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Seeded single pass free-electron lasers are promising coherent, short-duration, and intense light

sources, from the visible to x rays. Operated with adjustable undulators, they are also a unique device

for providing fully variable polarized radiation. We report here the first seeding of helical undulators with

a variable polarized source. We demonstrate that the adjustment of the seed polarization and focusing

allows the free-electron laser radiation to be optimized in terms of intensity and quality.
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Electronic and structural properties of matter are often
investigated using short wavelength coherent pulsed radia-
tion. Users select the light source according to the required
properties, such as pulse duration, coherence, or polariza-
tion. X-ray lasers produce discrete spectral line radiation
down to 5.8 nm [1] with a limited spatial coherence [2].
High order harmonics can be generated by focusing an
intense laser on rare gas [3] or on solid targets [4], provid-
ing tunable coherent radiation down to the water window
[5,6] with a pulse duration reaching the attosecond range
[7]. Because of the involved intrinsic physical process,
such sources cannot give a fully adjustable polarization
[8–10]. A postconversion scheme can be applied to radia-
tion down to 120 nm according to the further developments
on optics for shorter wavelengths based on multilayer
systems [11]. Accelerator-based bending magnet synchro-
tron radiation offered the first tunable polarization source.
Then the advent of various magnetic schemes of undulators
[12–15] on third-generation synchrotron sources enabled
the delivery of intense, spatially coherent synchrotron
radiation pulses down to x rays with high repetition rate
variable polarization. The free-electron lasers (FELs),
based on the amplification, along an undulator, of an
optical wave in a relativistic electron beam, lead to similar
polarization flexibility [16,17] together with shorter dura-
tion and higher intensity pulses. The self-amplified sponta-
neous emission (SASE) FEL [18], starting from noise, has
a limited temporal coherence, due to the absence of corre-
lation of the different radiation trains. The coherent har-
monic generation (CHG) FEL is an improved alternative,
using an external laser source [19–21] or high harmonics in
gas [22] for seeding which correlates the trains. In both low
and high gain regimes, the interaction of the electrons with
the external source injected inside a first undulator (called
the modulator) tuned to the laser wavelength induces an
energy modulation. This modulation is converted in a
dispersive section (or a drift space) into a density modula-
tion which leads to coherent emission in a second undu-
lator (called the radiator). The FEL reproduces the coher-

ence of the injected source, and its polarization is deter-
mined by the magnetic arrangement of the radiator: Planar
to helical undulators drive linear to circular polarizations.
Operated with adjustable undulators, the CHG FEL fi-

nally appears as a unique candidate for providing really
flexible polarized light of high quality. Thus, based on the
same interaction process, low gain CHG FELs usually re-
quire high seeding power and are limited to the vacuum ul-
traviolet range while high gain devices, thanks to a strong
exponential growth, can radiate down to the soft-x-ray
range, required for probing symmetry properties of matter
[23–25]. Experiments are already foreseen on the future
high gain FEL devices aiming at delivering subpicosecond
subnanometer pulses with variable polarization such as
BESSY-FEL [26] and FERMI [27]. CHG has been per-
formed using linear polarized lasers for seeding both pla-
nar and helical undulators [28,29]. In this Letter, we report
on the first optimization of a seeding source for helical un-
dulators. We show that the FEL radiation properties can be
significantly improved via the adjustment of the seed po-
larization and focusing. The measured FEL behaviors are
understood using a simple 1D analytical model and further
confirmed using the 3D numerical code GENESIS [30].
The experiments were performed on the CHG FEL of

the UVSOR-II storage ring [28] (Okazaki, Japan). A basic
scheme of the setup is presented in Fig. 1. The modulator,
the radiator, and the dispersive section are combined in a
single structure called an optical klystron [31]. Each ele-
ment consists of magnet arrays assembled in three lanes,
creating vertical and horizontal magnetic fields. The shift-
ing of the lanes changes the phase between the vertical and
horizontal components and tunes the total magnetic field
from planar to helical [32], driving the radiation polariza-
tion from linear to circular. Here, the optical klystron is set
in the helical configuration. A femtosecond laser system at
800 nm is focused inside the optical klystron with two
possible Rayleigh length ZR values. This setup enables us
to study the influence of the seed focusing on the harmonic
generation process. A quarter-wavelength plate on the laser
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beam gradually tunes the seeding laser polarization from
linear to circular for the CHG optimization with the seed-
ing laser polarization. When the seeding laser and the
electron beam overlap temporally, second and third har-
monics are generated (respectively, at 400 and 266 nm),
exhibiting clear enhancement with respect to the sponta-
neous emission, due to the additional coherent photons.
The measured efficiency of the harmonic generation is
evaluated using the ratio R ¼ ðcoherent emissionÞ=
ðspontaneous emissionÞ.

