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Seeding and self-seeding at New Fel sources, ICTP, Trieste, italy, 10-12 Dec. 2012

I-Introduction

Motivation for seeding

seeding for performing the energy exchange :

=> bunching on the undulator fundamental and harmonics

Low gain case : coherent harmonic generation

High gain case :

 • quicker saturation => compactness and cost

• improved stability (intensity, wavelength, jitter) => pump-probe user appplications

• «control» of temporal coherence properties : removal of spikes
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Seeding and self-seeding at New Fel sources, ICTP, Trieste, italy, 10-12 Dec. 2012

I-Introduction

Required properties of a seeding source
«Ideally» :

- wide spectral range : tuneability, short wavelength and ultimately handling of «gap 
scan» (FFDW orbit correction, synchronised change of seed wavelength, undulator gap and 
monochormator setting) 

-  Polarised for proper energy exchange in the undulator / adjustable polarisation

- high intensity : power overcoming shot noise

cf strategies to reduce shot noise
A. Gover et al. PRL 102, 154801 (2009), A. Nause et al. J. Appl. Phys. 107, 103101 (2010)
V. Linvinenko, Proceeding FEL 09, Liverpool, 2009
D. Ratner et al., PRL 14, 060710 (2011)

- spectral bandwith - adapted to the gain bandwith? 

- adjustable pulse duration / Chirp handling?

- repetition rate adapted to the the accelerator’s one

J. Wu et al, Appl. Phys. Lett.  90 (2007) 488

L. Giannessi et al, FEL04 (2004) 37
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Seeding and self-seeding at New Fel sources, ICTP, Trieste, italy, 10-12 Dec. 2012

I-Introduction

Required diagnostics of a seeding source

- power level monitoring

- spectral tuning between the seed and the undulator radiation : 
=> monochromator

- temporal synchrotronisation with the electron beam
=> photodiode, streak-camera.... with a radiation output of the electron beam (either 
undulator spotnaneous emission, or transition radiation in the chicane/ dogleg of 
injection...)

- proper focus in the undulator
=> telescope

- transverse overlap  with the electron beam 
=> profile monitor (CCD, Yag screeen, MCP....)

mercredi 23 janvier 2013



Seeding and self-seeding at New Fel sources, ICTP, Trieste, italy, 10-12 Dec. 2012

II-Seeding with conventional laser

First coherent harmonic generation results 

ACO (Orsay, France), 166 MeV
Nd-Yag at 1.06 µm, 20 Hz, 15 MW, 12 ns
 => CHG at 352 nm
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Optical Frequency Multiplication by an Optical Klystron

B. Girard, ' Y. Lapierre, J. M. Ortega, ' C. Bazin, M. Billardon, ' P. Elleaume,
M. Bergher, M. Velghe, d and Y. Petroff

Laboratoire pour l'Utilisation du Rayonnement Electromagnetique, Universite de Paris-Sud, F-91405 Orsay, France
(Received 25 June 1984)

We report the first observation of the emission of coherent light by an electron beam
bunched at 1.06 p, m by a Nd-doped yttrium aluminum garnet laser focused into an optical
klystron. An enhancement of 10' to 10 over its spontaneous emission level at 355 nm has
been observed in these experiments performed at the ACO storage ring at Orsay.

PACS numbers: 42.65.Cq, 07.60.—j, 41.70.+ t, 42.60.—v

In the past few years much attention has been
paid to the possibility of producing coherent light in
the vacuum-ultraviolet (h. ( 2000 A) spectral range
by use of free-electron sources. ' One way is to real-
ize a storage-ring free-electron laser operating in
this spectral range. However, this will take some
time to come about even with todays existing
storage rings. Another possibility is to realize an
up-frequency conversion of a high-power external
laser focused into an optical klystron or an undula-
tor. The external laser "bunches" the electron
beam, i.e., makes a spatial partition of the electrons
into microbunches separated by the laser
wavelength, XL (Fig. 1). Therefore, in the Fourier
analysis of the bunch density there appears a series
of lines at the laser frequency and its harmonics. In
the optical klystron (OK) configuration the external
laser is focused into a first undulator (modulator)
where it produces an energy modulation. This
modulation is converted into a spatial modulation in
the dispersive section (buncher) which is either a
drift space or a long period of magnetic field. Then
at wavelengths XL jn, where n is the harmonic
number, light emission of the electrons passing
through the second undulator (radiator) is
enhanced by this coherent bunching and becomes
proportional to the square of the number of elec-
trons. This technique avoids the use of mirrors, as
in the free-electron-laser case, to produce uv light.
It should be efficient on most of the existing
storage rings to produce light of wavelength
between about 100 and 2000 A by starting with a
visible or uv, commercially available, laser.
Although this process is often called "multiplica-
tion" or "up-conversion" it is different from the
usual harmonic production since the coherent out-
put power is taken from the electron energy and not
from the pumping laser. Coherent emission by
bunched beams (emission proportional to the
square number of electrons) is a common fact in
the centimeter and millimeter range of the elec-
tromagnetic spectrum. Recently, it has been ob-

served with an undulator in the infrared. Howev-
er, no quantitative studies had been made yet. In
this Letter we report the first observation of
coherent light in the uv region produced by an OK
with a high enhancement of the spontaneous emis-
sion.
The theory of the OK has been discussed by

many authors, as has the theory of harmonic pro-
duction. Let us only recall that, in the case of the
OK, the ratio, R„,of the coherent over the in-
coherent (spontaneous) emission, for the nth har-
monic of the laser frequency and for a given laser
power and within the bandwidth of the coherent
emission, is proportional to

R„~NIf„,
where N is the number of periods of the radiator
and I the ring current. f„is the spontaneous-
emission modulation rate, resulting from the in-
terference of the two undulators constituting the
OK, at wavelength XL /n This . interference is
driven by the strength of the dispersive section and
the energy spread of the electrons and

f„~exp —242m. (N+ Nd) " n
y

where Nd is the number of wavelength of the yttri-
um aluminum garnet (YAG) laser passing over an
electron in the dispersive section and characterizes
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FIG. 1. Schematic principle of the experiment (see
text).
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FIG. 2. Time structure of the optical klystron emission

measured on the third harmonic of the fundamental line
at 3550 A. The pulse corresponding to a passage of the
electron through the OK in coincidence with the laser is
shown (a) for a weak amplification ratio (R3=3); (b)
for a strong amplification ratio (R 3 ) 100).
value is about 5 to 6 times more. We explained this
effect by considering the pulse-to-pulse fluctuations
of the coherent emission when recorded on a fast
scope. These fluctuations are of the order of
several units and do not appear on Fig. 3 where the
signal is averaged over about 50 laser pulses. They
might correspond to a time jitter between the elec-
tron and laser pulses of the order of a few
nanoseconds considering the fact that the laser
longitudinal pulse shape exhibits 2 to 3 peaks for a
total duration of 12 nsec. We have also considered
the effect of the lack of coherence of the laser
(li /b, A. = 15 mm although the bunch length is—300 mm). It seems to have no effect on the in-
tensity of the coherent emission, but only on its
spectral width. Let us point out that since the real
spectral width of the coherent emission is less than

00.1 A, as discussed above, the maximum measured
value of R3, within the coherent emission line, is at
least 3&&10 .
The maximum number of coherent photons

emitted per pulse is about 4x 10 theoretically and
6x 10 experimentally. This rather small number is
due to various losses: (i) Because of the large ener-
gy dispersion of the ring at low energy, the max-
imum is reached at 1 mA of ring current where f32
is only 10 2. (ii) We worked at a lower laser power
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FIG. 3. Amplification ratio between the coherent and
incoherent emission measured for AX = 0.7 A and a solid
angle of 0.2 mrad' (full line, theory; points with error
bars, experiment) and modulation rate of the spontane-
ous emission measured with (curve b) and without
(curve c) the laser, with respect to the ring current.
Since the real spectral width of the coherent emission is
less than 0.1 A, the ordinate has to be multiplied at least
by 7 to obtain the real value of this amplification ratio.

(PL = 15 MW); this accounts for a loss of a factor—102 (PL =100 MW and optimized dispersive
section). (iii) We have a limited number of periods
in the "radiator" section (N =7). Thus a factor
10 —10 is lost when we compare with an optimized
klystron placed on a storage ring exhibiting no
anomalous bunch lengthening. In our case the OK
had been optimized for free-electron-laser stud-
ies ' and the parameter Nz is too strong for this
experiment. Moreover the energy of 166 MeV is
very far from the nominal working energy of the
ACO storage ring (540 MeV).
In summary, this work demonstrates for the first

time the feasibility of the free-electron harmonic-
generation experiment. This technique will be able
to deliver 10' -10' photons/pulse when installed
on modern storage rings working at their nominal
energy. The spectral region covered should extend
toward a few hundred angstroms. Experiments in
the vuv region are planned in the near future.
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352 nm
R3 = 3

352 nm
R3 > 100

ACO (Orsay, France), 220 MeV 
Nd-Yag at 1.06 µm (36 MW) /2 
= 532 nm, =>  CHG at 177 and 
106.4 nm 

Coherent Harmonic Generation in the Vacuum Ultra Violet Spectral 
Range on the Storage Ring ACO,  R. Prazeres, J.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
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4 . Expe r i men t s

I n 1984 , we had obse r ved t he t h i rd ha rmon i c a t 3547
Â o f an ex t e rna l Nd -YAG l ase r [9] . A d i e l ec t r i c m i r ror
was used t o sepa r a t e t he ha rmon i c f rom t he f undamen -
t a l wave . The ha rmon i c s i gna l was ana l ysed by a norma l
i nc i dence gr a t i ng monochroma t or . I n orde r t o ana l yse
t he cohe r en t i n t ens i t y i n t he prope r " t i me w i ndow "
cor r espond i ng t o t he i nc i den t l ase r pu l se , we used a
" Box -Ca r " ave r age r . The beam ene rgy (166 MeV) was
t oo l ow t o ensur e good s t ab i l i t y o f t he r i ng , and t he
l i f e t i me was on l y one hour . The i nc i den t l ase r powe r
was 15 MW a t 1 . 06 , um . Howeve r , t he max i mum i n -
t egr a t ed r a t i o has been measur ed t o be R3 t = 300 ,
cor r espond i ng t o a spec t r a l r a t i o o f R 1 (A , 0) = 3000 ,
f or a cur r en t t o t he s t or age r i ng o f 1 mA . Th i s cor r e -
sponds t o 3 X 10 5 cohe r en t pho t ons by pu l se , a t t he
ou t pu t o f t he op t i ca l k l ys t ron .

