efficiency r comes : 1

:4—]\Iu

I, of its kinetic energy, the

r

The maximum efficiency is found in considering the total width of the gain curve, which would lead to r = ﬁ It
1s however less realistic because energy spread effect can limit the process.

N.A. 50 periods,r = 0.1 %
p=telis ] [QBZ(SWS) } 2
2 2L 2mm,c

Kroll, N. M., Morton, P. L., Rosenbluth, M. N :Variable parameter free-electron laser. In Free-Electron Generators of Coherent Radiation, I, 89112 (1980)

Storage Ring based FEL :
Renieri limit : <P> & X (AGy/Y)? Psync, Psync & IE*

Renieri,A. (1979). Storage ring operation of the free-electron laser:The amplifier. Il Nuovo Cimento B Series I 1,53(1), 160-178.
Dattoli, G., & Renieri,A. (1980). Storage ring operation of the free-electron laser: the oscillator. Il Nuovo Cimento B Series I1,59(1), 1-39.

M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016
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The Stanford experiment in the taper configuration

CAVITY MIRROR

- WV* —L:

PNEUMATIC
ACTUATED

ADJUSTABLE
/ ENTRANCE/EXIT ASSEMBLY - 1/4)

OPTICAL
DIAGNOSTI

LASING SPECTRUM
1.3% FWHM

SPONTANEOUS SPECTRUM

3% FWHM

SUPERCONDUCTING TV MONITOR ELECTRON
ACCELERATOR SPECTROMETER
eBEAM  ENTRANCE | CONSTANT|ELECTRO TAPERABLE SECTION CONSTANT | EXIT »
TAPER WIGGLER |MAGNETIC 90X IN 6 SECTIONS WIGGLER | TAPER
6-1/2) 15 DRIFT 320.04 cm 151 6-1/2)
28.58 crln‘ 53.34 cm 58.59 cm 53.34 cm 28.58 cm
66 MeV Sz em g
i 3.6 cm period, Halbach type, untapered 2.9 kG |
1268 cm L
r TABLE II, Tapered-wiggler FEL oscillator charac-
teristics,
(b)
Power? 4 WP
Peak power 1.2 MW.P
TABLE I. Characteristics of the superconducting ac- Peak cavity power 460 MW P
celerator in the experiment. Peak cavity intensity 11 GW/cm? b
Wavelength 1.57 pm
Emittance 0.157 mm mrad (at 66 MeV) Micropulse length 4 ps°©
Energy spread 0.03% Macropulse length 5 ms
Bunch length 4.3 ps Repetition rate 10 Hz
Current 0.5—2.5 A Bandwidth? 1.3%
Energy 66 MeV Efficiency,¢ constant wiggler 0.2-0.49%
1% taper 1.19
29, taper 1.29

i L L ] | i 1

A {um} —__>

To compensate for the average energy loss of the electrons to the optical. wave, the magnetic field is made a function of the wiggler
position, compensating for average changes in the electron energy, y, so that X, in the resonant condition remains constant.The
reduction of the magnetic field decreases the path length traveled by the el.ectrons to compensate for their slowing down.This
tapering allows electrons to remain in resonance as they traverse the wiggler, even as they lose significant amounts of their energy.

J.A. Edighoffer et al.,Variable-Wiggler Free-Electron-Laser Oscillation, Phys. Rev. Lett 52, 344 (1984)

jeudi 2 juin 2016
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The Los Alamos experiment

Los Alamos oscillator experiment

12% 30% Pre- 5
wiggler wiggler buncher + e WIGELER o
Wiggler 273 (mual) 273 3.66 0 30°. WIGGLER
Wavelength (cm) 2 44 (final) 210 3.66 X 127.-PREBUNCHER == =
B Wiggler (imial) (T) 029 (.29 0196 44 0 30°.-PREBUNCHLR ——
% Taper (A) 12.0 300 0.0 ~
Form of taper = linear parabolic :‘:‘
Q
Optical Z .
Lasing wavelength 10.88-11.4 pm 3]
Cavity copper g
Rayleigh distance 0.52 M _
Output coupling 0.5% S
Cavity ringdown /pass 3-3.5% 5
Near concentric é
<
e-beam W
Energy 21 MeV .
Micropulse charge 1.5-5nC
Emittance 3 m mm mrad *
Pulsewidth =10 ps

