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École Normale Supérieure de Physique (Ulm)
«Thèse de troisième cycle at LKB»
1979 : Hired as PhD student on the ACO FEL 
(ACO/Stanford collaboration (J.M. J. Madey))
He demonstrated very soon a tremendous activity and a great 
theoretical and experimental talent.
1983 : ACO FEL lasing
1984 : Thèse d’état : «Laser à électrons libres sur 
l’anneau de collision d’Orsay» (Y. Petroff, Y. Farge)
Jury : Castaing, Cohen Tannoudji, Farge, Renieri, 
Rigny
Conception of the Super-ACO FEL
End of 1986 : ESRF : head of the insertion device 
group
2001 : Head of Machine division at ESRF
2011: March 19 : killed in an accident in French 
Alps, at 55 years old

to Pascal
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The Orsay/Stanford collaboration on  ACO 
FEL 

I. Pascal’s contribution to FEL
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Proceedings Castefgondolfo Conference
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Undulator and optical klystron analysis

I. Pascal’s contribution to FEL

Pascal showing the ACO undulator
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Synchrotron radiation emitted by  an undulator on 
ACO at “low” energy

(240 MeV) : central wavelength ≅ 0.5 µm

Undulator and optical klystron analysis

I. Pascal’s contribution to FEL
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Begining of March, scanning images of ACO undulator radiation at the request of 
Pascal for a CERN school- My last exchanges and laughs
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Optical klystron

I. Pascal’s contribution to FEL

Not enough gain with the single undulator
Visit to Budker Institute : discussions with N. Vinokurov
«Optical klystron : spontaneous emission and gain» in Free Electron Laser Generators of Coherent radiation, 
Physics of Quantuum electronics, vol 8-9, 1982, 119-15, Paper at ONR workshop on FEL (Sun Valley) 1981
Proceedings of Bendor FEL Conf, 1982, J. Phys. C1, 44, 1983, 333-352

analysis of the spontaneous emission  : inhomogeneous broadening (energy spread, angular spread, 
beam transverse dimensions)
optical klystron gain

Construction of an optical klystron at ACO
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 

Undulators for Storage Ring based FEL Oscillator

– gain /pass is low ( 0.1% to 10 %)  because :

• Relatively long bunch length ( several10 ps)

• Straight section length is limited to a few meters

– All storage ring FELs use a modified version of the Undulator 

called “Optical Klystron”

– Magnetic Field Quality : Same requirement as other storage ring 

IDs in terms of multipole correction and shimming

Undulator Undulator

Dispersive

Section

V, 5/22 , P. Elleaume, CAS, Brunnen July 2-9,  2003.

The optical klystron had been first invented and studied at Novosibirsk. Pascal derived a new method of 
calculation based on the « Madey theorem » relating the gain to the spontaneous line shape. This 

method was very elegant and powerfull and permitted a complete and very physical analysis of the gain.
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Appl. Phys. B 34, 207-219 (1984) 
Applied physics 

Physics B Laser Chemistry 

0 Springer-Verlag 1984 

Optical Klystron Experiments for the ACO Storage 
Ring Free Electron Laser 

D. A. G. Deacon 1, M. Billardon 2, P. Elleaume 3, J. M. Ortega 2, K. E. Robinson 4, C. Bazin, 

M. Bergher, M. Velghe 5, J. M. J. Madey 4, and Y. Petroff 

L.U.R.E., L.P. CNRS 008, Bfitiment 209-C, 

Universit6 de Paris-Sud, F-91405 Orsay, France 

Received 2 January 1984/Accepted 20 March 1984 

Abstract. To improve the gain in the Orsay storage ring Free Electron Laser (FEL) 

experiment, the 17 period permanent magnet undulator has been modified to form an 

optical klystron (OK). We report the measurement of spontaneous emission and the effects 

on it of energy spread and angular spread. Gain and laser induced bunch lengthening 

measurements with the OK are also reported and are in very good agreement with the FEL 

classical theory. The spontaneous emission spectrum which is easy to measure with good 

signal to noise ratio, turns out to be a very good diagnostic tool for energy spread and angular 
spread measurements on storage rings. The factor of four increase in the small gain obtained 

by converting the undulator NOEL into an OK was the critical factor in the recent 

operation of the ACO storage ring laser above threshold. 

PACS" 42.60, 42.55 

The main purpose of the Orsay experiment is to prove 

the feasability and test the theories of a storage ring free 

electron laser (FEL) in the visible range. A permanent 

magnet undulator has recently been built [1, 2] and 

has successfully operated on the electron storage ring 

ACO in the energy range 150-540 MeV [3]. However 

ACO is not optimized for FEL studies. The relatively 

low electron density (for storage rings) and the short 

length of the available straight section have conspired 

to limit the gain available with an undulator to 1 to 

2 10 .4 per pass at a wavelength 2 = 6 3 0 0 ~  and 

240 MeV electron energy. Even with state-of-the-art 

mirrors, laser operation is impossible at this level of 

Permanent addresses: 
1 Deacon Research, 754 Duncardine Way, Sunnyvale, 
CA94087, USA 
2 Ecole Sup&ieure de Physique et Chimie, 10, rue Vauquelin, 
F-75231 Paris Cedex 05, France 
3 D~partement de Physico-Chimie, Service de Photophysique, 
CEN Saclay, F-91191 Gif-sur-Yvette, France 
4 High Energy Physics Laboratory, Stanford University, Stan- 
ford, CA 94305, USA 
5 Laboratoire de Photophysique Mol6culaire, Bfitiment 213, 
Universit~ de Paris-Sud, F-91405 Orsay, France 

gain. Several directions have been followed to improve 

the gain. The most successful approach has been the 

modification of the undulator into an optical klystron 

(OK). In this paper we shall discuss our experience with 

the OK. The OK originally proposed by Vinokurov 

and Skrinsky [4] consists of two identical undulators 

separated by a dispersive section forcing the electron 

into a single large wiggle (Fig. 1). This configuration 

has a higher gain than an undulator of the same total 

length. Such a device can be used to advantage on 

electron beams with energy spread and it allows the 

maximization of the gain in an interaction region of 

fixed length. 