Th i s expe r i men t has shown t he ex i s t ence o f t he
cohe r en t gene r a t i on process , bu t t he i n t e r es t o f t h i s k i nd
o f expe r i men t s i s t he produc t i on o f pho t ons i n VUV
spec t r a l r ange. Thus , t he nex t s t ep was t o ope r a t e i n t h i s
spec t r a l r ange , wh i ch i mp l i es d i f f e r en t expe r i men t a l
t echn i ques .

I n r ecen t expe r i men t s , we gene r a t ed t he 3rd and 5 t h
ha rmon i c , a t 1773 and 1064 Â , f rom a doub l ed
Nd -YAG l ase r (5320 Â) . The 220 MeV beam was mor e
s t ab l e t h i s t i me , and t he l i f e t i me was a f ew hour s. The
l ase r powe r was i nc r eased t o 36 MW . F i g . 2 shows t he
expe r i men t a l sys t em . The VUV spec t r a l r ange has t o be
hand l ed w i t h a d i f f e r en t t echno l ogy t han be f or e , and i n
pa r t i cu l a r l eads t o wor k i n u l t r ah i gh vacuum (because
u l t r ah i gh vacuum i s needed f or s t or age r i ngs ) . The
em i ss i on f rom t he op t i ca l k l ys t ron was f i l t e r ed by a
gr az i ng i nc i dence monochroma t or . The l i gh t was
ana l ysed by one o f t wo d i f f e r en t k i nds o f pho t omu l t i -

N

R Pr aae r es e t a l / Cohe r en t ha rmon i c gene r a t i on i n t he VUV r ange

O t ma l

F i g. 2 Expe r i men t a l se t up .

p l i e r s . The bo t t om de t ec t or (CsTe ca t hode ) was devo t ed
t o t he 3rd ha rmon i c , and t he t op (CuBe ca t hode ) t o
sma l l e r wave l eng t hs . I n pr ac t i ce , t he pho t omu l t i p l t e r s
a r e chosen t o be b l i nd i n t he v i s i b l e r ange , bu t t he h i gh
a t t enua t i on r equ i r ed (10 16 ) l ed us t o use a l so a d i chrd i c
m i r ror p l aced a f t e r t he monochroma t or . The synchro -
n i sa t i on o f t he da t a r ecord i ng sys t em i s prov i ded by a
f as t pho t od i ode , wh i ch r ece i ves t he l ase r l i gh t sca t t e r ed
t hrough t he w i ndows o f t he vacuum chambe r . No t e t ha t
t he h i gh powe r dens i t y o f t he l ase r f or ces us t o open t he
en t r ance s l i t o f t he monochroma t or , i n orde r t o avo i d
t he i r des t ruc t i on ( t he powe r dens i t y a t t h i s po i n t be i ng

approx i ma t e l y 10 GW / cm2 ) . Th i s dec r eases i t s spec t r a l
r eso l u t i on t o approx i ma t e l y AN = 2 Â , and a l so t he
measur ed i n t egr a t ed r a t i o R ; , n t .

Look i ng a t t he 3rd ha rmon i c , w i t h an ene rgy spr ead
o f 4 X 10 - ° f or a cur r en t o f 2 mA and f or a g i ven
ape r t ur e o f t he monochroma t or , we have measur ed an
i n t egr a t ed r a t i o o f R 3 t = 350 . Th i s cor r esponds t o a
spec t r a l r a t i o o f R 3 (A , 0) = 6000 . The cur ves g i ven t o
f i g . 3 show , as a f unc t i on o f cur r en t , t he i n t egr a t ed r a t i o
(R i t ) , and t he numbe r o f cohe r en t pho t ons pr esen t a t

Cu Be
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PM
BOX CAR
ave r age r

SPONT . EM I SS I ON
MEASUREMENT

®band -pass f i l t e r

Tr i gge r I r r e

K l ys i ron R I NG

Ad j us t ab l e
de l ay

Tab l e 1
Expe r i men t a l r esu l t s on ACO (1987)

Obse r ved ha rmon i c 3 5
Cor r espond i ng wave l eng t h [Â] 1773 1064
I n t egr a t ed r a t i o Rn t 350 3 -4

monochroma t or bandw i d t h [?+] 2 2
monochroma t or angu l a r ape r t ur e [mr ad 2 1 1 . 4 3

Spec t r a l r a t i o R , (X , Sd ) 6000 100
Numbe r o f cohe r en t pho t ons / pu l se 1 . 5 X 10 7 10 5

m spec t r a l w i d t h [A] 0 . 1 0 . 07
i n angu l a r ape r t ur e [mr ad ] 0 2 0 . 1

Linewidth sharpening
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Super-ACO (Orsay, France), 700 MeV

II-Seeding with conventional laser

First coherent harmonic generation results 

F i g . 1 . Genera l l ayou t o f the exper i men t .

n i sed w i th the pos i t ron bunch c i rcu l a t i ng i n the s torage
r i ng . A cav i ty dump i ng i s ach i eved i n synchron i sa t i on
w i th a p i ckup e l ec t rode s i gna l . The osc i l l a tor i s fo l l owed
by two amp l i f i ers (one doub l e -pass) , and a KDP crys t a l
to ob t a i n 532 r i m . The l aser beam i s then passed through
a t e l escope , and sen t i n to the vacuum chamber . A s i l i ca
p l a t e , i ns t a l l ed a f t er the op t i ca l k l ys t ron , i s or i en t a t ed a t
the Brews t er ang l e for the v i s i b l e wave l eng ths. The
re f l ec t i on coe f f i c i en t i s then ra ther l ow for the l aser
wave l eng th , wh i l e i t reaches a f ew percen t i n the VUV
spec t ra l reg i on . The gra t i ng monochroma tor perm i t s the
se l ec t i on o f the coheren t harmon i cs f rom the i n t ense
op t i ca l k l ys t ron spon t aneous em i ss i on . I t i s p l aced i n
u l t rah i gh vacuum . The op t i ca l pa th i s i n the hor i zon t a l
p l ane . An aper ture , p l aced i n f ron t o f the monochroma -
tor , e l i m i na t es the o f f -ax i s par t o f the spon t aneous
em i ss i on . Two angu l ar aper tures can be chosen : 0 . 3 or 1
mrad . Two so l ar b l i nd pho tomu l t i p l i ers are i ns t a l l ed
a f t er the monochroma tor : one has a CsTe ca thode and
i s devo t ed to the th i rd harmon i c (177 nm) , wh i l e the
o ther has a CuBe ca thode and i s devo t ed to wave l eng ths
shor t er than 150 nm. A ro t a t i ng m i r ror a l l ows the
se l ec t i on o f one o f the two de t ec tors .

The pos i t ron beam energy i s ymc 2 = 700 MeV . A
f eedback sys t em on the r i ng i s used to reduce the
d i po l ar osc i l l a t i ons o f the beam , wh i ch can reach , i n
norma l cond i t i ons , amp l i tudes o f up to 1 ns , 5 t i mes
l arger than the bunch l eng th (= 200 ps) . No t e tha t the
h i gher order phase osc i l l a t i ons (quadrupo l ar , hexapo l ar ,
e t c . ) are no t e l i m i na t ed us i ng th i s f eedback sys t em , and
our exper i ence has shown tha t these osc i l l a t i ons are a t
l eas t as de t r i men t a l as the d i po l ar ones.

4 . Exper i men t a l procedure

The l aser beam a l i gnmen t and synchron i sa t i on i s
car r i ed ou t i n severa l s t eps . F i rs t , the over l ap be tween

R . Prazeres e t a l . / Coheren t harmon i c genera t i on m VUV 73

the l aser and the spon t aneous em i ss i on i s v i sua l l y op t i -
m i sed by au toco l l i ma t i on . Second , the t empora l over l ap
be tween the l aser pu l se and the spon t aneous em i ss i on
t ra i n , i s ad j us t ed w i th a f as t pho tod i ode and osc i l l o-
scope . Th i rd , the f i ne a l i gnmen t and synchron i sa t i on
are op t i m i sed by observ i ng the pos i t ron bunch
l eng then i ng on a spec t rum ana l yser , show i ng the
harmon i cs o f the Four i er t rans form o f the s i gna l f rom a
p i ckup e l ec t rode . A d i f f eren t i a l me thod a l l ows a h i gher
sens i t i v i t y : when two bunches are s tored i n the ma -
ch i ne , on l y one i s a f f ec t ed by the l aser , and the d i f -
f erence o f l eng th i s more c l ear l y observab l e on the
spec t rum ana l yser . Indeed , i f the two bunches have
exac t l y the same l eng th and charge , on l y even harmon-
i cs a t 2n X 4 . 17 MHz are presen t (where 4 . 17 MHz i s
the round- t r i p f requency = 100 MHz / 24 bunches) .
However , when a sma l l d i f f erence appears , the odd
harmon i cs a t (2n + 1) X 4 . 17 MHz i ncrease s t rong l y .
F i g . 2 shows the bunch l eng then i ng s i gna l for odd
harmon i cs . In the case where the l aser i s per f ec t l y
op t i m i sed and a l i gned , and the monochroma tor we l l
cen t ered and se t w i th the nar rowes t spec t ra l reso l u t i on
and a sma l l aper ture (0 . 3 mrad) , i t has been poss i b l e to
observe the 5 th coheren t harmon i c . However , exper i -
ence has shown tha t the a l i gnmen t i s much more cr i t i ca l
when observ i ng the coheren t i n t ens i ty as opposed to the
bunch l eng then i ng . The l aser a l i gnmen t i s s t ab l e w i th
t i me , though a s l ow dr i f t o f pos i t ron beam pos i t i on and
synchron i sa t i on occurs when the r i ng cur ren t decreases.
The aper ture a t the en t rance o f the monochroma tor can
be t rans l a t ed bo th i n ver t i ca l and hor i zon t a l d i rec t i ons.
The d i rec t i on o f the coheren t em i ss i on ax i s has been
observed to be s l i gh t l y away (< 0 . 5 mrad) f rom bo th
the spon t aneous ax i s and the l aser ax i s .
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F i g . 2 . Bunch l eng then i ng s i gna l on the spec t rum ana l yser :
t i me scan o f an odd harmon i c (n = 371) a t 1549 MHz .
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l aser energy (m j )

F i g . 4 . In t ens i ty o f coheren t em i ss i on on the 3rd harmon i c as a
func t i on o f the energy o f l aser pu l se. The sa tura t i on l i m i t
appears near 100 mJ (= 300 MW) . The r i ng cur ren t i s 18 mA

per bunch .

i s be l ow thresho l d , a t 7 mA per bunch , for anoma l ous
bunch l eng then i ng . Beyond th i s po i n t , the i ncrease i n
energy spread a. , / -y t ends to reduce the coheren t em i s-
s i on . F i g . 4 shows tha t the coheren t i n t ens i ty var i es as a
func t i on o f the l aser power as PL 2 , wh i ch i s c l ose to the
theore t i ca l l y ca l cu l a t ed va l ue o f P25 (when Gauss i an
beams are t aken i n to accoun t ) . The curve a l so shows
tha t sa tura t i on by overbunch i ng appears near 100 mJ
(=300 MW) .