4 FWHM unnormalized

CAVITY POWER(GW)

Warren, R W,, Newnam, B. E.,Winston, J. G., Stein,W. E.,Young, L. M., & Brau, C.A. (1983). Results of the Los Alamos free-electron laser experiment. Quantum Electronics, IEEE

Journal of, 19(3),391-401.
B. E. Newnam, R W.Warren, R. L. Sheffield, J. C. Goldstein, C.A. Brau:The Los Alamos free electron laser oscillator: Optical performance, Nuclear Instruments and Methods in

Physics Research Section A:Accelerators, Spectrometers, Detectors and Associated Equipment 237 (1), 187-198 (1985)
M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016
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Accelerators for FELs

ACO,VEPP 3, Super-ACO, DUKE, Niji IV, UNSOR, DELTA, ELETTRA,.  tanford, Los Alamos, Boing / Spectra Techno...

Santa-Barbara, 6 GeV,2 A
120-800 pm

L. Elias et al., The UCSB electrostatic accelerator free
electron laser: First operation, Nuclear Instruments and
Methods in Physics Research Section A:Accelerators,
Spectrometers, Detectors and Associated Equipment,
Volume 237, Issues 1-2, |5 June 1985, Pages 203-206

ETA, Lawrence Livermore
Nat. Lab.
3.5 MeV,9 mm, 40 %
efficiency

operated as amplifier
T.J. Orzechowski et al. Phys. Rev. Lett. 54, 889 (1985)
T.J. Orzechowski et al. Phys. Rev. Lett. 57,2172 (1986)

M.Tigner Nuovo Cimento 1965

ENEA Frascati
2.3 MeV, 2-3.5 mm

Ciocci, F, Doria,A., Gallerano, G. P, Giabbai, I.,
Kimmitt, M. F, Messina, G., ... & Walsh, J. E.
(1991). Observation of coherent millimeter and
submillimeter emission from a microtron-driven

Cherenkov free-electron laser. Physical review
letters, 66(6), 699.

Jefferson Lab.
2.3 MeV, 2-3.5 mm

S. Benson et al, NIMA (1999)

M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016
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FEL oscillator properties

Transverse modes Temporal properties

T -ll'q ™rT
I Los Alamos
gain 2S S amc CLIO

UVSOR SUPER-ACO

o STT B mm - mmmmmm e

Spectral width

1 10 100 100 104 10°
Wavelength (nm)

103

-
o
N

UVSOH!SUPEH-AC

Los Alamos

Gain reduction (u.a.)

Pulse duration (ps)
S o
(=] iy

Desalignement (u.a.)

10~ 1.

M. E. Couprie et al., NIMA
10 100 100 10 10 304 (1991) 47-52

Wavelength (nm)
VEPP3 (Russia)

natural width ) Fourier;imit | *X \L;.. 0017
Optical cavities for storage ring FELs in the UV, M.E. A ’ Wi 15“05% L _.,/ ’LF\i R
Couprie, D. Garzella, M. Billardon, 1995, Nucl. Inst. . ~10° R M (P fd ; H: cot e |
Meth. A 358, 382-386 (1995 S
e (1995) K\j\ I ] My HMJ ﬁ”’*‘ Tt
8o A ooh
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User applications started

Human surgery Photon echo -
)

Edwards, G. S.,Austin, R. H., Edwards, G. S.,Allen, S. |., 5 - .

Carroll, F. E., Copeland, M. Haglund, R. F, Nemanich, 3 -»J

L., Couprie, M. E., Gabella, R.J., Redlich, B., Simon, J. D., =

W.E, ... & Joos, K. M. & Yang,W. C. (2005). 5 J

(2003). Free-electron-laser- Applications of Free- A

based biophysical and Electron Lasers in the é '

biomedical instrumentation. Biological and Material 5§ t

Review of scientific Sciences. Photochemistry I

instruments, 74(7), and photobiology, 81(4), - J

3207-3245. 711-735. rj

50 5 10 15 20 25 30
Time (ps)

First use of the UV Super-ACO Free ssyomotic COstricnng mode for W(OOY in DBP a8 forctian of
Electron Laser : ﬂUO rescence temperature. Reprinted with permission from reference 37.
decays and rotational dynamics of
the NADH coenzyme , M. E. 160

Couprie, P.Tauc, F. Merola, A. 140
Delboulbé, D. Garzella, T. Hara, M.