Early results have already been reported [3]. In this 

paper we report on the dispersive section optimization 

(Sect. 1), spontaneous emission measurements (Sect. 2), 

gain measurements (Sect. 3) and laser induced bunch 

lengthening (Sect. 4). The spontaneous emission results 

are very detailed because they are easy to measure with 

a good signal to noise ratio and give much information 

on the OK FEL behaviour. 

We use the notation of the theoretical description of 

optical klystrons of [5]. 

Optical klystron

I. Pascal’s contribution to FEL
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Optical Klystron Experiments 209 

away from the axis of the electron beam (Fig. 2). The 

calculated trajectory is shown in Fig. 1 which shows a 

large wiggle of about 2 mm amplitude for an electron 

energy of 240 MeV and a gap of 33 mm. 

2. Spontaneous Emission 

2.1. General Features of the Fundamental 

As was done for the undulator, the electron beam is 

initially aligned by optical means into the axis of the 

vacuum chamber within + 1 mm [-3]. 

The spontaneous emission pattern of the optical 

klystron looks the same to the eye as that of an 

undulator [7, 6, 3], namely a series of concentric 

coloured rings with a similar pattern produced by each 

harmonic at progressively larger opening angles. The 

big difference appears in the spectrum. 

The experimental set up used to measure the 

spontaneous emission spectrum has already been 

described [6]. It consists of a 1750mm focal length 

spherical mirror placed at about 6.5 m from the center 

of the optical klystron. 

The light transmitted by a 75 ~tm pinhole placed at the 

focal distance from the mirror is sent through a lens 

into an M20 uv Jobin Yvon monochromator (4~  

resolution with 0.1ram slits). The output of the 

monochromator  is then sent into a Hamamatsu R 928 

photomultiplier. Fig. 3 shows a spontaneous emission 

spectrum of the fundamental at an energy of 240 MeV 

for a gap of 34.4 mm at low current in the ring. 

We have compared the envelope of the oscillations 

with that of the emission spectrum of a perfect 

undulator having exactly N sinusoidal periods, the 

fields outside these periods being exactly zero. The 

emission spectrum dI/d2 of such an undulator is: 

d ~  - -  (31 

with 6 = n~N (1 - 2a/2), 

where 2R is the resonant wavelength and n is the 

harmonic number. Fitting the envelope to curves given 

by (3) gives N = 8.1 + 0.1 instead of 7. This discrepancy 

is probably due to the dispersive section field which 

could be partly resonant with the other 7 periods. It is 

certainly not due to the fringe field of the half periods 

which slightly decreases the effective number of 

periods. The envelope of oscillations also presents a 

long, short wavelength tail with the secondary 

maximum amplitude lower than expected. This effect 

was also seen in the 17 period undulator emission 

curves and is due to the parasitic tail of the ACO 

bending magnets fringe field [2]. Similar curves of 

emission were obtained as function of energy or field in 

the dispersive section (by changing the gap). 

VERTICAL MAGNETIC FIELD 

 AAAAAA/1 ~ 
vvvvvvv lic vvvvvvv ' 

HORIZONTAL ELECTRON TRAJECTORY 

Fig. 1. Vertical magnetic field calculated for the Orsay optical 
klystron (gap: 33mm) and the corresponding calculated 
horizontal electron trajectory at an energy of 240 MeV 

Fig. 2. Dispersive section permanent magnet configuration 
optimizing the low field gain 

G 

I(t) 

6oooA sooo~ 

Fig. 3. Spontaneous emission spectrum dI/d2dQ measured for an 
electron energy of 238 MeV and a magnetic field parameter of 
K = 2.09 at low current where the modulation is almost total. The 
current decay I(t) is superimposed 

Plotting the Nd of each maximum as a function of 1/2, 

we verified a high linearity (0.9999 correlation 

coefficient in the range 0.3 < 2 < 0.7 [gm]). From the 

slope, we can calculate the experimental value of Ne 

which is Nd =65.3+0.2 at 7mc2=240MeV and 

2=  6238 A for a dispersive section gap of 35 ram. This 

value is close to the value Nd----68 predicted from the 
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i, (b} 

Fig. 11 a and b. Transverse horizontal beam profiles of the light 
emitted by the electrons in the optical klystron. In (a) the 
interference filter center wavelength falls inside the undulator 
fundamental resonance; the peak is mainly due to the emission by 
electrons in the two undulators. The left hand shoulder is mainly 
due to the emission in the dispersive section. It is still present in 
(b) where the gap was decreased to suppress completely the 
undulator emission 

and not in the vertical. The peak of Fig. l i b  shows 

maximum definition when the CCD is positioned in 

the image plane of the dispersive section. This peak 

corresponds to light emitted from a source displaced 

about 1.5 mm from the undulator axis as compared to 

the theoretical 2 mm off axis excursion of the electrons 

in the dispersive section. 

Optical Klystron Emission at Large Gap. At large gap 

the undulator  field vanishes exponentially, much faster 

than the dispersive section field. The usual coloured 

ring [-7, 6, 2] due to the interference of light from the 

undulator periods vanish. However one still sees a 

double interference structure centered about the 

undulator axis. A black and white reproduction is 

given in Fig. 13 for the gap series {142, 121,182 mm} at 

240MeV. The dispersive section maximum field is 

{660, 1150, 1570Gauss}, more than 20 times larger 

than the undulator peak field. This emission is not due 

to the undulator but is produced by the dispersive 

section with some contribution from the storage ring 

bending magnets fringe field. 