100

10

quadrupo l ar
osc i l l a t i ons
i nduced by
the l aser

R . P i azeres e t a l

F i g . 5 . H i gh- reso l u t i on scan , on a spec t rum ana l yser , o f an
even harmon i c (1524 MHz ) o f the p i ckup e l ec t rode s i gna l . The
l e f t s i de o f the spec t rum has been scanned w i th the l aser on ,
whereas the r i gh t s i de has been scanned w i th the l aser o f f .
Quadrupo l ar osc i l l a t i ons o f the pos i t ron beam are i nduced by

the ext erna l l aser .

/ Coheren t harmon i c genera t i on to VUV

5 . 2 . E f f ec t s on bunch l eng then i ng

F i g . 5 shows the Four i er spec t rum o f the p i ckup
e l ec t rode s i gna l i n the reg i on o f 1525 MHz , cor respond-
i ng to the 366 th harmon i c o f 4 . 17 MHz ( the round- t r i p
f requency o f Super -ACO) . Componen t s appear i ng on
each s i de o f the ma i n cen t ra l f requency are the harmon-
i cs o f the synchro t ron f requency (15 kHz ) , and cor re -
spond respec t i ve l y to d i po l ar , quadrupo l ar , e t c . , pos i t ron
beam osc i l l a t i ons i n phase space. No t e tha t the l e f t s i de
o f the spec t rum has been scanned w i th the l aser on ,
whereas the r i gh t s i de has been scanned w i th the l aser
o f f . On the r i gh t -hand s i de , a d i po l ar componen t i s
c l ear l y seen a t + 15 kHz , bu t no quadrupo l ar osc i l l a t i on
a t +30 kHz i s presen t . On the l e f t -hand s i de , bo th the
symme t r i ca l d i po l ar componen t a t -15 kHz and the
quadrupo l ar componen t a t - 30 kHz can be seen ; the
quadrupo l ar componen t appears per i od i ca l l y a l ong the
s l ow l y scanned hor i zon t a l ax i s . The per i od o f th i s per -
turba t i on i s 0 . 1 s (because scan t i me i s 1 s / d i v) , wh i ch
i s equa l to the repe t i t i on ra t e o f the ext erna l l aser . The
quadrupo l ar osc i l l a t i ons are produced when the l aser
i nduces an energy modu l a t i on i n the op t i ca l k l ys t ron .
Th i s per turba t i on causes the pos i t ron beam to de form ,
i n phase space (4) , y) , and then to ro t a t e , wh i l e damp-
i ng , a t the synchro t ron f requency . No t e tha t th i s e f f ec t
appears on l y be l ow the thresho l d for anoma l ous bunch
l eng then i ng (7 mA per bunch) . At h i gher cur ren t s , i n-
t r i ns i c quadrupo l ar (and hexapo l ar ) osc i l l a t i ons ( i n t r i ns i c
to the s torage r i ng opera t i on) des t roy the bunch i ng and

mask the i nduced quadrupo l ar osc i l l a t i ons .
In the case o f the s torage r i ng FEL osc i l l a tor , the

mu l t i -pass ga i n process does no t a l l ow the observa t i on
o f i nduced quadrupo l ar osc i l l a t i ons . When the separa t i on
o f the bunch i n to two ensemb l es , as descr i bed above ,
occurs dur i ng the i n t erac t i on , i t i s then s t a t i s t i ca l l y
des t royed by the superpos i t i on o f consecu t i ve i n t erac -
t i ons . Indeed , FEL bunch i ng , crea t ed i n the op t i ca l
k l ys t ron , i s no t conserved be tween each ro t a t i on o f the
pos i t ron bunch i n the s torage r i ng . As a consequence ,
and i n con t ras t w i th the CHG phenomenon , the FEL
process does no t genera t e quadrupo l ar osc i l l a t i ons , bu t
suppresses them [7] .

6. Conc l us i on

75

The a i m o f the exper i men t repor t ed here has been to
deve l op , on Super -ACO , a usab l e source o f coheren t
l i gh t i n the VUV range (200 to 50 nm) . The number o f
coheren t pho tons tha t we have produced i n the CHG
exper i men t on Super -ACO i s l arger than i n the prev i ous
exper i men t s on ACO (8] , bu t i t i s s t i l l abou t one order
o f magn i tude be l ow the expec t ed ra t e . One cause i s
pos i t ron beam uns t ab i l i t i es such as quadrupo l ar phase
osc i l l a t i ons . Sma l l er rors i n the magne t i c f i e l d o f the

11 . STORAGE R ING EXPER IMENTS

Nd-Yag at 1.06 µm / 2 : 100 mJ, 300 ps, 300 MW, 10 Hz=> CHG at 177 nm and 106 nm
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5 . Resu l t s

5. 1 . Coheren t i n t ens i ty

For the n th harmon i c , we can de f i ne an i n t egra t ed
ra t i o R ' n` _ U , m I coh) / Imc+ be tween the coheren t s i g-
na l (w i th the l aser on) and i ncoheren t s i gna l (w i thou t
the l aser ) . These measured s i gna l s i nvo l ve the spec t ra l
and angu l ar aper ture o f the monochroma tor . By de f i n i -
t i on , the i n t egra t ed ra t i o Rm i i s the i n t egra l , over the

monochroma tor aper ture , o f the spec t ra l ra t i o R ' P ' ( , , ,

prev i ous l y i n t roduced i n sec t i on 2 . When no bunch i ng
occurs , the i n t egra t ed ra t i o i s R " ' = 1 . By ca l cu l a t i ng
the number o f i ncoheren t pho tons Nnc em i t t ed by the
op t i ca l k l ys t ron a t wave l eng th A , / n , w i th i n the mono-
chroma tor aper ture , we can de f i ne the number o f coher -
en t pho tons Neoh , a t the n th harmon i c , presen t a t the
ou tpu t o f the op t i ca l k l ys t ron : N , o, , = N , n~ R ; " i .

Tab l e 1 shows the exper i men t a l resu l t s for the 3rd
harmon i c ; th i s i nc l udes the exper i men t a l cond i t i ons , the
measured Rs ` , the spec t ra l ra t i o R3pe (X , B) and the
number o f coheren t pho tons Ncoh . The theore t i ca l va l -
ues o f RS` , ca l cu l a t ed for the same cond i t i ons w i th a
s i mp l e theore t i ca l mode l [61 , are a l so presen t ed . The
measured va l ues are abou t one order o f magn i tude
be l ow the expec t ed ra t e . The d i f f i cu l t i es o f a l i gnmen t ,
beam i ns t ab i l i t i es ( tha t are d i scussed be l ow) , and the
magne t i c f i e l d er rors o f the op t i ca l k l ys t ron are though t
to be respons i b l e , i n par t or to t a l l y , for th i s d i screpancy.
S i m i l ar to the prev i ous exper i men t s on ACO , the coher -
en t harmon i c a t the 5 th harmon i c has been ra ther
d i f f i cu l t to observe . However , because the s t ab i l i t y here
i s much be t t er than on ACO , a measuremen t o f the
i n t egra t ed ra t i o o f the coheren t em i ss i on has been poss i -

b l e . W i th the monochroma tor spec t ra l and angu l ar
aper ture se t to SX = 4 Â and SB = 0 . 3 mrad , respec -
t i ve l y , and a r i ng cur ren t o f 10 mA per bunch , we have

ob t a i ned RS ` = 5

 

Th i s cor responds approx i ma t e l y to

R. Praaeres e t a l / Coheren t harmon i c genera t i on i n VUV

20

ô

É
L

r i ng cur ren t (mA per bunch)
F i g . 3 In t ens i ty o f coheren t em i ss i on on the 3rd harmon i c as a
func t i on o f the r i ng cur ren t ( for one bunch) . The anoma l ous
bunch l eng then i ng appears a t 7 mA for the Super -ACO s torage

r i ng .

Rse (X , B) = 4000 g i v i ng a to t a l number o f coheren t
pho tons o f Ncoh = 5 X 10 6 a t the ou tpu t o f the op t i ca l
k l ys t ron . Le t us po i n t ou t tha t the op t i mum va l ue o f Nd
( the d i spers i ve sec t i on s t reng th o f the op t i ca l k l ys t ron)
has been found to be the l arges t poss i b l e va l ue : Nd =

100 . Th i s does no t agree w i th the ca l cu l a t i ons , wh i ch
g i ve an op t i mum a t Nd = 35 and pred i c t a h i gher co l - ° -. -
en t ra t i o o f R5` = 25 , and g i ve v i r tua l l y zero for 1 d =

100 . These two po i n t s are never the l ess cons i s t en t , be -
cause the weakness o f the coheren t em i ss i on resu l t s
f rom the l ow e f f i c i ency o f the pos i t ron beam bunch i ng ,
wh i ch may , i n par t , be compensa t ed by a sh i f t o f Nd to
an op t i ma l l y h i gher va l ue . F i gs . 3 and 4 show respec -
t i ve l y the behav i our o f the coheren t i n t ens i ty I. . , as a
func t i on o f the r i ng cur ren t i and the l aser power P , .
F i g . 3 shows tha t coheren t em i ss i on grows as t z when i

Tab l e 1
Summary o f the resu l t s for the 3rd harmon i c : f i rs t and second co l umns are for the same ( l ow) r i ng cur ren t bu t w i th two d i f f eren t
monchroma tor reso l u t i ons , and the th i rd co l umn i s for a h i gher r i ng cur ren t

Pos i t ron beam
Cur ren t per bunch , t f mA]
Energy spread , a , , / -y

6 . 7
5 . 6 x 10 - °

6 . 7
5 . 6X10 - °

22
95x10 - °

Bunch l eng th , o fps] 100 100 160

Monochroma tor
Reso l u t i on , SA [?~] 12 2 4
Angu l ar aper ture , SB [mrad] 0 . 3 0. 3 1