Billardon , Rev. of Scient. Inst., 65(5) 120
May 1994, 1485-1495

Surface States and Space ?g 100
Charge Layer Dynamics on Si E 80
(111)2x1 :a Free Electron @
Laser-Synchrotron radiation 60
2 4 6 8 10 12 14 study , M. Marsi, M. E. Couprie, 40

Time (ns) L. Nahon, D. Garzella, A.
a Delboulbé,T. Hara, R. Bakker, G. 20
Indlekofer, M. Billardon, A. Taleb-

Ibrahimi, ,Appl. Phys. Lett. 70(7) T T T T T T T
(1997) 895-897 -0.5 0.0 0.5 1.0 1.5 20
delay (ns)

ree Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016
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Woavelength limits of oscillator configuration

1000

S-ACORUVSOR
Elettra

100

Power (mW)
o

120 200 300 400

Wavelength (nm)

Limits in mirror performances

500 600 7OO

* Linacs
Stanford
Los Alamos
FELI (Japan)

* Storage rings
VEPP3 (Russia)
Super-ACO (France)
NIJI-IV (Japan)
UVSOR (Japan)
Duke (USA)
ELETTRA (ltaly)

- limited straight section length
- planar undulator : mirror
degradation due to harmonic content

 ERLs :
Jefferson Lab
JAERI
Novosibirk

M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016

jeudi 2 juin 2016


http://www.lunex5
http://www.lunex5

IV.The high gain Free Electron Laser

www.lunex5.com

High gain studies

Strong signal case : Case of «long» undulator, «high» current : The change of electric field in one pass can not be neglected

treatment with a set of generalised Bloch equations
F.A. Hopf, P. Meystre, M. O. Scully, W. H. Louisell, Strong-signal theory of a Free Electron laser, Phys. Rev. Lett 17 (30) (1976) 1342-1345
Hamiltonian despcription

G. Dattoli, A. Marino,A. Renieri, . Romanelli, Progress in the Hamiltonian Pictoure of the Free-Electron | Laser, IEEE journal of Quantum Electronics QEI7 (8) 1371-1387 (1981)

N. M. Kroll, P. L. Morton, M. N. Rosenbluth, in Free Electron generators of coherent radiation, edited by S. F. Jacobs et al. Physics of Quantum Electronics 7 (Addison_Wesley), 147 (1980)
A. Gover, P. Srangle, IEEE |. Quantum Electron. 17, 1196 (1981)

Collective instability

the electron communicate with each other through the radiation and the

=> electron «self bunching» on the scale of the radiation wavelength periods.

The electrons have nearly the same phase and emit collectively coherent synchrotron radiation.
Exponential growth of the radiation. Ex of cooperative effect in radiation-matter interaction

R. Bonifacio et al., Cooperative and chaotic transition of a free electron laser Hamiltonian model, Optics Communications 40(3), | (1982),
219-223

R. Bonifacio, Pellegrini C. and L.M. Narucci, Collective instabilities and high-gain regime in a free electron laser, Opt. Comm. 50, 376 (1984)
Sprangle, P, Tang, C. M., & Roberson, C.W. (1985). Collective effects in the free electron laser. Nuclear Instruments and Methods in Physics
Research Section A:Accelerators, Spectrometers, Detectors and Associated Equipment, 239(1), I-18.

Bonifacio, R., Casagrande, F, Cerchioni, G., de Salvo Souza, L., Pierini, P, & Piovella, N. (1990). Physics of the high-gain FEL and
superradiance. La Rivista del Nuovo Cimento (1978-1999), 13(9), 1-69.

Start-up from spontaneous emission

First considered by Saldin and Kondratenko in order to amplify the emission in the high gain regime until saturation.
Considered cases : infra-red FEL @ 10 MeV, shorter wavelengths (20 GeV, 0.25 keV).