The emission produced in the dispersive section is 

contained within the maximal tangent directions 

labeled A and B in Fig. 12a. At large distances the 

radiation pattern is symmetric about  the axis 0 .  

Schematically, due to the small 1/7 emission cone, an 

observer in the electron orbit plane between 0 and A 

will see the emission of the t 1 - t  2 part of trajectory 

shown in Fig. 12b. In the 0 direction with respect to A, 

the emission is mainly due to small regions around 

tangent points tl and t 2 where the curvature is 

important  (between tl and t 2 the curvature is very 

small and the emission of this part of trajectory can be 

neglected). Both points sources tl and t 2 interfere 

constructively when the difference in electron and 

photon transit times is an integral number of optical 

Fig. 13. Three photographs filtered at 5500 A of the interference 
structure produced in the optical klystron at large gap. From top 
to bottom, the magnetic field is increased by closing the gap. The 
beam axis is marked by the black cross at the center of each 
pattern, and the points A and B calculated from the magnetic 
field strength in the OK are marked with white crosses 

periods: 

)~ '~ (~s d 2dT2 (1 + /~ • ~ ]2202 ) (13) 
C t 2 ~C C 

where d is practically half of dispersive section length 

and n is an integer. 

For  monochromatic  light the interference maxima 

occur at a constant angle 0 tracing out circles around A 

in the observation plane. Of course, the circles are 

incomplete because the angle of emission goes outside 

the electrons 1/7 forward cone, where the intensity 

drops to zero. The same interference pattern occurs 

around B direction, and one sees a double colored 

interference structure centered on A and B directions 

as illustrated in Fig. 13, for 2 = 5 5 0 0 A  and 

E = 240 MeV. Positions in fringe are in a rather good 

agreement with theoretical values calculated from (13), 

where d ~  8 to 10 cm, the angle of A direction being 

3.6 mrad, 6 mrad and 7.9 mrad, respectively, for each 

photographs. 

Patterns like Fig. 13 have been recorded at 240, 

540 MeV, and several different gaps. As the magnetic 

field in the dispersive section is increased by reducing 

the gap, the A-B angle increases, and more interference 

bands become visible. At small gap, the usual 

Optical klystron

I. Pascal’s contribution to FEL
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Fringe blurring induced by electron energy spread 

and emittance
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V, 8/22 , P. Elleaume, CAS, Brunnen July 2-9,  2003.

Optical klystron

I. Pascal’s contribution to FEL
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Undulator construction

I. Pascal’s contribution to FEL

After the team has had difficulties with the electromagnetic dispersive section of the optical 
klystron, Pascal redesigned it with permanent magnets, thus solving the problem. 
This point was very important since the final optical gain of the ACO OK was about 1.001, which 
made that obtainig lasing was a true challenge ! 
As a result the ACO team won in 1983 the « competition » to obtain the 1st « second  FEL » in the 
world (after the pioneering Madey’s experiment in 1977), which was also the 1st on a storage ring 
and the 1st in visible. In 1984/85, the group made also the 1st demonstration of UV and VUV 
coherent light production by a laser seeded Optical Klystron.
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1983 : the lasing of the ACO FEL (Orsay)

I. Pascal’s contribution to FEL

A visible Free Electron Laser in France, a string of firsts for an Orsay-
Stanford collaboration : the first free electron laser in the visible, in a storage 
ring and in Europe, A. R. Robinson, Science 221, 937-939, Sept 1983
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1983 : the lasing of the ACO FEL (Orsay)

I. Pascal’s contribution to FEL

from stored spontaneous emission to lasing, following the PM on the 
plotter

Picture D. 
Deacon
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LEL (red) appearing on a synchrotron radiation 
background (blue)

1983 (June 21) : the lasing of the ACO FEL 
(Orsay)

I. Pascal’s contribution to FEL

• Second FEL in the 
world after Stanford 
(1977)

• Great hope put in 
recirculating 
machine

• First FEL in the 
visible
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I. Pascal’s contribution to FEL

Coherent Harmonic generation
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Coherent Harmonic generation
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An external laser is focused in the “modulator”, which results in an energy modulation.
It produces a density modulation in the dispersive section. Due to its anharmonicity,
the laser harmonic frequencies are amplified in the radiator. This effect allows to produced
short wavelengths at a lower electron energy.

I. Pascal’s contribution to FEL

Coherent Harmonic generation
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An external laser is focused in the “modulator”, which results in an energy modulation.
It produces a density modulation in the dispersive section. Due to its anharmonicity,
the laser harmonic frequencies are amplified in the radiator. This effect allows to produced
short wavelengths at a lower electron energy.

 In 1986, the 5th harmonic at 10.6 nm was reached

I. Pascal’s contribution to FEL

Coherent Harmonic generation
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Macro/micro-temporal structure

I. Pascal’s contribution to FEL

After the first observations of the « unstable » behavior of the storage ring FEL, Pascal derived a theory 
of its dymamical behavior. It was based on a simple set of 2 coupled differential equations taking 
into account the dynamics of the storage rings. He was then able to reproduce all the experimental 
results as well at start-up and properties at laser saturation. Further analysis, using this same set of 
equations led to the discovery of the chaotic nature of the SRFEL (Billardon et al.)

He studied also the transverse and longitudinal (« supermodes ») behavior of the laser, thus providing a 
complete picture of the SRFEL.