In t egra t ed ra t i o
Measured , R ; ° ` 270 1400 25
Theore t i ca l , R ; , ° ` 3200 20 000 260

Spec t ra l ra t i o , RRP' (X , 0) 5 X 10 5 5 X 10 5 1200

Coheren t pho tons , N , oh 4X108 4X10 ' 4 X10 '

Coherent Harmonic Generation in VUV with the optical klystron on the storage ring Super-ACO, R. Prazeres, P. Guyot-Sionnnest, D. Jaroszynski, J.M. Ortéga, M. 
Billardon, M. E. Couprie, M. Velghe Nucl.Inst. Meth. A 304 (1991) 72-76 
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II-Seeding with conventional laser

Coherent harmonic generation : ex of use of 
circular polarisation

enhancement of laser power 
(focusing, intensity)

=> broadening due to 
overmodulation

laser helicity

H2 intensity ratio

UVSOR-II, helical optical klystron, change of the laser polarisation

M. Labat, M. Hosaka, M. Shimada, M. Katoh, M.E. Couprie, “Optimization of a seeded Free-
Electron Laser with helical undulators”, Phys. Rev. Lett. 101, 164803 (2008).
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II-Seeding with conventional laser

HGHG at BNL

Non Linear Harmonics

• Temporal Coherence properties 
given by the seed (external laser) => 
High degree of temporal coherence

Spectral narrowing

Stability (reduction of intensity 
fluctuations and jitter ) for user 
applications (pump probe)

Quicker 
Saturation 

=> 
Compactness 

and cost

L. H. Yu et al, Science 289, 2000, 932 L. H. Yu et al, PRL912003, 074801
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Super-radiant mode

L. Giannessi et al, Appl. Optics 2005, 
slippage length/potential depth

I-Introduction

Regimes for seeding

M. Labat, N. Joly, S. Bielawski, C. 
Szwaj, C. Bruni, M.E. Couprie, Pulse 
splitting in short wavelength seeded 
FEL, Phys. Rev. Lett. 103, 264801 

(2009)

U
nd

ul
at

or
 c

oo
rd

in
at

e

Undulator coordinate

Standard case

Super-
radiant case

Pulse 
splitting 

case

Sl=0.25

Sl=10

Sl=2

Se=0.25

Se=0.25

Se=0.25

pulse splitting

T. Watanabe et 
al. PRL 98, 

034802 (2007)
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II-Seeding with conventional laser

Making use of chirp for tuneability

• Tuneability of the seed

• Combinaison of the chirp on the 
electron beam and the laser

T. Shaftan, BNL workshop, 04

S. Biedron et al., NIM A475, 401; T. Shaftan, PRE 71, 2005, 046501
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High Harmonic in Gas source

III-Short wavelength with HHG

Mc Pherson et al., JOSA B  4, 595 (1987) (Chicago)
  M. Ferray et al., J. Phys. B 21, L31 (1988) (Saclay)

K. Midorikawa, Ultrafast dynamic imaging, Nature Photonics 5, 640–641 (2011)

Tunnel ionization Acceleration and diffusion Recombination
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High Harmonic in Gas source

III-Short wavelength with HHG

Mc Pherson et al., JOSA B  4, 595 (1987) (Chicago)
  M. Ferray et al., J. Phys. B 21, L31 (1988) (Saclay)

Lens

IR Beam

Diaphragm Rare Gas
(Xe, Ar, Ne, He) 

(Jet, Cell, Hollow Fiber)

Harmonic Beam

K. Midorikawa, Ultrafast dynamic imaging, Nature Photonics 5, 640–641 (2011)

Tunnel ionization Acceleration and diffusion Recombination
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High Harmonic in Gas source

III-Short wavelength with HHG

Mc Pherson et al., JOSA B  4, 595 (1987) (Chicago)
  M. Ferray et al., J. Phys. B 21, L31 (1988) (Saclay)

Lens

IR Beam

Diaphragm Rare Gas
(Xe, Ar, Ne, He) 

(Jet, Cell, Hollow Fiber)

Harmonic Beam

800 nm,
1014-1015 W/cm2,
1-100 mJ, kHz,

ps, 5fs,
Linear pol.

(266 – 1 nm)
Linear Polarized

K. Midorikawa, Ultrafast dynamic imaging, Nature Photonics 5, 640–641 (2011)

Tunnel ionization Acceleration and diffusion Recombination
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High Harmonic in Gas source

III-Short wavelength with HHG

short pulses (5-7 fs: approching the 
one cycle limit)

atoms (Ne Ip=21.6 eV, He 
Ip=24.6 eV), ions

longer wavelength

Reduction of the cut-off wavelength:
-Ionisation potential: atoms (Ne Ip=21.6 eV, He 
Ip=24.6 eV), => ions Milosevic et al. PRA63 (2000)

- laser of long wavelength Chang et al., PRA 65 (2001)

- short pulses
Z. Chang et al, PRL 79, 1997, 2967

Gibson, Science, 2003. Seres et al, Nature 2005

M. Zepf et al, PRL 99, (2007), 143901
> 10 nJ/ pulse @ 4.37 nm

Water window (Ti:Sa 26 fs, 2.7 nm (460 eV) 
He, 5.2 nm (239 eV) Ne)

B. Shang et al, PRA 65, 2001, 011804

Tuneability of the HHG seed:
- by the laser tuneability
- by frequency mixing  ~70% tunability from 180 to 18 nm 

with Ti:Sa + OPG  Gaarde et al., J. Phys B 29, L163 (1996)

- by ajustment of the laser energy, chirp
•Kim et al., PRA 67 (2003)

Full tunability from 220 nm to 8 nm with 1.1 to 1.6 µm pump 
(Ti:Sa + OPA) Chang et al..Phys. Rev. A 65  (2001)
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Time 
domain

τattoτfemto

High Harmonic in Gas source

III-Short wavelength with HHG
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Time 
domain

τattoτfemto

Isolated atto pulse :

« Amplitude »  or « Polarization » gating
Sola et al., Nature Physics (2006)
Baltuska et al. Nature 421 (2003)

High Harmonic in Gas source

III-Short wavelength with HHG
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Time 
domain
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Isolated atto pulse :

« Amplitude »  or « Polarization » gating
Sola et al., Nature Physics (2006)
Baltuska et al. Nature 421 (2003)

High Harmonic in Gas source

III-Short wavelength with HHG
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Δνfemto ∼ 1/τfemto Δνatto ∼ 1/τatto

Isolated atto pulse :

« Amplitude »  or « Polarization » gating
Sola et al., Nature Physics (2006)
Baltuska et al. Nature 421 (2003)

Harmonic train (atto pulse): 
linear phase

Single harmonic (fs pulse): 
~ quadratic phase (can be 

compensated)

High Harmonic in Gas source

III-Short wavelength with HHG
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Fresnel bi interferometer

E.J. Takahashi et al., Apply. Phys. Lett 84, 4 (2004)
Opt. Lett. 27, 2000, 1920
Phys. Rev A 68, 2003, 023808
Y. Tamaki et al, JJAP 40, 2001, L1154
Y. Mairesse et al, Science 302, 1540
Sola et al., Nature Physics (2006)
Baltuska et al. Nature 421 (2003)

Young pinholesH17-23

Bartels et al., Science 297,376 (2002)

Young pineholes

Le Déroff et al., PRA61 (2000) 043802

Ne, 13.5 nm, 25 nJ, DV=0.35 mrad
He, 8.9 nm, 1 nJ, DV=0.3 mrad

1.2<M2<4

Le Déroff et al., Optics Lett. 23 (1998)

High Harmonic in Gas source

III-Short wavelength with HHG
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IR
laser

e. beam

τe= 500 fs =>

Issues for alignment and synchronisation
Monitoring the UV -VUV radiation of simply the generating laser? 

III-Short wavelength seeding with HHG

Spatial overlap Synchronisation

Spectral tuning

S-FLASH

J.  Bodewadt FEL 2010 Malmö

SCSS Test 
Accelerator

SCSS Test 
Accelerator
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First demonstration of HHG seeding on the SCSS 
Test Accelerator (Japan)

Seed : 160 nm, 1 4.5 m long section of 
undulator, 150 MeV

Rather good alignement and spectral tuning, 0.3 
nJ seed

• Larger amplification

• Spectral narrowing => Improvement 
of the longitudinal coherence

∆λ=0.46%

∆λ=0.54%

∆λ=0.54%

G. Lambert et al., Nature Physics Highlight, (2008) 296-300

III-Short wavelength seeding with HHG
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Seed : 160 nm, 2 sections of 4.5 m long undulator, 150 MeV

Imperfect alignement, seed 3 nJ

• saturation for the HHG seeded 
FEL

(sidebands)

• larger redshift

• smaller spectral narrowing

• limited amplification with 
respect to SASE

∆λ=0.91%

∆λ=0.67%

G. Lambert et al., Nature Physics 889 (2008) 
296-300

∆λ=0.75%

First demonstration of HHG seeding on the SCSS 
Test Accelerator (Japan)

III-Short wavelength seeding with HHG
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Seed level study
Rather low HHG seed intensity required:

Debunched mode (3 ps, 1 undulator)

+ Measurements  
__ analytic model --

o-- Genesis simu

Two thresholds 

G. Lambert, T. Hara, M. Labat, T. Tanikawa, Y. Tanaka, Y. Yabashi, D. Garzella, B. Carre, M. E. Couprie, Seed level  requirement for improving 
temporal coherence of a FEL, EPL88-5-54002, 2009

III-Short wavelength seeding with HHG
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!

!