A.M. Kondratenko et al, Sou Phys. Dokl. 24 (12), 1979, 989
Kondratenko A.M., Saldin E.L.: Generation ofCoherent Radiation by a Relativistic Electron Beam in a Undulator. Part. Accelerators 10, 207-216 (1986)

Y.S. Derbenev,A.M. Kondratenko, E.L. Saldin: On the possibility of using a free electron laser for polarisation control in a storage ring, Nucl. Instr. Meth. A
193,415-421 (1982)

K.J.Kim et al, PRL57, 1986, 187 |
C. Pelligrini et al, NIMA475, 2001, |

M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016
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Self Amplified Spontaneous Emission (SASE)

High density electron beam and long undulator :
* a strong bunching takes place (space charge)

- =>
- coupled pendulum equation, describing the phase space evolution
of the particules under the combined undulator magnetic field and
electric field of the optical wave
- evolution of the optical field
- evolution of the bunching coupled to the longitudinal sapce charge
forces
=> evaluation of the electronic density and current
evaluation of the light wave evolution

, electron J Maxwell wave
Undulator Magnetic field B : :
equations of <« equation for the
»| motion > radiation field
Er

Collective instability
the electron communicate with each other through the radiation and the space charge field

The FEL parameter defines the growth rate, measured in undulator periods

Review papers : Z. Huang, K. J. Kim, Review of the free-electron laser theory, Physical Review Special Topics-Accelerators and Beams, 10(3), 034801.
Pellegrini, C.,A. Marinelli, and S. Reiche. "The physics of x-ray free-electron lasers." Reviews of Modern Physics 88.1 (2016): 015006.
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Evolution of the light wave in the High gain regime

SASE : Self Amplified Spontaneous Emission

start-up from spontaneous emission noise

exponential growth due to a collective instability (self-organisation of
/'\ the electrons from a ramdon initial state)

At saturation, the amplification process is replaced by a cyclic energy

exchange between the electrons and the radiated field.

l.()’...vrr T T l,:
. Sh
Saturation -
3 dIb 4 E [ O ——
=
o) . |) energy modulation 2) density modulation
I EXponentia| .|.()A23Lé:1‘hA“1“.,14“‘ PO BTSSR S L ST ST SRR RS
. : oherent emission
gain regime )
- o
Start-up 5
=
=

Phase

Optical guiding

* gain guiding (quadratic gain medium, Kogelnick 1965)

* refractive index

=> undulator longer than a few Rayleigh lengths is possible

Scharlemann, E.T, A.M. Sessler and |.S.Wurtele, | 985, Physical Review Letters 54, 1925.
Scharlemann, E. T, Sessler,A. M., & Wurtele, |. S. (1985). Optical guiding in a free electron laser. Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment, 239(1), 29-35.
Z. Huang, K. J. Kim,A Review of X-ray Free-Electron Laser theory, Phys. Rev. Spe. Topics AB, 10, 034801 (2007)
M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016
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Evolution of the light wave in the High gain regime

SASE : Self Amplified Spontaneous Emission

start-up from spontaneous emission noise

exponential growth due to a collective instability (self-organisation of
/'\ the electrons from a ramdon initial state)

At saturation, the amplification process is replaced by a cyclic energy

exchange between the electrons and the radiated field.

l.()’...vrr T T l,:
. Sh
Saturation -
3 dIb 4 E [ O ——
=
o) . |) energy modulation 2) density modulation
I EXponentia| .|.()A23Lé:1‘hA“1“.,14“‘ PO BTSSR S L ST ST SRR RS
. : oherent emission
gain regime )
- o
Start-up 5
=
=

Phase Phase

Optical guiding

* gain guiding (quadratic gain medium, Kogelnick 1965)

* refractive index

=> undulator longer than a few Rayleigh lengths is possible

Scharlemann, E.T, A.M. Sessler and |.S.Wurtele, | 985, Physical Review Letters 54, 1925.
Scharlemann, E. T, Sessler,A. M., & Wurtele, |. S. (1985). Optical guiding in a free electron laser. Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment, 239(1), 29-35.
Z. Huang, K. J. Kim,A Review of X-ray Free-Electron Laser theory, Phys. Rev. Spe. Topics AB, 10, 034801 (2007)
M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016
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Limits in storage rings and electron gun development