P. Elleaume, Storage ring FEL theory , NIM A 237, 1985, 28-37
P. Elleaume, macro-temporal structure of storage ring FELs, J. Physique 45 (1984) 997-1001
P. Elleaume, Micro-temporal and spectral structure of SRFELs, NIMA 237, 1985, 38-40
"Micro-temporal structure of storage ring FELs" (IEEE Journal of QE, Vol 21, July 1985)"Micro-temporal structure of 
storage ring FELs" (IEEE Journal of QE, Vol 21, July 1985)  
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Macro/micro-temporal structure

I. Pascal’s contribution to FEL

X(go / F ) a l ways presen t s a max i mum for some va l ue o f
go / F [17 , 20 , 22] . I t i s very d i f f eren t f rom the bunch
l eng then i ng sa tura t i on case i n wh i ch the l aser power i s
an i ncreas i ng func t i on o f go / F (eq . 25) . For too h i gh
ga i n over l oss ra t i os one has there fore i n t eres t to i n-
creas i ng the homogeneous w i d th o f the ga i n curve (de -
crease N for an undu l a tor or Nd for an op t i ca l k l ys t ron)
to max i m i ze the average ou tpu t power . In the par t i cu l ar
k l ys t ron case , assum i ng fo = 1 , the Nd va l ue g i v i ng the
max i mum power i s [22] :

Nd =

 

I

 

- N ,

 

(29)
4a (a , / Y)

where aY / y i s the sa tura t ed re l a t i ve energy spread
co i nc i d i ng w i th eq . (5) , the Nd va l ue op t i m i z i ng the
ga i n . The max i mum ou tpu t power ob t a i ned for fo = 1
i s :

P E l l eaunne / S torage r i ng FEL theory

w i th
a= 1 . 2 for an op t i ca l k l ys t ron [14 , 22] ,

=1 for an undu l a tor [17] ,
=1 . 5 for a t ransverse grad i en t w i gg l er [19 , 35] .

The l i m i t (31) i s ob t a i ned a t the bes t va l ue for go / F
and an unsa tura t ed energy spread very sma l l compared
to the sa tura t ed va l ue .

I t i s wor th no t i ng tha t each i nd i v i dua l proo f o f eq .
(31) cor respond i ng to a par t i cu l ar w i gg l er s i tua t i on made
use o f the ga i n spread Madey theorem (20) or some
genera l i zed vers i on wh i ch i nc l udes be t a t ron osc i l l a t i on
hea t i ng [191 . Eq . (31) i s be l i eved to app l y to any non-
i sochronous SRFEL opera t i ng i n the l i near reg i me ( l ow
f i e l d) . Assum i ng a sa tura t ed Gauss i an energy spread

wh i ch i s reasonab l e for no t too l arge a go / F ra t i o , one
can eas i l y prove eq . (31) f rom the ga i n spread theorem
for any w i gg l er wh i ch does no t presen t a t ransverse
grad i en t . Th i s i s done by a s i m i l ar me thod as the one
used i n (221 . The f i rs t exper i men t a l observa t i ons
[11 , 23 , 41] con f i rmed eq . (31) a l so ca l l ed Ren i er i ' s l i m i t .

From eq . (31) one can pred i c t the poss i b l e ways to
op t i m i ze the l aser power :
- us i ng a very e f f i c i en t cav i ty w i th l ow l osses compared

to the t ransm i ss i on ,
- us i ng a h i gh energy and cur ren t s torage r i ng to ob t a i n

a h i gh synchro t ron power P5 ,
- us i ng a h i gh energy accep t ance mach i ne to a l l ow a

h i gh sa tura t ed energy spread a. , / -y w i th a reasonab l e
l i f e t i me .
Concern i ng the l as t po i n t , s i nce g a 1 / a , a -y / a , , one

mus t have go / F >_ 2(aY / y) / (a , Y / y) to cross the bunch
l eng then i ng sa tura t i on reg i me and reach Ren i er i ' s power

(31) . The f ac tor 2 i s an es t i ma t e for the go / F ra t i o
necessary to reach the max i mum o f X . In any separa t ed
func t i on s torage r i ng one has [331 :

°o y = 1 . 06 x 10 -5

 

yB ,
Y

 

(32)

where B i s the d i po l e f i e l d i n T . For a non-supercon-
duc t i ng r i ng (B<- 1 . 8 T) w i th an energy < 1 GeV one
has a , Y / y < 6 . 4 X 10 -4 . There fore , to ach i eve a 1%
sa tura t ed energy spread one needs go/ F > 30 ( ! ) .

4 . Macro t empora l s t ruc ture

Be fore i t s f i rs t opera t i on a t Orsay the SRFEL was
though t to be pseudo-con t i nuous excep t for some t ran-
s i en t s a t l aser turn-on . I t was mos t common l y assumed
tha t the l aser wou l d reproduce the e l ec t ron bunch t i me
s t ruc ture , the l aser pu l se be i ng somewha t nar rower than
the e l ec t ron pu l ses ( - 1 ns l ong) , bu t com i ng w i th
cons t an t he i gh t a t the rad i o f requency (severa l MHz ) o f
the r i ng . Such an opera t i on mode has never been ob-
served ; there i s a l ways a t i me s t ruc ture a t the sca l e o f a
m i l l i second [411 . The pu l sed behav i our has been ex-
p l a i ned by l i near i z i ng the equa t i ons govern i ng the l aser
i n t ens i ty and beam energy spread and bunch l eng th
around the s t a t i onary s t a t e d i scussed m sec t . 3 [24] .
These equa t i ons are the fo l l ow i ng :

where I and E are the d i mens i on l ess l aser i n t ens i ty and
the add i t i ona l squared energy spread (or bunch l eng th

when sa tura t i ng by bunch l eng then i ng) , TS i s the syn-
chro t ron damp i ng t i me and Tp i s the l aser r i se t i me :

The on l y cond i t i on o f va l i d i t y o f eqs . (33) and (34) i s :
11-E1 «1 .