Laser upgrade : ∼200 mJ, 800 
nm, 200 fs, φ50mm, M2:∼ 
1.4Jitter:<200fs

HHG : 70 ~ 50 nm, > 5 MW/cm2, 

~ 200 fs, φ1mm, > 10 nJ, 30 Hz 
Extreme ultraviolet free electron laser seeded  with high-order  harmonic of Ti:sapphire laser 
T. Togashi, E. J. Takahashi, K. Midorikawa, M. Aoyama, K. Yamakawa, T. Sato, A. Iwasaki, S. 
Owada, T. Okino, K. Yamanouchi, F. Kannari, A. Yagishita, H. Nakano, M.E. Couprie, Kenji 
Fukami, T. Hatsui,1 T. Hara,T. Kameshima, H. Kitamura, N. Kumagai,1 S. Matsubara, M. 
Nagasono,1 H. Ohashi, T. Ohshima, Y. Otake, T. Shintake, K. Tamasaku, H. Tanaka, T. Tanaka, K. 
Togawa, H. Tomizawa,T. Watanabe, M. Yabashi, T. Ishikawa Optics Express, 1, 2011, 317-324

 Seeded FEL with plateau HHG @ 60 nm
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Non linear harmonics
Seed : 160 nm, 2 sections of 4.5 m long 

undulator, 150 MeV, bunched beam 400 fs, 0.3 nJ
• Large redshift

• spectral narrowing ∆λ=0.84%, 0.3 nJ

∆λ=1.1%, 0.012 nJ
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∆λ=2.66%
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III-Short wavelength seeding with HHG

Nonlinear harmonic generation in a free-electron laser seeded with high harmonic from gas T. Tanikawa, G. Lambert, T. Hara, M. Labat, Y. 
Tanaka, M. Yabashi, O. Chubar, M.E. Couprie, EPL. 2011
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HHG seeding + cascaded configuration

III-Short wavelength seeding with HHG

represented. Simulations confirm that in all the configura-
tions the FEL reaches saturation at the end of themodulator.
In the 5M=1R configuration (a) the deep saturation in the
long modulator, results in a very strong bunching with a
high harmonic content, enabling the emission of coherent
radiation at !rad ¼ 133 nm in the last radiator module. This
regime is known as the coherent harmonic generation [31].
The longitudinal pulse structure reveals the overbunching,
which occured in the modulator with multiple peaks deter-
mined by the particles synchrotron oscillation at 266 nm
[32]. In the experiment, we observe a broad spectrum with
sidebands and large shot to shot fluctuations [see Fig. 5(a)].
In the 4M=2R configuration (b), the radiation at !rad ¼
133 nm is progressively amplified along the available two
radiator modules. In the leading edge of the pulse, a super-
radiant peak develops, slipping toward the unmodulated
electron beam region, which offers a higher gain. The
generated output power is higher and the spectrum is nar-
rower, as confirmed by the experiment. The PERSEO simu-
lation, in the 3M=3R configuration [Fig. 6(c)], shows amore
pronounced build up of the superradiant peak together with
a clear modulation at the second harmonic wavelength in
the phase space. In the GENESIS 1.3 simulation, and in
agreement with the experiment, no further increase of the
output power could be observed. This is likely due to the

electron beam matching degradation in the last modules in
the 3M=3R configuration (see Fig. 3), which is not included
in the PERSEO model.
In this Letter, we have experimentally demonstrated the

feasibility of a cascaded FEL configuration seeded by
harmonics generated in gas. Up to about 4" 1012 photons
with high coherence at 133 nm were produced. The tran-
sition between the coherent harmonic generation and
superradiant emission was investigated, providing insights
in novel methods for producing coherent radiation at short
wavelengths.
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(a) (b) (c)

FIG. 5 (color online). Cascaded FEL pulse energy and band-
width at 133 nm at the end of the undulator in the 5M=1R,
4M=2R and 3M=3R configurations; experimental data (black
squares) and simulations by GENESIS 1.3 (red stars). Data aver-
aged over 100 shots. Error bars represent #1 standard deviation.
Electron beam parameter of Table I(b). Seed energy: 40# 10 nJ.
Simulation data: current I ¼ 49# 6 A and beam energy
E ¼ 176:2# 0:35 MeV [similar to those of Table I(b)], emit-
tance "x;y ¼ 0:9# 0:25 mmmrad (estimate of the slice parame-
ters based on a 80% charge cut) and energy spread
!E=E ¼ 10$4 # 10$5 (minimum slice energy spread along
the longitudinal bunch coordinate). The images in (a),(b),(c)
correspond to single shot spectra acquisitions in the various
configurations.

(a)

(b)

(c)

FIG. 6 (color online). Radiation power (solid line, a.u.) and
phase profiles (dotted line) on the left side, and e-beam phase
space (energy E vs phase z) in the highlighted region at the
end of the six undulator sections, on the right side.
(a) Configuration 5M=1R, (b) 4M=2R and (c) 3M=3R.
Simulation with PERSEO [33].
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M. Labat et al. , Phys. Rev. Lett. 107, 224801 (2011)
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Further prospects opened now by HHG 
in atomic/ molecular gas

 

III-Short wavelength seeding with HHG
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HHG driven in IR (800 nm) by a few-cycle 
pulse 

Single-cycle nonlinear optics
E. Goulielmakis,M. Schultze, M. Hofstetter, V. S. Yakovlev, J. Gagnon, M. Uiberacker, A. L. Aquila, E. M. Gullikson, D. T. Attwood, R. 
Kienberger, F. Krausz, U. Kleineberg, Science 320, 1614-1617 (2008).

 Genera&on	
  of	
  Quasi-­‐con&nuum	
  (near	
  single	
  a4o	
  pulse)	
   tunability

III-Short wavelength seeding with HHG

ATR : atomic transient recorder
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HHG driven by mid-IR laser
	
  

High harmonic generation with long-wavelength few-cycle laser pulses
B. E. Schmidt, A. D. Shiner, M. Giguère, P. Lassonde, C. a Trallero-Herrero, J.-C. Kieffer, P. B. Corkum, D. M. 
Villeneuve, and F. Légaré, J. Phys. B 45, 074008 (2012)

III-Short wavelength seeding with HHG

Multi-electron recombination
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Bright	
  Coherent	
  Ultrahigh	
  Harmonics	
  in	
  the	
  keV	
  X-­‐ray	
  Regime	
  from	
  Mid-­‐Infrared	
  Femtosecond	
  Lasers
Popmintchev,	
  T;	
  Chen,	
  MC;	
  Popmintchev,	
  D;	
  Arpin,	
  P;	
  Brown,	
  S;	
  Alisauskas,	
  S;	
  Andriukai&s,	
  G;	
  Balciunas,	
  T;	
  Mucke,	
  OD;	
  Pugzlys,;	
  Baltuska,	
  
A;	
  Shim,	
  B;	
  Schrauth,	
  SE;	
  Gaeta,	
  A;	
  Hernandez-­‐Garcia,	
  C;	
  Plaja,	
  L;	
  Becker,	
  A;	
  Jaron-­‐Becker,	
  A;	
  Murnane,	
  MM;	
  Kapteyn,	
  HC,	
  Science	
  336,	
  
1287-­‐1291	
  (2012)

 HHG	
  driven	
  in	
  (high	
  pressure)	
  He	
  by	
  mid-­‐IR	
  laser	
  at	
  3.7	
  µm	
  :	
  cutoff	
  at	
  1.6	
  keV
 Quasi	
  con&nuum	
   near	
  single	
  a4o	
  pulse

HHG driven by mid-IR laser

III-Short wavelength seeding with HHG
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HHG driven by mid-IR laser

III-Short wavelength seeding with HHG

the laser and high-order nonlinear polarization
propagate in phase (at the speed of light) through-
out amedium to ensure that theHHG light emitted
from many atoms adds coherently (1, 19, 20).
Phase matching is achieved by balancing the neu-
tral gas and free-electron plasma dispersion ex-
perienced by the laser and is only possible up to
some critical ionization level that depends on the
gas species and laser wavelength (fig. S1). Any
geometric contributions to the laser propagation
must also be considered (see supplementary text).
Because ionization increases with laser intensity,
the critical ionization limits the highest photon
energy for which phase matching can be imple-
mented. Recent work explored the wavelength
dependence of the HHG yield (21–24), which
scales as hnPM cutoffº lL

1.7 under phase-matched
conditions (25–27). Using 2-mm lasers (0.62-eV
photons) to drive HHG, bright harmonics extend
to >0.5 keV (26), demonstrating phase matching
of a >800-order nonlinear process (note that only
odd-order harmonics are emitted to conserve an-
gular momentum).

In this work, bright high-harmonic x-ray su-
percontinua with photon energies spanning from
the EUV to 1.6 keV (<7.7 Å) are generated by
focusing 3.9-mmwavelength pulses from a table-
top femtosecond laser into a waveguide filled
with He gas (see Fig. 1). This represents an
extreme >5000-order nonlinear process while
also demonstrating fully phase-matched frequen-
cy upconversion. The multiatmosphere pressures
necessary for efficient x-ray generation also sup-
port laser beam self-confinement, enhancing the
x-ray yield by another order of magnitude. We
observe coherent, laserlike x-ray beams, despite
the fact that ultrahigh-harmonic generation oc-
curs in a regime where the laser-driven electrons
encounter many neighboring atoms before they
re-encounter their parent ions. Our calculations
indicate that the kilo–electron volt—bandwidth
coherent supercontinuum has a well-behaved
chirp that, when compensated, could support a
single–x-ray–cycle 2.5-attosecond pulse duration.
Finally, we show that in the kilo–electron volt re-
gion, a much higher-order nonlinear process is
required for phase matching than is required for
harmonic emission from a single atom.

In our experiment, six-cycle full width at half
maximum (FWHM) (80-fs) 10-mJ pulses, cen-
tered at a wavelength of 3.9 mm, are generated at
20 Hz as the idler output of an optical parametric
chirped-pulse amplification laser system (28, 29).
X-rays are generated by focusing the laser beam
into a 200-mm diameter, 5-cm-long, gas-filled hol-
lowwaveguide capable of sustaining pressures of
up to 80 atm in a differentially pumped geometry.
The HHG spectrum is then captured with the use
of a soft x-ray spectrometer and x-ray charge-
coupled device camera. Figure 1B shows the
phase-matched HHG emission from He, which
extends to >1.6 keV (<7.7 Å). The phase-matched
HHG cutoff energy agrees well with numerical
predictions plotted in Fig. 2A for 3.9-mm driving
lasers; that is, hnPM cutoff º lL

1.7 (25–27). This

bright x-ray supercontinuum is ideal for x-ray
spectroscopy measurements, spanning multiple
inner-shell absorption edges simultaneously (Fig.
1B and fig. S2), as has already been demonstrated
in the EUV region for HHG driven by multicycle
0.8-mm lasers where a quasi-continuous HHG
spectrum is emitted (15, 30, 31).