Limits in storage ring
J. B. Murphy and C. Pellegrini, J. Opt. Soc.Am. B, 2 (1985)

o ...|\“T a-gond —,
B HOvegulde ‘: .
. . e L Fepd 4 I,
Developments of photo-injectors e NN o S N
: : - : TN iy _
Fraser, |.S. and R.L. Sheffield. 1 987. High- brightness injectors for RF-driven free- NN 1 Nz
electron lasers. IEEE |. Quantum Electron. QE-23: 1489-1496. S KA N -
. 4 S Froilozaihode i e Haam
Batchelor, K., H. Kirk, K. McDonald, |. Sheehan and M.Woodle. |1 988. Development ’i—,,-,f’—,#/ o d e R —— —:E’_T;
of a High Brightness Electron Gun for the Accelerator Test Facility at Brookhaven TS T | I"_T
National Laboratory. Proc. of the 1988 European Particle Accelerator Conf., Rome, AN I .
pp. 54-958. NN ey
S gy S
with a linac and a photoinjector it is possible to reach the nm region at a beam energy ot 1.5 GeyV, with about 6 mj/puise starting

from noise in an || m long undulator

C. Pellegrini Nuclear Instruments and Methods A272, 364-367 (1988).

10 f:o(_ Illg P>, Energy spread : 0.01 %
10-30ps, exE2 Repetition rate : depending on the linac (room

temperature or superconducting)
Energy spread : 0.1 %
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Historical observations of SASE

SASE at saturation mm waves (80’s: LLNL, MIT)

T. Orzechowski et al. Phys. Rev. Lett 54, 889 (1985)

SASE at start-up um (CLIO, L. A, Stanf.)

Prazeres, R., Ortega, |. M., Glotin, F, Jaroszynski, D.A., & Marcouillé, O. (1997). Observation of
self-amplified spontaneous emission in the mid-infrared in a free-electron laser. Physical
review letters, 78(11), 2124

Bunching (CESTA, 8mm)

Gardelle, |., Lefevre, T, Marchese, G., Rullier, J. L., & Donohue, |.T. (1997). High-power
operation and strong bunching at 3 GHz produced by a 35-GHz free-electron-laser
amplifier. Physical review letters, 79(20), 3905.

5 orders of magnitude of amplification (IR, UCLA/Los
A.) and Saturation at |2 pm (UCLA/L.Alamos, 1998)

M.J. Hogan et al, Phys. Rev. Lett. 80, 289 (1998)
M.]. Hogan et al, Phys. Rev. Lett. 81, 4867 (1998)

Saturation at 530 nm, 385 nm (LEULT, 2000)

Milton, S.V., Gluskin, E., Biedron, S. G., Dejus, R. J., Den Hartog, P. K, Galayda, . N,, ... &
Sereno, N. S. (2000). Observation of self-amplified spontaneous emission and exponential
growth at 530 nm. Physical review letters, 85(5), 988.

S.V. Milton et al, Exponential gain and saturation of a Self-Amplified Spontaneous Emission
Free- Electron Laser, www.sciencexpress.org / |7 May 2001 / Page I/ 10.1126/science.

1059955

Saturation at 800 nm (UCLA, 2001)

Tremaine,A.,Wang, X. |., Babzien, M., Ben-2vi, |, Cornacchia, M., Nuhn,H. D,, ... &
Rosenzweig, J. (2002). Experimental characterization of nonlinear harmonic radiation from a
visible self-amplified spontaneous emission free-electron laser at saturation. Physical review
letters, 88(20), 204801.

Saturation at 100 nm (TESLA-TTF 2001)

Ayvazyan,Valeri, et al. "A new powerful source for coherent VUV radiation:
Demonstration of exponential growth and saturation at the TTF free-electron
laser." The European Physical Journal D-Atomic, Molecular, Optical and
Plasma Physics 20.1 (2002): 149-156.

SASE operation of the VUV FEL at 30 nm
(DESY, 2005), 4 nm (2007)

Ackermann,W.A, Asova, G., Ayvazyan,V.,Azima, A., Baboi, N., Béhr, ., ... &
Brinkmann, R. (2007). Operation of a free-electron laser from the extreme
ultraviolet to the water window. Nature photonics, 1(6), 336-342.

SCSS Test Acceletator at 60-40 nm

Shintake, T, Tanaka, H., Hara, T, Tanaka, T, Togawa, K., Yabashi, M., ... & Goto,
S.(2008).A compact free-electron laser for generating coherent radiation in
the extreme ultraviolet region. Nature Photonics, 2(9), 555-559.

SASE operation of the LCLS at 0.15 nm

Emma, P, Akre, R.,Arthur, |., Bionta, R., Bostedt, C., Bozek, ., ... & Ding,Y.
(2010). First lasing and operation of an dngstrom-wavelength free-electron
laser. nature photonics, 4(9), 64 1-647.