Circles (�) in Fig. 2 show the intensity of the coherent
second harmonic as a function of the quarter-wavelength
plate angle � (between incident linear polarization and the
phase plate ordinary axis), i.e., of the seeding laser polar-
ization. When the angle is set to � ¼ 0�, the laser keeps its
initial linear polarization. Second-harmonic generation is
thus performed with a low efficiency (R ¼ 0:2). The in-
tensity reaches a maximum for a circular polarization of
the laser (Cþ , � ¼ 135�) (R � 0:8). For a circular polar-
ization in the opposite direction (C� , � ¼ 45�), the co-
herent emission vanishes. For an elliptical polarization of
the seeding laser (intermediate �), the coherent harmonic
intensity remains below the maximum. This behavior can
be interpreted using a 1D analytical model as follows.

Within an undulator in helical configuration, the electron
beam describes a helix around the magnetic axis at the

normalized velocity ~�e. The helix turns in a direction (þ)
opposite to the helical magnetic field direction. At the

waist position, the seeding laser electric field ~EL at fre-
quency !L ¼ kLc propagating in the z direction is

~EL ¼ j ~ELj½sinð�Þ cosðkLz�!LtÞ ~ex
þ cosð�Þ sinðkLz�!LtÞ ~ey�; (1)

with a polarization angle � and an amplitude

j ~ELj / ½PLe
�t2=2�2

Lf�1
rep�

�1
L Z�1

R �1=2: (2)

which depends on its average power PL, repetition rate

frep, and Rayleigh length ZR. The term e�t2=2�2
L represents

the Gaussian intensity profile in the time domain (t), with
rms pulse duration �L [i.e., FWHM ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 lnð2Þp

�L]. With
� ¼ 135�, the polarization turns in the (þ) direction and
with � ¼ 45� in the opposite (�) direction. Along the
modulator, the electrons and the seeded laser exchange
an energy:

�� ¼ � e

mc

Z

Lmod

~ELð�Þ � ~�edt; (3)

which is maximum for � ¼ 135�, i.e., when the polariza-
tion of the laser is circular and turning in the same direction
as the electron beam velocity, and null for � ¼ 45�. The
variation of the seeding polarization optimizes the cou-
pling between the laser and the electron beam inside the
modulator, enhancing the energy exchange. This energy
exchange further drives an energy modulation of the elec-
tron beamwith a maximum amplitude��, converted into a
phase modulation: �� ¼ 4�ðN þ NdÞ��=�, as the elec-
tron beam passes through the dispersive section. N and Nd

[33] are the numbers of, respectively, the modulator and
the equivalent dispersive section periods. The distribution
is bunched at the seeding laser fundamental wavelength �L

and its harmonics �L=2; �L=3; . . . with the bunching func-
tions bn:

bn ¼ fnJnðn��Þ; (4)

with Jn standing for the Bessel function of order n and

fn ¼ e�8½n�ðNþNdÞ���2 for the modulation rate depending
on the relative energy spread ��. The ratio R0 of coherent

emission in the radiator integrated along the laser distribu-
tion is finally given by

R0 ¼
Z

NeCnJ
2
nðn��Þdt; R ¼ fdetR0: (5)

Ne is the number of electrons contributing to the coherent
emission, while Cn includes 3D effects [34]. The effect of
the detector integration of the signal over time and spec-
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FIG. 2. R=Rmax of the second coherent harmonic versus the
angle of the QWP. (�) Experimental data with error bars of
10% corresponding to the intensity fluctuation mainly due to the
laser transport [measurement with a photomultiplier (R928,
Hamamatsu)]. Line: Calculation using Eq. (5). PL ¼ 0:84 W,