From eqs . (33) and (34) the s t a t i onary s t a t e i s s t ab l e
a l though i t i s weak l y damped and resonan t a t any
exc i t a t i on o f per i od TR [24] :

TR =2
TOT ,

2

3 3

(37)

In prac t i ca l s i tua t i ons , there i s a l ways some no i se exc i t -
i ng E i n th i s f requency range (30-200 Hz for the Orsay
exper i men t ) and the l aser na tura l l y presen t s a pu l sed
s t ruc ture w i th per i od TR . Th i s phenomenon i s s i m i l ar to
the re l axa t i on osc i l l a t i on observed i n conven t i ona l l asers .
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Very genera l l y , one can show tha t
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ar
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= 2 ' (34)d t Ts

TTp =

go - F '
(35)

In th i s un i t , the s t a t i onary s t a t e i s de f i ned by

1 = E = 1 . (36)

X(go / F ) a l ways presen t s a max i mum for some va l ue o f
go / F [17 , 20 , 22] . I t i s very d i f f eren t f rom the bunch
l eng then i ng sa tura t i on case i n wh i ch the l aser power i s
an i ncreas i ng func t i on o f go / F (eq . 25) . For too h i gh
ga i n over l oss ra t i os one has there fore i n t eres t to i n-
creas i ng the homogeneous w i d th o f the ga i n curve (de -
crease N for an undu l a tor or Nd for an op t i ca l k l ys t ron)
to max i m i ze the average ou tpu t power . In the par t i cu l ar
k l ys t ron case , assum i ng fo = 1 , the Nd va l ue g i v i ng the
max i mum power i s [22] :

Nd =

 

I

 

- N ,

 

(29)
4a (a , / Y)

where aY / y i s the sa tura t ed re l a t i ve energy spread
co i nc i d i ng w i th eq . (5) , the Nd va l ue op t i m i z i ng the
ga i n . The max i mum ou tpu t power ob t a i ned for fo = 1
i s :
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w i th
a= 1 . 2 for an op t i ca l k l ys t ron [14 , 22] ,

=1 for an undu l a tor [17] ,
=1 . 5 for a t ransverse grad i en t w i gg l er [19 , 35] .
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to the sa tura t ed va l ue .
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From eqs . (33) and (34) one can a l so pred i c t the
opera t i on o f a pu l sed SRFEL a t an ext erna l f requency
T wh i ch cou l d be done by severa l means :

a ) Transverse t rans l a t i on o f the e l ec t ron beam to
modu l a t e the ga i n v i a m i sa l i gnmen t o f the beam w i th
the op t i ca l cav i ty ax i s . For the Orsay SRFEL , a 0 . 5 mm
d i sp l acemen t i s su f f i c i en t to decrease the ga i n by a
f ac tor o f 4 .

b) A l t era t i on o f the s torage r i ng revo l u t i on f requency
to sh i f t the synchron i sm o f the e l ec t ron and op t i ca l

pu l ses i n the cav i ty . From the Orsay resu l t s , 100 Hz o f
f requency modu l a t i on i s su f f i c i en t to s top the l aser .

c ) Modu l a t i on o f the cav i ty l eng th v i a a PZT dev i ce .
The e f f ec t i s equ i va l en t to the f requency modu l a t i on
excep t for the e l ec t ron beam wh i ch su f f ers no per turba -
t i on . A 50 j m d i sp l acemen t i s su f f i c i en t to s top the
l aser .

The f i rs t two me thods have been used success fu l l y a t
Orsay to i nduce s t ab l e per i od i c pu l sed l aser opera t i on
[23] .

The i n t ens i ty 1 and spread 2: are osc i l l a t i ng as
shown i n f i g. 3. The peak power IP and the average
power I , are :

IP=4To th2( To° ) ,

 

(38)

1 , =
T

th ( To ) .

 

(39)T i

 

' r ,

The pu l sed opera t i on i s there fore poss i b l e for To <
(v /2 / 7T) T , . The max i mum peak power i s T , / (470 )

h i gher than the average power ( re l a t i on (30) ) , th i s f ac tor
i s equa l to 1000 for the Orsay exper i men t .

A h i gh unsa tura t ed ga i n sys t em wou l d a l l ow a very
h i gh peak power to the po i n t tha t the l i near hypo thes i s
made to so l ve the pendu l um equa t i on wou l d be v i o l a t ed
due to the occur rence o f overbunch i ng . Th i s i s no t very
f ar f rom be i ng the case i n the Orsay exper i men t [24] .

F i g . 3 . D i mens i on l ess l aser i n t ens i ty and energy spread i n a
pu l sed s torage r i ng f ree e l ec t ron l aser
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Ano ther consequence o f th i s pu l sed mode o f oper -
a t i on res i des i n the poss i b i l i t y o f hav i ng pu l ses shor t er
than the RF synchro t ron per i od . In tha t case , a par t o f
the l aser hea t i ng occurs on some coheren t l ong i tud i na l
mode o f osc i l l a t i on (pr i nc i pa l l y the quadrupo l e mode )
wh i ch may be damped i n a t i me much shor t er than 7 ,
due to the i n t erac t i on w i th the vacuum chamber . A
h i gher average power cou l d then be ob t a i ned . Th i s
reg i me has no t ye t been observed i n the Orsay exper i -
men t due to the sma l l ga i n .