The x-ray flux from He scales quadratically
with pressure (number of emitters), as shown in
Fig. 1A, reaching a maximum at very high gas
pressures of ~35 atm, where both phase matching
and laser beam self-confinement are optimized.
At higher pressures, the x-ray flux decreases due
to reabsorption of the generated harmonics by the
high-pressure gas, as well as energy loss experi-
enced by the laser when coupling into the wave-
guide. Microscopically, quantum diffusion leads
to spreading of the electronwave packet, decreas-
ing the recombination probability and, thus, the
single-atom HHG yield (22–24), which scales
with the laser wavelength as ~lL

−6.5 under phase-

matched illumination. Specifically, the single-atom
HHG yield is ~3 × 105 smaller at 3.9 mm com-
pared with 0.8 mm. Fortunately, the low single-
atom yield can be compensated by coherently
combining HHG from a large number of emitters
(high gas density and medium length), which is
possible in part because the gas becomes in-
creasingly transparent at photon energies ap-
proaching the kilo–electron volt region. The HHG
signal builds up over a density-length product
comparable to the absorption depth of the x-ray
light, leading to nearly constant brightness of the
HHG emission from 0.3 to 1 keV. An approxi-
mate brightness of 105 photons per shot (corre-
sponding to 106 photons/s at 20 Hz) is observed
in a fractional bandwidth of 1% at 1 keV. Past
work successfully made use of 0.8-mm lasers to
demonstrate kilo–electron volt harmonics with
a ~1000-order nonlinear process but with much
reduced flux (four to five orders of magnitude
lower), because phase matching is not possible in
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the UV to the mid-IR. Solid circles show the observed cutoffs; open circles show the predicted cutoffs for Ar
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show the ionization potentials (Ip) of the different atoms. (C) Unified picture of optimal phase-matched
high-harmonic upconversion, including microscopic and macroscopic effects.
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the laser and high-order nonlinear polarization
propagate in phase (at the speed of light) through-
out amedium to ensure that theHHG light emitted
from many atoms adds coherently (1, 19, 20).
Phase matching is achieved by balancing the neu-
tral gas and free-electron plasma dispersion ex-
perienced by the laser and is only possible up to
some critical ionization level that depends on the
gas species and laser wavelength (fig. S1). Any
geometric contributions to the laser propagation
must also be considered (see supplementary text).
Because ionization increases with laser intensity,
the critical ionization limits the highest photon
energy for which phase matching can be imple-
mented. Recent work explored the wavelength
dependence of the HHG yield (21–24), which
scales as hnPM cutoffº lL

1.7 under phase-matched
conditions (25–27). Using 2-mm lasers (0.62-eV
photons) to drive HHG, bright harmonics extend
to >0.5 keV (26), demonstrating phase matching
of a >800-order nonlinear process (note that only
odd-order harmonics are emitted to conserve an-
gular momentum).

In this work, bright high-harmonic x-ray su-
percontinua with photon energies spanning from
the EUV to 1.6 keV (<7.7 Å) are generated by
focusing 3.9-mmwavelength pulses from a table-
top femtosecond laser into a waveguide filled
with He gas (see Fig. 1). This represents an
extreme >5000-order nonlinear process while
also demonstrating fully phase-matched frequen-
cy upconversion. The multiatmosphere pressures
necessary for efficient x-ray generation also sup-
port laser beam self-confinement, enhancing the
x-ray yield by another order of magnitude. We
observe coherent, laserlike x-ray beams, despite
the fact that ultrahigh-harmonic generation oc-
curs in a regime where the laser-driven electrons
encounter many neighboring atoms before they
re-encounter their parent ions. Our calculations
indicate that the kilo–electron volt—bandwidth
coherent supercontinuum has a well-behaved
chirp that, when compensated, could support a
single–x-ray–cycle 2.5-attosecond pulse duration.
Finally, we show that in the kilo–electron volt re-
gion, a much higher-order nonlinear process is
required for phase matching than is required for
harmonic emission from a single atom.

In our experiment, six-cycle full width at half
maximum (FWHM) (80-fs) 10-mJ pulses, cen-
tered at a wavelength of 3.9 mm, are generated at
20 Hz as the idler output of an optical parametric
chirped-pulse amplification laser system (28, 29).
X-rays are generated by focusing the laser beam
into a 200-mm diameter, 5-cm-long, gas-filled hol-
lowwaveguide capable of sustaining pressures of
up to 80 atm in a differentially pumped geometry.
The HHG spectrum is then captured with the use
of a soft x-ray spectrometer and x-ray charge-
coupled device camera. Figure 1B shows the
phase-matched HHG emission from He, which
extends to >1.6 keV (<7.7 Å). The phase-matched
HHG cutoff energy agrees well with numerical
predictions plotted in Fig. 2A for 3.9-mm driving
lasers; that is, hnPM cutoff º lL

1.7 (25–27). This

bright x-ray supercontinuum is ideal for x-ray
spectroscopy measurements, spanning multiple
inner-shell absorption edges simultaneously (Fig.
1B and fig. S2), as has already been demonstrated
in the EUV region for HHG driven by multicycle
0.8-mm lasers where a quasi-continuous HHG
spectrum is emitted (15, 30, 31).

The x-ray flux from He scales quadratically
with pressure (number of emitters), as shown in
Fig. 1A, reaching a maximum at very high gas
pressures of ~35 atm, where both phase matching
and laser beam self-confinement are optimized.
At higher pressures, the x-ray flux decreases due
to reabsorption of the generated harmonics by the
high-pressure gas, as well as energy loss experi-
enced by the laser when coupling into the wave-
guide. Microscopically, quantum diffusion leads
to spreading of the electronwave packet, decreas-
ing the recombination probability and, thus, the
single-atom HHG yield (22–24), which scales
with the laser wavelength as ~lL

−6.5 under phase-

matched illumination. Specifically, the single-atom
HHG yield is ~3 × 105 smaller at 3.9 mm com-
pared with 0.8 mm. Fortunately, the low single-
atom yield can be compensated by coherently
combining HHG from a large number of emitters
(high gas density and medium length), which is
possible in part because the gas becomes in-
creasingly transparent at photon energies ap-
proaching the kilo–electron volt region. The HHG
signal builds up over a density-length product
comparable to the absorption depth of the x-ray
light, leading to nearly constant brightness of the
HHG emission from 0.3 to 1 keV. An approxi-
mate brightness of 105 photons per shot (corre-
sponding to 106 photons/s at 20 Hz) is observed
in a fractional bandwidth of 1% at 1 keV. Past
work successfully made use of 0.8-mm lasers to
demonstrate kilo–electron volt harmonics with
a ~1000-order nonlinear process but with much
reduced flux (four to five orders of magnitude
lower), because phase matching is not possible in
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the UV to the mid-IR. Solid circles show the observed cutoffs; open circles show the predicted cutoffs for Ar
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show the ionization potentials (Ip) of the different atoms. (C) Unified picture of optimal phase-matched
high-harmonic upconversion, including microscopic and macroscopic effects.

8 JUNE 2012 VOL 336 SCIENCE www.sciencemag.org1288

REPORTS

 o
n 

N
ov

em
be

r 2
9,

 2
01

2
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

mercredi 23 janvier 2013



Seeding and self-seeding at New Fel sources, ICTP, Trieste, italy, 10-12 Dec. 2012

HHG driven by mid-IR laser

III-Short wavelength seeding with HHG

the laser and high-order nonlinear polarization
propagate in phase (at the speed of light) through-
out amedium to ensure that theHHG light emitted
from many atoms adds coherently (1, 19, 20).
Phase matching is achieved by balancing the neu-
tral gas and free-electron plasma dispersion ex-
perienced by the laser and is only possible up to
some critical ionization level that depends on the
gas species and laser wavelength (fig. S1). Any
geometric contributions to the laser propagation
must also be considered (see supplementary text).
Because ionization increases with laser intensity,
the critical ionization limits the highest photon
energy for which phase matching can be imple-
mented. Recent work explored the wavelength
dependence of the HHG yield (21–24), which
scales as hnPM cutoffº lL

1.7 under phase-matched
conditions (25–27). Using 2-mm lasers (0.62-eV
photons) to drive HHG, bright harmonics extend
to >0.5 keV (26), demonstrating phase matching
of a >800-order nonlinear process (note that only
odd-order harmonics are emitted to conserve an-
gular momentum).

In this work, bright high-harmonic x-ray su-
percontinua with photon energies spanning from
the EUV to 1.6 keV (<7.7 Å) are generated by
focusing 3.9-mmwavelength pulses from a table-
top femtosecond laser into a waveguide filled
with He gas (see Fig. 1). This represents an
extreme >5000-order nonlinear process while
also demonstrating fully phase-matched frequen-
cy upconversion. The multiatmosphere pressures
necessary for efficient x-ray generation also sup-
port laser beam self-confinement, enhancing the
x-ray yield by another order of magnitude. We
observe coherent, laserlike x-ray beams, despite
the fact that ultrahigh-harmonic generation oc-
curs in a regime where the laser-driven electrons
encounter many neighboring atoms before they
re-encounter their parent ions. Our calculations
indicate that the kilo–electron volt—bandwidth
coherent supercontinuum has a well-behaved
chirp that, when compensated, could support a
single–x-ray–cycle 2.5-attosecond pulse duration.
Finally, we show that in the kilo–electron volt re-
gion, a much higher-order nonlinear process is
required for phase matching than is required for
harmonic emission from a single atom.

In our experiment, six-cycle full width at half
maximum (FWHM) (80-fs) 10-mJ pulses, cen-
tered at a wavelength of 3.9 mm, are generated at
20 Hz as the idler output of an optical parametric
chirped-pulse amplification laser system (28, 29).
X-rays are generated by focusing the laser beam
into a 200-mm diameter, 5-cm-long, gas-filled hol-
lowwaveguide capable of sustaining pressures of
up to 80 atm in a differentially pumped geometry.
The HHG spectrum is then captured with the use
of a soft x-ray spectrometer and x-ray charge-
coupled device camera. Figure 1B shows the
phase-matched HHG emission from He, which
extends to >1.6 keV (<7.7 Å). The phase-matched
HHG cutoff energy agrees well with numerical
predictions plotted in Fig. 2A for 3.9-mm driving
lasers; that is, hnPM cutoff º lL

1.7 (25–27). This

bright x-ray supercontinuum is ideal for x-ray
spectroscopy measurements, spanning multiple
inner-shell absorption edges simultaneously (Fig.
1B and fig. S2), as has already been demonstrated
in the EUV region for HHG driven by multicycle
0.8-mm lasers where a quasi-continuous HHG
spectrum is emitted (15, 30, 31).