SASE operation at SACLA at 0.08 nm

Ishikawa, T, Aoyagi, H.,Asaka, T, Asano,Y.,Azumi, N., Bizen,T, ... & Goto, S.
(2012).A compact X-ray free-electron laser emitting in the sub-angstrom
region. Nature Photonics, 6(8), 540-544.
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SASE : Conditions for amplification

Conditions for amplification

* The electron beam should be rather "cold", its energy spread should be smaller than the bandwidth, i. e.

Oy
— < PFEL
Y

* There should be a proper transverse matching (size, divergence) between the electron beam and the photon beam
along the undulator progression for insuring a proper interaction. It means that the emittance should not be too large
at short wavelength. For long undulators, intermediate focusing is then put between undulator segments. It writes :

& _ A
4 41

It only became possible to reach FEL at short wavelength because of the progresses on electron guns.

* The radiation diffraction losses should be smaller than the FEL gain, i.e. the Rayleigh length should be larger than the
gain length.

Zy > Leo

Corrections terms

M. Xie Nucl. Inst. Meth.A 445,59 (200)
M. Xie, Porceedings PAC 1995, 183
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Limited temporal coherence: start-up from noise, bunching on different trains of the bunch

IV.The high gain Free Electron Laser

SASE properties

=>“spikes” in spectral and temporal distribution
Cooperation length : slippage over one gain length
Nber of spikes = bunch length / cooperative length I ~ X dmp

Spikes : separated
by one
cooperative
length

spectral width :p

Statistics :
Gamma
distribution

e jitter from
pulse to
pulse

Handling :
single spike
taper

seeding and self seeding

M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016

S. Reiche et al, NIMA 593 (2008) 45-48
L. Giannessi et al., Phys. Rev. Lett. 106, 144801 (2011)
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SASE properties
FLASH SCSS Test Accelerator : 60-40 nm

M. Kuhlmann et al, FELO6
P. Mercére et al,, Optics Letters, 28 (17), 1534-1536 (2003)
A. Singer et al. PRL 101, 254801 (2008)

Single-shot wavefront analysis of SASE harmonics in different FEL regimes, R. Bachelard, P.
Mercere, M. Idir, M. E. Couprie, M. Labat, O. Chubar, G. Lambert, P. Zeitoun, H. Kimura, H. Ohashi,
A. Higashiya, M.Yabashi, N. Nagasono, T. Hara,T. Ishikawa, accpeted in Phys. Rev. Lett. 201 |

Wavefront quality : ability to properly focus
M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016
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SASE Versus seeding and echo

SASE (Self Amplified Spontaneous Emission) : no laser - electron interaction

« short wavelength operation (| A)

* good transverse coherence => low
emittance required=> gun, energy
* spike
* single spike (low charge, chrip/taper),
self-seeding

-

S. Reiche et al., NIMA 593 (2008) 45-48

A= ;;'(Y)Z ( 1+ K—) K =0.94 A0 (cm) Bo (T) R. Bonifacio et al, Opt. Comm. 50, 1984, 376, K. J. Kim et al, PRL57, 1986, L. Giannessi et al., Phys. Rev. Lett. 106, 144801 (2011)
- 2 1871, C. Pelligrini et al, NIMA475,2001, I, A.M. Kondratenko et al, Sou
Phys. Dokl. 24 (12), 1979, 989

Seeding : one laser-electron interaction

* temporal coherence given by the external seed laser
* improved stability (intensity, spectral fluctuations and

-llill
C T T T ] s
A " —s ) .
AP e ka jitter) => pump-probe experiments
| [ ] [

* quicker saturation => cost and size reduction [ H.Yu et al, Science 289, 2000, 932

* good transverse coherence L. H.Yu et al, PRL912003, 074801
* Seed :laser and HHG ( 60 nm) T. Saftan APAC 2004, Gyeongu

Echo : Echo Enable Harmonic Generation : two laser - electron interactions

1 I 1 high order harmonics
N N = + .
) A A A reached in a compact
N O LT T T ] echo 2
manner
G. StupakOV., PRL IOZ, 074801 (2009) Zhao et al., Proceed FEL Conf; Mamo (20’0)