�L ¼ 425 fs, ZR ¼ 1:5 m. fdet ¼ �L

�e

��Las

��SE
¼ 3:16� 10�4, �e ¼

90 ps rms, the bunch length, ��Las ¼ 1:5 nm (respectively,
��SE ¼ 22 nm) the spectral width of the coherent harmonic
(respectively, spontaneous emission). (L): linear; (Cþ=�): cir-
cular polarization.
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FIG. 1. Schematic of a CHG FEL in helical configuration.
UVSOR-II electron beam: normalized energy � ¼ 978; relative
energy spread �� ¼ 2:8� 10�4. Modulator and radiator: 9 peri-

ods of 11 cm with a deflection parameter 3.8. Dispersive section:
Nd ¼ 70 equivalent periods. Seeding laser: Ti:sapphire system
(Coherent) delivering 1 ps-FWHM, 2.5 mJ pulses at 1 kHz with
focusing configuration: (a) ZR ¼ 0:15 m with (LS) a 5 m focus-
ing lens (waist: 200 	m); (b) ZR ¼ 1:5 m with (LL1) a 1 m
focusing lens and (LL2) a 0.5 m defocusing lens (waist:
600 	m). Waist position: at the end of the modulator.
QWP: quarter-wavelength plate. FM: flat mirrors.

PRL 101, 164803 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

17 OCTOBER 2008

164803-2



trum is considered in the fdet factor (see Fig. 2). In agree-
ment with the experimental results of Fig. 2, the ratio of
coherent emission R calculated using Eq. (5) also leads to a
maximum when the seeding laser polarization vector
matches the electron beam velocity vector, i.e., when it is
circular with the proper direction. Furthermore, coherent
emission is canceled in the case of the opposite direction.
We have demonstrated that, in the case of helical undula-
tors, the intensity of the circular polarized coherent har-
monic can be optimized with the seeding laser polar-
ization. In addition, since both the seeding laser polariza-
tion (via the quarter-wavelength plate) and the undulator
configuration (via the phase of the lanes) can be tuned,
such a setup can be used to provide an optimized coherent
light with a full variable polarization.

We then measured the intensity of the second harmonic
versus � for short ZR and different seeding powers PL as
presented in Fig. 3. The increase of PL leads to an enhance-
ment of ��, the FWHM of the plots. In addition, the top of
the plot flattens. According to Eq. (5), the intensity ratio R
depends on the laser power via the argument of the Bessel
functions, proportional to the bunching function. The
Bessel functions are not continuously increasing: They
reach a maximum at n�� ¼ 1:89. Once this optimum is
passed, Jn and bn decrease, corresponding to a degradation
of the bunching, and, accordingly, R decreases. In the case
of high seeding power, maximum energy exchange with
matched polarization gives an n�� beyond the optimum.
A detuned polarization (slightly elliptical, for instance)
reduces the energy exchange and avoids an overbunching
of the electron beam and the subsequent decrease of R. In
agreement with the experimental results, the new opti-
mized polarizations are shifted towards elliptic cases,
which enlarges and flattens the top of the plots. The analy-
sis of the intensity variation versus � in Fig. 3 reveals that
overbunching is driven at high seeding power.

Additional measurements and analytical calculations of
�� and R, for several PL in the two focusing configura-
tions, are given in Table I. The tendency presented in the

example of Fig. 3 is fully confirmed: In both focusing
conditions, the seeding power increase causes a net broad-
ening of the plots. Discrepancies between experiments and
model (��expt >��model) can result from the 1D approxi-

mation of the model, which does not completely take into
account either the transverse dimensions of the beams or
the evolution along the undulator. The seeding power in-
crease also enables stronger coherent emission. The maxi-
mum ratio R is reached with maximum PL, and the
harmonic generation is more efficient using a short ZR.
The calculations predict similar evolution: A long ZR

favors the process in terms of number of photons, but the
calculated stronger enhancement of the CHG and satura-
tion beyond 0.4 W using the short ZR could not be ob-
served. In addition, with large PL and long ZR, �� is
narrower than with the short ZR, indicating that the distri-
bution is less ‘‘debunched,’’ i.e., degraded. The enhance-
ment of the fluctuations from �10% using the long ZR