5 . Transverse s t ruc ture

For a zero d i spers i on func t i on i n the undu l a tor , the
t ransverse be t a t ron osc i l l a t i ons are to the f i rs t order
i ndependen t o f the l ong i tud i na l synchro t ron osc i l l a t i on .
The l i gh t -e l ec t ron i n t erac t i on there fore on l y depends
on the over l ap be tween the e l ec t ron and l i gh t . In the
l ow ga i n case , the op t i ca l cav i ty i mposes i ts own t rans-
verse mode s t ruc ture . The l aser i n t erac t i on i s then a
per turba t i on [42] and one can speak o f the TEMP, ga i n
de f i ned as the f i rs t order per turba t i on on the cav i ty
TEMP I t ransverse e i gen mode . Due to the Gauss i an
t ransverse pro f i l es o f the e l ec t ron beam [40] the bes t
over l ap i s usua l l y ob t a i ned w i th the TEMoo per f ec t l y
a l i gned on the e l ec t ron beam . The h i ghes t ga i n i s there -
fore ach i eved on the TEM oo mode . Moreover the t rans-
verse s i zes o f the e l ec t ron and TEM , , beams i s usua l l y
o f the same order o f magn i tude resu l t i ng i n a h i gh
se l ec t i v i t y i n the mode coup l i ng . The ga i n on the TEM ,  ,
i s s i gn i f i can t l y h i gher than the ga i n on more comp l ex
cav i ty modes . S i nce the sa tura t i on occur r i ng by bunch
l eng then i ng or i nhomogeneous broaden i ng a f f ec t s the

ga i n o f the d i f f eren t modes by an i den t i ca l reduc t i on
f ac tor , one expec t s the FEL to presen t a TEM , , t rans-
verse pro f i l e as exper i men t a l l y observed [11 , 23] . How-
ever one can i n pr i nc i p l e ach i eve l aser opera t i on on
h i gher order modes by m i sa l i gn i ng the e l ec t ron beam
and the cav i ty ax i s . Th i s resu l t s i n an i mpor t an t ga i n
reduc t i on wh i ch i s no more op t i ma l on the TEMO . In
the sma l l d i vergence approx i ma t i on the se l ec t ed mode
cor responds to the max i mum o f the over l ap i n t egra l s
[421

g , ' fp(x , y)JEn , (X , y )1Z dx dy ,

 

(40)

where E , i s the t ransverse e l ec t r i c f i e l d assoc i a t ed to
the mode m , and p the e l ec t ron dens i ty.

In the h i gh sa tura t ed ga i n case (or equ i va l en t l y h i gh
cav i ty l osses) the t ransverse pro f i l e o f the l aser i s ex-
pec t ed to presen t some s i gn i f i can t d i s tor t i on w i th re -
spec t to the TEM P . The new mode can be ca l cu l a t ed
f rom the d i agona l i za t i on o f a ga i n ma t r i x wh i ch has to
be ca l cu l a t ed on any comp l e t e or thogona l se t o f t rans-
verse modes [42] .

6. M i cro t empora l and spec t ra l s t ruc ture

Very l i t t l e theore t i ca l work has been done concern-
i ng the m i cro t empora l and spec t ra l s t ruc ture o f the
SRFEL. The mos t i mpor t an t d i f f erence w i th the S t an-
ford case (and mos t o f the presen t l y des i gned s i ng l e
pass mach i nes) i s i n the sma l l e l ec t ron- l i gh t s l i ppage s
compared to the e l ec t ron bunch l eng th 1 . s / 1= 0 . 6 for
S t an ford [44] and 10 - ° for Orsay [23] . s / 1 << 1 i s prob-
ab l y a genera l f ac t o f SRFEL resu l t i ng f rom the shor t
l aser wave l eng th and the l ong e l ec t ron bunches (100 ps
to 1 ns) i mposed by the s t ab l e opera t i on o f the r i ng
(Touschek e f f ec t and anoma l ous bunch l eng then i ng) .
s / 1 << 1 i s equ i va l en t to an i ncoheren t spon t aneous
em i ss i on pu l se l eng th and spec t ra l w i d th f ar f rom be i ng
Four i er t rans form l i m i t ed. One there fore expec t s a s i g-
n i f i can t l ong i tud i na l shor t en i ng and l i ne nar row i ng o f
the l aser pu l se compared to the spon t aneous pu l se . An

ana l ys i s o f th i s prob l em has been made i n the undu l a tor
case us i ng the Fokker -P l anck equa t i on [17] , pred i c t i ng
a quan t i t a t i ve l y s i m i l ar nar row i ng i n the l ong i tud i na l
and spec t ra l spaces . The resu l t i ng l aser pu l se i s Gaus-
s i an and Four i er t rans form l i m i t ed w i th t yp i ca l l eng th

When app l i ed to the Orsay exper i men t th i s pred i c t s a
very nar row l i new i d th (5 X 10 -5 ) , 20 t i mes nar rower
than the t yp i ca l l y observed va l ue i n a 1 s i n t egra t i on
t i me .

An o ther approach has been made i n t erms o f the
l ong i tud i na l supermodes [251 wh i ch are so l u t i ons o f the
Maxwe l l equa t i ons hav i ng the proper ty o f be i ng un-
changed a f t er a fu l l round t r i p pa th i ns i de the op t i ca l
cav i ty excep t for the mu l t i p l i ca t i on by a comp l ex num-
ber [45] . In the case o f per f ec t cav i ty tun i ng these modes
are found to be [25] :

where Hn i s the Herm i t e po l ynom i a l o f order n . 2 i s the
l ong i tud i na l coord i na t e i n a f rame mov i ng a t the speed

o f l i gh t as de f i ned i n re f . [461 . a i s de f i ned f rom the
curva ture around the max i mum 2m o f the l ong i tud i na l
e l ec t ron dens i ty :

P( z ) -P(Zm) I1- (2_2
M)

2

/
.

2a 2
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(45)

For a Gauss i an l ong i tud i na l pro f i l e a i s the RMS
l eng th . s i s the s l i ppage d i s t ance wh i ch can very gener -

3 5

a l l y be de f i ned f rom the curva ture around the max i mum
X m o f the round t r i p ga i n versus wave l eng th func t i on :

G(À) =G ( Àm) (1_
4vr2s2 (À-

Àm)2~

2 Ac
m

(46)

A f t er one round t r i p i n the cav i ty a  i s mu l t i p l i ed by
wn :

An =1+go(1-2a (2n+1) ) -F ,

 

(47)

where go i s the l ong i tud i na l peak ga i n and F the round
t r i p cav i ty l osses . Eqs . (43) to (47) have been shown to
app l y to very d i f f eren t con f i gura t i ons i nc l ud i ng the
undu l a tor , the op t i ca l k l ys t ron and an i n t racav i ty e t a l on .
The u l t i ma t e l aser pu l se i s the supermode presen t i ng the
h i ghes t grow th ra t e wh i ch i s :

ao(x) =e -_x ' / 2 .