The x-ray flux from He scales quadratically
with pressure (number of emitters), as shown in
Fig. 1A, reaching a maximum at very high gas
pressures of ~35 atm, where both phase matching
and laser beam self-confinement are optimized.
At higher pressures, the x-ray flux decreases due
to reabsorption of the generated harmonics by the
high-pressure gas, as well as energy loss experi-
enced by the laser when coupling into the wave-
guide. Microscopically, quantum diffusion leads
to spreading of the electronwave packet, decreas-
ing the recombination probability and, thus, the
single-atom HHG yield (22–24), which scales
with the laser wavelength as ~lL

−6.5 under phase-

matched illumination. Specifically, the single-atom
HHG yield is ~3 × 105 smaller at 3.9 mm com-
pared with 0.8 mm. Fortunately, the low single-
atom yield can be compensated by coherently
combining HHG from a large number of emitters
(high gas density and medium length), which is
possible in part because the gas becomes in-
creasingly transparent at photon energies ap-
proaching the kilo–electron volt region. The HHG
signal builds up over a density-length product
comparable to the absorption depth of the x-ray
light, leading to nearly constant brightness of the
HHG emission from 0.3 to 1 keV. An approxi-
mate brightness of 105 photons per shot (corre-
sponding to 106 photons/s at 20 Hz) is observed
in a fractional bandwidth of 1% at 1 keV. Past
work successfully made use of 0.8-mm lasers to
demonstrate kilo–electron volt harmonics with
a ~1000-order nonlinear process but with much
reduced flux (four to five orders of magnitude
lower), because phase matching is not possible in
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Fig. 2. (A) Predicted and observed HHG phase-matching cutoffs as a function of laser wavelength from
the UV to the mid-IR. Solid circles show the observed cutoffs; open circles show the predicted cutoffs for Ar
and Ne [which cannot be reached due to inner-shell absorption, as shown in (B)]. Solid squares on the left
show the ionization potentials (Ip) of the different atoms. (C) Unified picture of optimal phase-matched
high-harmonic upconversion, including microscopic and macroscopic effects.
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Flux : orders of magnitude

Laser (10 kHz reprate)  wavelength / energy per pulse
0.8 µm / 2 mJ
1.6 µm / 1 mJ
3.0 µm / 1 mJ (extrapolation)

(origin	
  graphs	
  by	
  BC	
  )

III-Short wavelength seeding with HHG
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Flux : orders of magnitude

III-Short wavelength seeding with HHG
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Polarization

Elliptically Polarized High-Order Harmonic Emission from Molecules in Linearly Polarized Laser Fields
X. Zhou, R. Lock, N. Wagner, W. Li, H. C. Kapteyn, and M. M. Murnane, PRL 102, 073902 (2009)

Ellip&city	
  close	
  to	
  0.4	
  in	
  N2

	
  

III-Short wavelength seeding with HHG

cannot be explained with single active electron model and strong field approximation
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High Harmonic Spectroscopy of Multichannel Dynamics in Strong-Field Ionization
Y. Mairesse, J. Higuet, N. Dudovich, D. Shafir, B. Fabre, E. Mével, E. Constant, S. Patchkovskii, Z. Walters, M.Yu. Ivanov, and O. Smirnova, PRL 104, 213601 
(2010)

Ellip&city	
  close	
  to	
  0.4	
  in	
  N2

III-Short wavelength seeding with HHG

Polarization
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III-Short wavelength seeding with HHG

High Harmonic Generation on solid target

3 µJ @3 keV, B. Dromey.  et al, Phys. Rev. Lett.  99 (2007) 085001
B. Dromey. et al. Nature Physics  2 (2006) 456

3.3 Å (3.8 keV), Harmonic order > 3200
4 ° cone emission (13° halo)

Intense laser pulse interacting with a near discontinuous plasma-vacuum boundary 
=> the laser electric field can efficiently couple to the plasma surface 
=> the electrons	

oscillate in phase  : relativistic mirror oscillating at the laser	

 frequency. 
Position of this mirror surface  :  temporal function of the incident optical laser cycle => the 
phase of the reflected light wave is modulated => no longer sinusoidal => high order 
harmonics content

The relativistic exponent derived from the data is Prel !
2:55"#0:25;$0:15%, demonstrating the slow decay to high
orders that is essential for efficient attosecond production.
At the highest orders the efficiency scaling is characterized
by a departure from the scaling given by Eq. (2). The exact
position of this rollover is found to be intensity dependent
and is defined here as the point where the fitting parameter
p > 2:8 relative to n ! 1200. Using this definition we
obtain nRO & 2600 and &3000 for incident intensities of
1.5 and 2:5' 1020 W cm$2, respectively.

For our experimental conditions we estimate !max !
10; . . . ; 13 which would correspond to a value of nRO &
500 based on the rollover at nRO & 4!2

max derived from the
moving mirror model. From the results presented in Fig. 1,
it is clear that the onset of this rollover regime begins at
much higher orders with nRO > 3000 for "2:5( 0:5% '
1020 W cm$2. These measurements are, however, in good
agreement with most recent theory [16], which predicts
nRO ) 81=2!2

max, based on interpreting the x-ray harmonic
generation process as being due to the sharp spikes in the
relativistic ! factor of the plasma surface described above.
As shown in Fig. 2 the dependence of nRO is also consistent
with the highest observed harmonics from previous
measurements [25].

As stated above the observation of nRO ) 81=2!3
max is

consistent only with the emission of attosecond radiation

bursts (a pulse train under the conditions of this experi-
ment). Therefore our measurements imply conversion effi-
ciencies as high as &10$5 (h"> 1 keV) and &10$2

(h"> 20 eV) into an attosecond pulse train. Based on
the results presented in this Letter and current theory, it
should in principle be possible to generate 10 keV zepto-
second pulses [2] with conversion efficiency of >10$7

using intensities &7' 1020 W cm$2—a level readily
achievable with the current generation of lasers. The ex-
perimentally observed signal is consistent with harmonic
energies of &17 #J at 1200th (1.4 keV) and &5 #J at
2600th (3.1 keV) in 1% bandwidth, respectively. This is
comparable to the state of the art at even the largest
facilities for coherent x-ray generation at such energies.

For high pulse contrast and smooth (few nanometer
surface roughness) CH targets, the HOHG signal >1 keV
is observed to be emitted into a cone angle &4* full width
at half maximum (FWHM) with a low-intensity halo of
&13* (Fig. 3). This 4* cone is consistent with harmonics
being reflected from a surface with a small amount of
curvature induced by the laser ponderomotive pressure
[28]. Assuming that the beam divergence is primarily
determined by surface curvature, it is possible that the
observed beam corresponds to a near diffraction limited,
highly focusable beam. Using shorter pulses would sub-
stantially reduce the surface denting for a given intensity
and is consequently expected to lead to reduced beam
divergence. The low-intensity halo is likely due to surface
roughness. These observations are indicative of strong
smoothing of the initial interaction surface due to plasma
expansion and/or Lorentz contraction. The total energy in
the angularly integrated signal is estimated to be consistent
with that expected from the power-law efficiency scaling
[Eq. (1)] to within experimental uncertainties, which are

FIG. 2. Comparison of the 81=2!3 (solid line) and 4!2 (dashed
line) scaling for the maximum relativistic limit harmonic order
nRO with experimentally observed data. The 81=2!3 scaling is
clearly a better fit to the highest observed harmonic from
previous experiments (!) [26], and the two values of nRO pre-
sented in this Letter ("). The rapid scaling of nRO with intensity
allows the extension of attosecond and zeptosecond pulse gen-
eration to subangstrom wavelengths with realistic lasers.

FIG. 1 (color online). The relative intensity of the harmonic
spectra for two intensities: (a) "1:5( 0:3% ' 1020 W cm$2 [gray
(red) trace] and (b) "2:5( 0:5% ' 1020 W cm$2 [black (blue)
trace]. Spectra are integrated along the spatial dimension and
normalized at the 1200th harmonic ( & 1:4 keV, 8.8 Å). The
lines are fits to the data such that I"n%=I"1200% ! n$p=1200$p,
where p is the fitting parameter. The best fit (solid line) is for a
value of Prel ! 2:55 for (a) in the range 1.2–3 keV and (b) in the
range 1.2–3.5 keV, and is consistent with that expected for
harmonic generation in the relativistic limit. The dashed lines
represent p ! 2:4 and p ! 2:8 scaling, as labeled. Error bars
[gray (red) ends for red trace, black (blue) ends for blue trace)]
represent the uncertainty in the relative signal strength arising
from the detector and filter transmission, taking into account the
individual uncertainty in each of the relevant quantities. The
absence of strong modulation in the spectra is due to the limited
resolution of the crystal spectrometer used.

PRL 99, 085001 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
24 AUGUST 2007

085001-3

Vulcan PW laser (600 J, 500 fs)
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Figure 4 Harmonic spectra from plasma mirrors. a, Experimental spectra
obtained by focusing high-intensity high-contrast 60 fs pulses on plastic and silica
targets, for two laser intensities. The relative positions of the curves are arbitrary.
b, Harmonic spectra from PIC simulations, for two different laser intensities, and a
fixed plasma density nmax = 220× nc.

character, and can therefore radiate light40. Because this light
emission is triggered once every optical cycle by returning Brunel
electrons, the emitted spectrum consists of harmonics of the
incident frequency. These harmonics extend as far as the maximum
plasma frequency, ωmax

p , of the target, and hence up to the order
pCWE =√

nmax/nc, where nmax is the maximum plasma density. With
typical values of nmax of a few hundred times nc, this spectrum thus
reaches into the extreme-ultraviolet regime.

This essential prediction of the CWE model is directly
confirmed by Fig. 4a. The two lower curves show experimental
harmonic spectra generated on silica and plastic targets at an
intensity of about 3 × 1018 W cm−2. In both cases, the maximum
harmonic frequency corresponds to the expected maximum plasma
frequency, ωmax

p , for fully ionized solid-density targets. A similar
agreement has been obtained from aluminium and gold targets
(see Supplementary Information, Fig. S4). This is crucial evidence
for the CWE mechanism, which strongly reinforces the results
presented in ref. 31.

For this mode conversion to be efficient, phase-matching
between the plasma oscillations and the outgoing electromagnetic
modes at the plasma vacuum interface is required. Such phase-
matching can be shown to be fulfilled when k is parallel
to the surface31,41,42. Because k is gradually rotating, this only
occurs transiently, in a few-hundred-attosecond window following
excitation by each electron burst (Fig. 3d): extreme-ultraviolet light
is hence emitted in the form of a train of attosecond pulses. In
analogy with the reflection of light pulses on ‘chirped mirrors’
used in conventional optics43, each frequency, ω, originates from
a different depth in the density gradient, where ωp(x) = ω, and
these attosecond pulses have a positive chirp progressively drifting
to higher frequencies.