(see Fig. 2) to �30% using the short ZR (see Fig. 3)
reinforces the conclusion that the strong focusing may
cause degradation of the radiation quality, here in terms
of stability, and the bunching profile.
The focusing mode influence is verified with the 3D

numerical code GENESIS [30], which takes into account
the varying geometry of the interaction related to the laser
and electron beam sizes evolution along the undulator. The
laser beam size is defined by the ZR and the electron beam
size by the lattice functions. The simulations have been
performed on the fundamental using a linear polarized
seeding laser (imposed by the input field format), but the
results can be applied to the case of a circular polarized
seeding laser and for the higher harmonics. Indeed, accord-
ing to Eq. (3) and to the results of Fig. 3, the circular po-
larization allows a more efficient energy exchange which
can be compensated for a linear polarization by the use of a
higher PL, and, according to Eq. (4), the harmonic behav-
ior is scaled to the fundamental’s. Figures 4(a)–4(c) show
bunching profiles b1 on the fundamental for different ZR

using PL ¼ 10 MW. For ZR ¼ 3 m [Fig. 4(b)], the profile
is smooth and Gaussian. For a longer ZR [Fig. 4(c)], the
profile is still Gaussian with a lower maximum value. For a
shorter ZR [Fig. 4(a)], the profile is concave with maxima
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FIG. 3. R=Rmax on the second harmonic versus �. �L ¼ 425 fs
rms, ZR ¼ 0:15 m. (�, �) Experiment (with error bars of 30%
corresponding to the intensity fluctuation mainly due to the laser
transport) and (continuous line, dashed line) calculation [based
on Eq. (5), fdet ¼ 3:16� 10�4]. � and continuous line with
PL ¼ 0:05 W, � and dashed line with PL ¼ 0:32 W.

TABLE I. Width�� and maximum R of the plots versus � (see
Fig. 2) for various PL and ZR. Expt: experiment, Theor: cal-
culation using Eq. (5), fdet ¼ 3:16� 10�4. �� is reduced by
factor 0.4 to take into account the seed laser transport losses and
transverse overlap with the electron beam.

PL (W) ZR (m) �� (deg): Theor:jExpt: R: Theor:jExpt:
0.05 0.15 68j68 0:20j0:54
0.13 0.15 78j136 0:74j0:74
0.32 0.15 116j140 1:08j0:86
0.55 0.15 132j147 1:08j1:05
0.84 1.5 73j73 0:50j0:82
1.48 1.5 84j128 0:91j1:26
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reached on the edges, revealing that the distribution is
debunched. A short ZR can lead to a degradation of the
bunching profile as shown previously. The coherent output
power on the fundamental as a function of ZR exhibits an
optimum which depends on PL (see Fig. 4). The seeding
power decrease can be compensated by a ZR increase,
which maintains the maximum available energy exchange
[see Eq. (3)], i.e., the maximum available output coherent
power. The influence of ZR on the FEL temporal properties
is estimated via the spectrum width on the fundamental,
also plotted in Fig. 4. As for the output power, the FEL
spectral width shows an optimum (a minimum) in ZR.
Using a strong power and a strong focusing mode can
even, as a result of a strong debunching, generate substruc-
tures in the spectrum [see Fig. 4(d)]. Indeed, sidebands
have been observed in the spectrum of an oscillator FEL
[35] for high intracavity optical power and of a SASE FEL
when ‘‘debunching’’ starts in the postsaturation regime
[36]. According to these results, the CHG FEL can be
optimized in terms of output intensity and temporal prop-
erties using ZR.

In conclusion, we demonstrated that the seeded FEL on
UVSOR-II can be optimized using the seeding laser polar-
ization and focusing mode. The analysis of the polarization
dependence reveals that overbunching driven by strong
seeding power could be reduced by smoothing the seeding
laser focusing. The experimental results are explained by
both analytical model and 3D simulations. The results
obtained here in the small-gain regime can be applied to
any seeded FEL configurations, since all rely on a similar
energy exchange initial step, which include the next gen-
eration CHG FELs, such as SPARC, SPARX [37], and

FLASH [38], and, in particular, those aiming at delivering
�10 fs pulses with variable polarization in the nanometer
range such as BESSY and FERMI.
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FIG. 4. GENESIS simulation of the UVSOR-II CHG FEL on the
fundamental at the radiator exit. Peak power (solid marker) and
FWHM spectral width (empty marker) vs ZR. Insets: b1 along
the electronic distribution for (a) ZR ¼ 0:1 m, (b) ZR ¼ 3 m,
and (c) ZR ¼ 10 m using PL ¼ 10 MW; (d) FEL spectrum on
the fundamental using ZR ¼ 2 m and PL ¼ 1 GW. Other pa-
rameters are given in Fig. 1.
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