D. Xiang et al., PRL 105, 114801 (2010)
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X-ray FELs
2m), 1.4 A

LCLS 1.5 A saturation at 65 m (of 112 m) SACLA
now 6 m), 96.7 % availability

FLASH

RF Stations Accelerating Structures
sFLASH
VVvVY

.&@%_v_}.a?.{_v__'_

RF Gun  Bunch Compressors
Lasers

Soft X-ray Photon beam on FL2_CE_YAG

Undulators Photon ~August-20, 2044—,
THz Diagnostics |
FLASH1

o

5MeV 150 MeV 450 MeV 1250 MeV

Beam Dump
FEL Experiments
315 m
Ri Photo-injector E = 230 Me\ E =600 MV _
330 pC Rz =7 cm R, =3cm Esz.gﬁ;\iw
g =1 pmrad Gompression factor = 3.5: Compression factor = 3: IS 80D A; At=200 s
Gps—+1.7ps =260 A 1.7 ps —0.6 ps; | = BO0 A = 0.90%

Injector: . , ag=

S0A, 508 E Linac: i Linac: Backward =

Bt Sectons ! Traveling Wave | Travelling Wave =

aceo. sections ! ace. sections % FEL1

to come : E XFEL, PAL FEL, Swiss FEL ....

M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016
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Applications of FELs in the X-ray domain

Jet (10 mis) Towards imaging of living cells

-
-
-

Liquid jet
Rear pnCCD

(z =564 mm)

So
~.
~
W~y
~

-
=
2 -

Front pnCCD
;

Interaction
(z=68 mm)

point
Diffraction pattern . o _
Micrographie électronique

a o170 Upper font detector
= 15202
2260 1424 4|

1920 13120

_ 2
1271 _

790 _
1101 3

=a 921
19100 811 350

Lower font detector
10214 18174 797
14144
Reconstruction
f Unconstrained Sphere Icosahedron @ Unconstrained Sphere Icosahedron

e 200 NM

M. M. Seibert et al., Single mimivirus particles intercepted and
imaged with an X-ray laser, Nature, 470, 201 1, 78

- "

160 nm

290 nm

H. Chapman et al., Femtosecond X-ray protein nanocrystallography, Nature, 470, 201 1, 73
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Conclusion

Historical survey of FELs :

- exchange of ideas and concepts in various domains : creativity !
- attempting to show how the new ideas arise

- subjective (apologize for cherished non cited papers...)
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X-ray FEL oriented History
C. Pellegrini, The history of X-ray free-electron lasers, Eur. Phys. J. H, 37(5), 659-708. DOI: 10.1 140/epjh/e2012-20064-5

Maturity of X-FEL => X-ray FEL applications for new investigation of matter are blooming up

Bostedt, C., Boutet, S., Fritz, D. M., Huang, Z., Lee, H. |., Lemke, H.T, ... & Williams, G. J. (201 6). Linac Coherent Light Source:The first
five years. Reviews of Modern Physics, 88(1),015007.
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f D
Approach diffraction and Fourier limits in a wide spectral range, with
: flexibility for users - N
[ htlgE.I.tJ ) . - - | High rep. rate :
stability single spike, as pulses / high | | superconducting
higher | | modified energy Jinacs’ rings )
photon SASE, XFELO , resolution
| energies, ~ “ FEL property (BW : 10 [ multiple users j
L manipulations / )
(" ) 4 ™
seeding, echo, Combinaison with
up frequency lasers and THz (e.g.
conversion pump-probe...)
8 ) N J
o S N
Compact accelerator : Short FEL C ul
Laser wakefield interaction ( ompact undulator ]
acceleration, dielectric - g
leration,
acceleration Make «more compact» FELs
\ inverse FEL y .

Physics and applications of High Brightness Beams : towards a fifth generation light source, Puerto-Rico, March 25-28, 2013
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Various regimes and studies

 MOPA * Vortives
* Chaos and control

* Regerative FEL Attractors Poincar Sections
. 12 Hz "| T -

.......

* Mode locking
* Q-switching

* Super-radiance

* CPA

I(t;coé(zf,ﬂ Q)

Fig. 6. (a) I(¢)cos(2nft), 1(¢)sin(2xrft), I(¢ + t) attractors recon-
structed from intensity evolution of Fig.3. 2T regime for

L Iimit CYCIeS a = 12Hz, chaos for a = 20Hz, 3T regime for a=46Hz. (b)

Corresponding Poincaré sections.

M. Billardon, PRL 65 (6),713 (1990)
M. E. Couprie, NIMA 507 (2003) I-7 E. Hemsing et al., Nature Physics 9, 549-553 (2013)

* 2 color operation....
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Is FEL a real laser?