 

(48)

Th i s mode i s exac t l y the l aser s t ruc ture pred i c t ed i n re f .
[17] . A l though f rom the supermode ana l ys i s , one can
read i l y fo l l ow the t i me evo l u t i on o f the l aser s t ruc ture .
One can t ake i n to accoun t the i ncoheren t spec t rum
em i ss i on by decompos i ng i t on the comp l e t e or thogona l
se t o f these supermodes . I t i s found tha t an i ncomp l e t e
l ong i tud i na l and spec t ra l nar row i ng occurs due to the
ear l y sa tura t i on by the i nduced energy spread :

aL = a 1 f f - / d ,
2

, Ax=-
27s & , / & ,

7. Conc l us i on

(49)

(50)

where a L and 4X are the averaged l ong i tud i na l and
spec t ra l RMS w i d th . 6 ' i s the to t a l energy i n the l aser
pu l se and 9 , i s the spon t aneous em i ss i on s tored i n the
TEM , , mode o f the cav i ty . Th i s new spec t ra l l i m i t i s
on l y a f ac tor 2 nar rower than va l ue observed a t Orsay
[25] .

Us i ng an i n t racav i ty e t a l on makes the spec t ra l round
t r i p ga i n curve G(X) much nar rower a l l ow i ng an i m-
por t an t spec t ra l nar row i ng . The u l t i ma t e spec t ra l w i d th
i s g i ven by dA / X - X / (m i l ) ( - 10 -6 for Orsay) i ndepen-
den t l y o f the sa tura t i on l eve l

In the ana l ys i s presen t ed above the d i f f eren t aspec t s
o f the l aser behav i our have been s tud i ed separa t e l y
a l though they may i n t er f ere w i th each o ther . For exam-
p l e the average l aser pu l se l eng th depends on a , the
curva ture o f the e l ec t ron pu l se l ong i tud i na l pro f i l e ,
wh i ch i s mod i f i ed due to the l aser i nduced energy
spread wh i ch a l so depends on the exac t l aser pu l se
pro f i l e . A poss i b l e scheme for fu ture i nves t i ga t i ons i s
g i ven be l ow :
1 . A se l f cons i s t en t t rea tmen t o f the m i cro t empora l and
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l L and spec t ra l w i d th G1v / v :

1 L -1~ 1 - INXL , (41)

~v 1 s ' \ L_
F

_ , ~ (42)
v 2N V 21N

an (x) = e
- x =

/ 2 H , (x) , ( 43 )

w i th

x = 2 / sa , (44)
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i ng the m i cro t empora l and spec t ra l s t ruc ture o f the
SRFEL. The mos t i mpor t an t d i f f erence w i th the S t an-
ford case (and mos t o f the presen t l y des i gned s i ng l e
pass mach i nes) i s i n the sma l l e l ec t ron- l i gh t s l i ppage s
compared to the e l ec t ron bunch l eng th 1 . s / 1= 0 . 6 for
S t an ford [44] and 10 - ° for Orsay [23] . s / 1 << 1 i s prob-
ab l y a genera l f ac t o f SRFEL resu l t i ng f rom the shor t
l aser wave l eng th and the l ong e l ec t ron bunches (100 ps
to 1 ns) i mposed by the s t ab l e opera t i on o f the r i ng
(Touschek e f f ec t and anoma l ous bunch l eng then i ng) .
s / 1 << 1 i s equ i va l en t to an i ncoheren t spon t aneous
em i ss i on pu l se l eng th and spec t ra l w i d th f ar f rom be i ng
Four i er t rans form l i m i t ed. One there fore expec t s a s i g-
n i f i can t l ong i tud i na l shor t en i ng and l i ne nar row i ng o f
the l aser pu l se compared to the spon t aneous pu l se . An

ana l ys i s o f th i s prob l em has been made i n the undu l a tor
case us i ng the Fokker -P l anck equa t i on [17] , pred i c t i ng
a quan t i t a t i ve l y s i m i l ar nar row i ng i n the l ong i tud i na l
and spec t ra l spaces . The resu l t i ng l aser pu l se i s Gaus-
s i an and Four i er t rans form l i m i t ed w i th t yp i ca l l eng th

When app l i ed to the Orsay exper i men t th i s pred i c t s a
very nar row l i new i d th (5 X 10 -5 ) , 20 t i mes nar rower
than the t yp i ca l l y observed va l ue i n a 1 s i n t egra t i on
t i me .

An o ther approach has been made i n t erms o f the
l ong i tud i na l supermodes [251 wh i ch are so l u t i ons o f the
Maxwe l l equa t i ons hav i ng the proper ty o f be i ng un-
changed a f t er a fu l l round t r i p pa th i ns i de the op t i ca l
cav i ty excep t for the mu l t i p l i ca t i on by a comp l ex num-
ber [45] . In the case o f per f ec t cav i ty tun i ng these modes
are found to be [25] :

where Hn i s the Herm i t e po l ynom i a l o f or n . 2 i s the
l ong i tud i na l coord i na t e i n a f rame mov i ng a t the speed

o f l i gh t as de f i ned i n re f . [461 . a i s de f i ned f rom the
curva ture around the max i mum 2m o f the l ong i tud i na l
e l ec t ron dens i ty :

P( z ) -P(Zm) I1- (2_2
M)

2

/
.