0 1 2 3
Time (optical periods)

Incident field

Reflected field

Filtered reflected field 
amplitude (H35 to 65)

a

b

Figure 5 Relativistic oscillating mirror mechanism. a, Schematic diagram of the
process. The solid and dashed lines show wavefronts of the incident and departing
laser beam, corresponding respectively to minima and maxima of the electric field.
b, Total electric field reflected by a ROM (red curve), and intensity envelope of the
spectrally filtered radiation (from harmonics 35 to 65, black curve).

Harmonics produced by CWE now provide a direct way to
investigate the dynamics of plasma mirrors driven at high intensity,
and especially of Brunel electrons. Besides, PIC simulations predict
that CWE has a typical conversion efficiency of 10−4 (ref. 31).
Sources of extreme-ultraviolet and attosecond pulses in the
25–80 nm range with low divergence (down to a few milliradians),
and energies in the 100 µJ range, could thus now be obtained by
loosely focusing multi-TW laser pulses beyond a few 1015 W cm−2

on solid targets.

RELATIVISTIC OSCILLATING MIRROR

When the laser intensity is increased further, beyond a few
1018 W cm−2 at visible wavelengths, the laser-driven motion of the
plasma surface becomes relativistic, leading to strong Doppler shifts
of the laser light. As this oscillating surface chases the retreating
optical phase fronts, it compresses the reflected electromagnetic
field, distorting it from its original sinusoid (Fig. 5a,b). As this
phase distortion repeats itself with the periodicity of the driving
laser field, harmonics of the incident frequency then appear in
the reflected beam. As shown in Fig. 5b, this harmonic comb
is again associated with a train of attosecond pulses, each pulse

nature physics VOL 3 JUNE 2007 www.nature.com/naturephysics 427

!"#$#%&'()***+ ),-.-/01*))2+02/.*34

C. Thaury et al. , Nature Physics 3, 2007, 424-429
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IV-Tuneable Kagome fibre-based UV seeding source

Kagome fiber source
 Medium : kagome hollow-core photonic crystal fibre filled with noble gas.

N.Y. Joly, et al., "Bright spatially coherent wavelength tunable deep UV laser source using an Ar-ˇfilled photonic crystal fibre," PRL 106, 203901 (2011)
P. Hölzer et al., Femtosecond non linear fiber optics in the ionization regime, PRL 107, 203901 (2011)
J. Travers, W. Chang, J. Nold, N. Y. Joly, P. S. J. Russel, Ultrafast nonlinear opitcs in gas-filled hollow-cre photonic crystal fibers, J. Opt. Soc. Am. B 28 (12), A11-
A26 (2011)

20 µm

20 cm Kagomé fibregas cell gas cell

towards experiments

Argon
TiSa amplified system
[ 30 fs @ 800 nm]

Diffraction-limited DUV pulses of >50 nJ,  fs-duration,  continuously tunable from below 200 nm to above 300 nm
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IV-Tuneable Kagome fibre-based UV seeding source

Hollow core family

fibre kagomébandgap fiber
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IV-Tuneable Kagome fibre-based UV seeding source

Hollow core family

fibre kagomébandgap fiber
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IV-Tuneable Kagome fibre-based UV seeding source

Hollow core family

fibre kagomébandgap fiber

Kagomé basket [かごめ]
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IV-Tuneable Kagome fibre-based UV seeding source

Hollow core family

fibre kagomébandgap fiber
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IV-Tuneable Kagome fibre-based UV seeding source

Hollow core family

fibre kagomébandgap fiber
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IV-Tuneable Kagome fibre-based UV seeding source

Hollow core family

fibre kagomébandgap fiber
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IV-Tuneable Kagome fibre-based UV seeding source

Hollow core family

fibre kagomébandgap fiber

In hollow-core photonic crystal fibres (HC-PCF), light propagates in an effectively 
diffractionless manner, and can then interact efficiently with any material filling the core 
region
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IV-Tuneable Kagome fibre-based UV seeding source

Hollow core family

fibre kagomébandgap fiber

• narrow transmission band
• low loss (dB/km)
• strong variation of dispersion 

over the transmission band

• no bandgap
• large spectral transmission
• high loss (dB/m)
• very low dispersion

In hollow-core photonic crystal fibres (HC-PCF), light propagates in an effectively 
diffractionless manner, and can then interact efficiently with any material filling the core 
region
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IV-Tuneable Kagome fibre-based UV seeding source

very broad band transmission trasnmission 
associated to ultra-low dispersion
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Analytical form for the dispersion

Cladding
resonnance

=> nonlinear effects and especially spectral broadening 
Modelling : non linear Schrödinger equation including the non linear contribution 
of the gas (refractive index, effective area of the core)
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IV-Tuneable Kagome fibre-based UV seeding source

very broad band transmission trasnmission 
associated to ultra-low dispersion
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N = 1

0
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-1.5
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distance [ z / L
sol  ]

IV-Tuneable Kagome fibre-based UV seeding source

Soliton effect
In ideal case (only one term of dispersion + Kerr effect) we can have soliton. Its order is N.

Dispersion length

Nonlinear length
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IV-Tuneable Kagome fibre-based UV seeding source

Soliton effect
In ideal case (only one term of dispersion + Kerr effect) we can have soliton. Its order is N.
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IV-Tuneable Kagome fibre-based UV seeding source

Dispersion wave emission

Modelling : non linear Schrödinger equation including the non linear contribution of the gas 
(refractive index, effective area of the core)

 When the self compression reaches a few cycles (10 fs), it emits resonant dispersive wave at phase-matched 
wavelength in the UV spectral range 
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IV-Tuneable Kagome fibre-based UV seeding source

Dispersion wave emission

Modelling : non linear Schrödinger equation including the non linear contribution of the gas 
(refractive index, effective area of the core)

 When the self compression reaches a few cycles (10 fs), it emits resonant dispersive wave at phase-matched 
wavelength in the UV spectral range 
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Kagome fiber source properties
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IV-Tuneable Kagome fibre-based UV seeding source

Influence of the input pulse duration 

1600 700 450 430 270 230
Wavelength (nm)

The quality of the compression is inversely proportional to the soliton order
=>, the quality of the generated band is then strongly affected by N
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IV-Tuneable Kagome fibre-based UV seeding source

Influence of the input pulse duration 

0.2 1.00.6 1.4

1

2

3

Frequency (PHz)

Di
st
an

ce
 [
L/

L fi
ss
]

0.8 1.0 1.2 1.4

Frequency (PHz)

1600 700 450 430 270 230
Wavelength (nm)

The quality of the compression is inversely proportional to the soliton order
=>, the quality of the generated band is then strongly affected by N

mercredi 23 janvier 2013



Seeding and self-seeding at New Fel sources, ICTP, Trieste, italy, 10-12 Dec. 2012

IV-Tuneable Kagome fibre-based UV seeding source

Influence of the input pulse duration 
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=> the longer the pulse duration, the less clean is the emerging UV band

mercredi 23 janvier 2013



Seeding and self-seeding at New Fel sources, ICTP, Trieste, italy, 10-12 Dec. 2012

IV-Tuneable Kagome fibre-based UV seeding source

Influence of the input pulse duration 

0.2 1.00.6 1.4

1

2

3

Frequency (PHz)

Di
st
an

ce
 [
L/

L fi
ss
]

0.8 1.0 1.2 1.4

Frequency (PHz)

1600 700 450 430 270 230
Wavelength (nm)

=> the longer the pulse duration, the less clean is the emerging UV band

mercredi 23 janvier 2013



Seeding and self-seeding at New Fel sources, ICTP, Trieste, italy, 10-12 Dec. 2012

IV-Tuneable Kagome fibre-based UV seeding source

Influence of the input pulse duration 
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=> Ideally, pulses <60 fs should be used

mercredi 23 janvier 2013



Seeding and self-seeding at New Fel sources, ICTP, Trieste, italy, 10-12 Dec. 2012

IV-Tuneable Kagome fibre-based UV seeding source

Proposed experiment at SPARC 

SPARC (Frascati, Italy), 176 MeV, 
50 A, 1 π mm.mrad, 0.01%
Kagome fiber UV at 275 nm, 10 
nJ, 10 fs, 1 MW
 => FEL at 280 nm

First stage: compress the pulse (10 cm Ar-filled Kagome), second stage : 2 cm Kr filled (37 µm core) for generation of the UV. 

Seeding of SPARC-FEL with a Tunable Fibre-based 
source, N. Joly et al, TUPD17, Proceedings FEL conf, 
Nara, Japan, 2012

2 cm Kr-filled fibre
(37µm core diam.)

chirped 
mirror

10 cm Ar-filled fibre
(27µm core diam.)
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Conclusion

Conclusion

Seeding : control of FEL performances via the seed (pulse duration... 
attosecond? ..., stability...)

Compactness

Use of different seeds (short wavelength, tuneable Kagome-fiber) with 
various frequency up-conversion schemes => short wavelengt FEL

Combination of seeds of different type (echo, TMC...)

Complementary of the seeding source and the FEL on the same site
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Seeding and self-seeding at New Fel sources, ICTP, Trieste, italy, 10-12 Dec. 2012

Complementarity CLA / LWFA : 
CLA high repetition rate, high reliability, LWFA : ultra-short electron bunch, compacity

40-4 nm, 20 fs and shorter
Beyond third generation light source (undulator spontaneous emission, partial transverse coherence), 

progress towards advanced fourth generation (4G+) light sources (coherent emission, temporal and 
transverse coherence,  femtoseconde pulses, high brilliance) via the latest free electron laser seeding 
schemes and electron photon interaction, to be validated by pilot user experiments, 
=> Demonstration of echo at short wavelength
=>  FEL physics
=> Advanced design of FEL source for improved performances, associated with cost and size reduction
and towards fifth generation (5G) (Conventional Linac replaced by a LWFA), FEL being viewed as a 
qualifying LWFA application  : evaluation of the LWFA performances in «operation-like» conditions (cf EuRRONAc objectives)
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free electron Laser Using a New accelerator for the Exploitation of X-ray radiation of 5th generation

Combination of different seeds : ex of LUNEX5 

Conclusion
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