M. E. Couprie, CAS School Free Electron Lasers and Energy Recovery Linacs (FELs and ERLs), Hamburg, Germany, 31 May —10 June, 2016
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Is FEL a real laser?

Quantum description ! yes

very heavy....

needed for some particular effects
(electromgantic undulator...)

Macroscopical quantum system? no

Light Amplification by Stimulated Emission ? theoretically : yes if stimulated
diffusion considered as stimulated
emission

experimentally : light amplifier (with
optical resonator, SASE...)

Spatial and longitudinal coherence properties yes

M. Orzag, R. Ramirez, Quantum features of a fre electron laser, J. Opt. Soc. Am. B, 3 (6) , 895-900 (1986)
C.B. Schroeder, C. Pelligrini, P. Chen, Quantum effects in high gain FELs, Phys. Rev. E (64), 056502
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Books....

Lectures on the

E’e Phy SZCS of Free Free Electron Laser
ectron Lasers Theory and Related
l\./g;s:;l;lcéw?g’t;oeok, Authors: Saldin, Topics{/G. Dattoli, A.
Electron Lasers Evgeny, Renieri,A.Torre,
by W.B. Colson, A. Schneidmiller, E.V., World Scientific, |
Renieri, Claudio Yurkov, M.V. janv. 1993 - 637
Pellegrini Noth pages
Holland
Introduction to the
physics of Free
electron laser and
comparison with
conventional laser
sources, G. Dattoli Principles of Free-
Free-Electron Lasers in the et al, ENEA, RT / Eﬁ c;)trlc;n Laz’ers
Ultraviolet and X-Ray Regime 2009 / 44/FIM - rredn

Physical Principles, Experimental
Results, Technical Realization
Authors: Schmiiser, P, Dohlus, M.,
Rossbach, ., Behrens, C.
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IV.The high gain Free Electron Laser
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Two-color operation (SASE)

First two color operation at CLIO on a FEL oscillator
R.Prazeres et al. Nuclear Instr. and Methods,A407, 464 (1998), R.Prazeres, et al., Eur. Phys. . D3, 87 (1998)
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Two-color operation (seeded)
Pulse splitting + chirp @ FERMI
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FEL configurations

2
r= 20 (A+22 k=094 10 (cm) By (T)
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Low gain regime of Free Electron Lasers
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First FELs : Linac based detuning curve

Limit cycle regime on FELIX
(D. Jarosynski et al, PRL 70 (20), 1993, 3412)
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Low gain regime of Free Electron Lasers
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First FELs : storage ring based FEL, detuning curve
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Billardon, M., Garzella, D., & Couprie, M. E. (1992). Saturation mechanism for a storage-ring free-electron laser. Physical review letters, 69(16), 2368.
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Limits of the classical approach : quantum effects

Quantum recoil

When a electron emits a photon 7@,, its energy is reduced by such an amount due to the quantum recoil. If the energy
change due to the recoil 1s of the order or larger than the FEL gain bandwidth i.e. given by the spontaneous emission

width %" ~ \/ (%"),21 -+ (%")iznh, then the quantum recoil may significantly affect the FEL gain. Consider a typical

gain bandwidth of 1073, for a short wavelength FEL, the fraction of the energy change @E—ph is more than 107, the

quantum electron recoil is then negligible. It can then start to play a role with low energy electron beams and high

energy emitted photons (for example in the X-ray range), such as in using an optical undulator (created by an optical
wave).

Quantum diffusion

The emission of spontaneous emission radiation, if not affecting the electron energy by a significant amount, introduces an
energy loss. In addition, the discrete nature of photon emission (over a wide energy spectrum) increases the uncorrelated

energy spread. It is similar to the quantum excitation in a storage ring.

d<(Ay)>? 7.
ds - 15°¢
with F(K,) = 1.2K,, + L T and Acompron = h/myc ~ 3.86 10~ 13 the Compton wavelength.

Acompron Ty Kk F (K,,)

14-1.33K,,

In the LCLS case, the quantum diffusion process increases the uncorrelated energy spread in the | 10 m long undulator to more than
| 10—4 assuming an initial energy spread equal to zero. Despite in such a case, the effect is not too large, the quantum diffusion

process is likely to impose limits in achievable wavelength for given beam parameters.
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