2a 2

P . E l l eaume / S torage r i ng FEL theory

(45)

For a Gauss i an l ong i tud i na l pro f i l e a i s the RMS
l eng th . s i s the s l i ppage d i s t ance wh i ch can very gener -

3 5

a l l y be de f i ned f rom the curva ture around the max i mum
X m o f the round t r i p ga i n versus wave l eng th func t i on :

G(À) =G ( Àm) (1_
4vr2s2 (À-

Àm)2~

2 Ac
m

(46)

A f t er one round t r i p i n the cav i ty a  i s mu l t i p l i ed by
wn :

An =1+go(1-2a (2n+1) ) -F ,

 

(47)

where go i s the l ong i tud i na l peak ga i n and F the round
t r i p cav i ty l osses . Eqs . (43) to (47) have been shown to
app l y to very d i f f eren t con f i gura t i ons i nc l ud i ng the
undu l a tor , the op t i ca l k l ys t ron and an i n t racav i ty e t a l on .
The u l t i ma t e l aser pu l se i s the supermode presen t i ng the
h i ghes t grow th ra t e wh i ch i s :

ao(x) =e -_x ' / 2 .

 

(48)

Th i s mode i s exac t l y the l aser s t ruc ture pred i c t ed i n re f .
[17] . A l though f rom the supermode ana l ys i s , one can
read i l y fo l l ow the t i me evo l u t i on o f the l aser s t ruc ture .
One can t ake i n to accoun t the i ncoheren t spec t rum
em i ss i on by decompos i ng i t on the comp l e t e or thogona l
se t o f these supermodes . I t i s found tha t an i ncomp l e t e
l ong i tud i na l and spec t ra l nar row i ng occurs due to the
ear l y sa tura t i on by the i nduced energy spread :

aL = a 1 f f - / d ,
2

, Ax=-
27s & , / & ,

7. Conc l us i on

(49)

(50)

where a L and 4X are the averaged l ong i tud i na l and
spec t ra l RMS w i d th . 6 ' i s the to t a l energy i n the l aser
pu l se and 9 , i s the spon t aneous em i ss i on s tored i n the
TEM , , mode o f the cav i ty . Th i s new spec t ra l l i m i t i s
on l y a f ac tor 2 nar rower than va l ue observed a t Orsay
[25] .

Us i ng an i n t racav i ty e t a l on makes the spec t ra l round
t r i p ga i n curve G(X) much nar rower a l l ow i ng an i m-
por t an t spec t ra l nar row i ng . The u l t i ma t e spec t ra l w i d th
i s g i ven by dA / X - X / (m i l ) ( - 10 -6 for Orsay) i ndepen-
den t l y o f the sa tura t i on l eve l

In the ana l ys i s presen t ed above the d i f f eren t aspec t s
o f the l aser behav i our have been s tud i ed separa t e l y
a l though they may i n t er f ere w i th each o ther . For exam-
p l e the average l aser pu l se l eng th depends on a , the
curva ture o f the e l ec t ron pu l se l ong i tud i na l pro f i l e ,
wh i ch i s mod i f i ed due to the l aser i nduced energy
spread wh i ch a l so depends on the exac t l aser pu l se
pro f i l e . A poss i b l e scheme for fu ture i nves t i ga t i ons i s
g i ven be l ow :
1 . A se l f cons i s t en t t rea tmen t o f the m i cro t empora l and

I . THEORY

l L and spec t ra l w i d th G1v / v :

1 L -1~ 1 - INXL , (41)

~v 1 s ' \ L_
F

_ , ~ (42)
v 2N V 21N

an (x) = e
- x =

/ 2 H , (x) , ( 43 )

w i th

x = 2 / sa , (44)
Supermodes
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Transverse modes

I. Pascal’s contribution to FEL

• Case of Gaussian spherical wavefronts for undulator, tapered 
undulator and optical klystron : the gain spectrum no longer 
proportional to the slope of the spontaneous emission. 
generalised filling factor
 
Electron dynamics in Free Eelectron Laser resonator, W.B. Colson, P. Elleaume, 
Applied Physics B29, 1982, 1-9 

• Transverse modes dynamics including diffraction effects and 
pulse propagation
Transverse modes dynamics in a Free Electron Laser, P. Elleaume, D. Deacon, Applied 
Physics B33, 1982, 1984, 9-16 

• Mirror degradation due to synchrotron radiation
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II. Pascal’s contribution to Synchrotron Radation

Insertion devices
Simulations codes : B2E, RADIA, 
SRW ....

Design, construction and measurements 
- measurements benchs, terminations
- variety of IDS : HELIOS, asymetric 
wiggler, 3T PPM wiggler, in vac. 
cryogenic

Radiation analysis/ related optics 
( pinhole camera, new types of X ray 
optics...)
Brightness section of the Accelerator Physics Handbook 
with K. J. Kim

Effect on electron beam (kick-map 
approach...)
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II. Pascal’s contribution to Synchrotron Radation

Storage ring for Synchrotron Radiation
«indisputable worldwide leadership of the ESRF in terms of 
brightness, reliability, availability and service to users» F. Sette 
ESRF upgrade

Various machine committees

March 1, 2001

mardi 9 août 2011



M.E. Couprie, FEL Conference, Shanghai, Aug. 22-26 ,  2011

P. Elleaume and F. Fillon, French Prime 
Minister at ESRF, 1994, Official ESRF 

inauguration

II. Pascal’s contribution to Synchrotron Radation

Storage ring for Synchrotron Radiation
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Many thanks to Pascal :

- for his contribution to the fields of FEL and 
Synchrotron Radiation

and 

- for educating me in these fields, giving me the 
great passion and scientific rigour for FEL and 
synchrotron radiation 
- for personal links (and making me discover 
mountain ski in Nevache...)
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