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Seeded free-electron lasers (FELs) are among the future fourth-generation light sources in the vacuum

ultraviolet and x-ray spectral regions. We analyze the seed temporal coherence preservation in the case of

coherent harmonic generation FELs, including spectral narrowing and structure degradation. Indeed, the

electron synchrotron motion driven by the seeding laser can cause sideband growth in the FEL spectrum.
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Single pass free-electron lasers (FELs) are part of the
next-generation light sources delivering short pulses in the
vacuum ultraviolet to x-ray range for scientific applica-
tions, with improved coherence and intensity compared to
the third-generation storage ring synchrotron radiation
sources. Investigations on the harmonic generation process
in FELs are consequently the subject of sustained interest
[1–5], since it offers the possibility of extending the tuna-
bility range of the source to short wavelengths, thanks to
the harmonic content, while preserving a high degree of
coherence. In a FEL, the interaction inside an undulator
between a relativistic electron beam and an optical wave at
the undulator resonant wavelength leads to an energy
modulation of the electronic distribution. This induces
longitudinal displacements of the particles, according to
the so-called synchrotron motion [6], which result in a
density modulation at the resonant wavelength enabling
coherent emission. The optical field grows exponentially
along the undulator to the detriment of the electrons’
kinetic energy. Saturation is reached when the electrons
become off resonance. In the saturated regime, because the
particles keep rotating in the ponderomotive force of the
optical field, sidebands can appear in the radiation spec-
trum and spoil the temporal coherence, as observed in the
case of oscillator FELs [7] and of SASE (self-amplified
spontaneous emission) FELs [8,9]. In the SASE [10,11]
configuration, since the amplified optical wave consists of
the electron beam spontaneous emission, the microbunches
are uncorrelated, and the SASE FEL exhibits weak tem-
poral coherence [12] with a chaotic temporal structure and
a spiky spectrum [13]. In the seeded FEL configuration
[3,5], an external laser source provides the initial optical
wave and initiates the modulation of the electronic distri-
bution. In addition to a reduction of the saturation length
[14], this scheme allows the correlation of the micro-
bunches which leads to a high temporal coherence associ-
ated with a single line spectrum [5]. Among seeded FEL
configurations, the coherent harmonic generation (CHG)
[1,3] enables the enhancement of the harmonic content. An
external laser source is injected inside a first undulator—

the modulator—where the energy modulation of the elec-
tron beam is performed. The conversion into a density
modulation occurs in a dispersive section, and the coherent
emission with strong harmonic content is produced in a
second undulator—the radiator. Thanks to the seeding
laser-electron beam interaction in the modulator, CHG
FELs finally inherit the coherence properties of the seeding
laser and are expected to reproduce their spectral structure
[15]. In this Letter, we report an experimental spectral
analysis of a CHG FEL as a function of the seeding laser
parameters. We show that this laser-electron interaction
has to be finely adjusted to prevent the spectral structure
from being spoiled by the growth of sidebands as in the
oscillator and SASE FEL cases. Relating the evolution of
the spectrum to the synchrotron motion in the seeding laser
field using PERSEO [16] simulations, we provide key in-
sights on the control of seeded FEL temporal coherence
properties.
The experiment was performed on the UVSOR-II stor-

age ring CHG FEL [17,18] (see Fig. 1). The modulator, the
dispersive section, and the radiator are the elements of a
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FIG. 1 (color online). Schematic of a CHG FEL. For the
UVSOR-II FEL, the electron beam is stored in a single bunch
mode at E ¼ 600 MeV. Optical klystron: 2 undulators of N ¼ 9
periods of 11 cm and a dispersive section of Nd ¼ 90 equivalent
periods. The seeding laser is at 800 nm, with up to 2 W of
average power and a pulse duration �TL of 150–1200 fs-
FWHM. The radiation is transported through bandpass filters
(P10405A-H972 from Corion for H2, CVI-F25-265.0-3-1.00
from CVI for H3) to a spectrometer (PMA10, Hamamatsu)
whose detector is a fast gated intensified CCD camera (C3077-
C4078, Hamamatsu).
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single structure called an optical klystron (OK) [19]. The
seeding laser is focused in the middle of the modulator
either with a strong focusing corresponding to a Rayleigh
length of ZR ¼ 0:15 m (estimated waist at focusing point
w0 ¼ 200 �m) or with a smooth focusing corresponding
to a Rayleigh length of ZR ¼ 1:5 m (w0 ¼ 600 �m). For
spectral analysis, the OK radiation is transported to a
spectrometer coupled to a fast intensified CCD camera
(see Fig. 1). The ultrashort exposure time (down to 2 ns)
of this system isolates the spectra of coherent light pulses
at the seeding laser’s 1 kHz repetition rate from the
5.6 MHz incoherent light pulses.

Typical examples of the CHG FEL and the spontaneous
emission (SE) spectra are presented in Figs. 2(a) and 2(b).
Because the OK radiation results from the interference
between the emission of each undulator, the spontaneous
emission spectrum consists of a series of fringes [20]. The
overall envelope is centered at the so-called resonant wave-
length �R:

�R ¼ �0

2�2
ð1þ K2=2Þ: (1)

�0 is the undulator period, and K ¼ 0:0934�
B0½T��0½mm� is the deflection parameter of the (planar)
undulators, with B0 the peak magnetic field. �R is tuned via
the variation of K which depends on the undulator gap g.
For an ideal electron beam, the bandwidth is 1

nN for the

spectrum envelop and 1
nðNþNdÞ for one single fringe [20]. N

and Nd are the number of undulator and dispersive section
periods, respectively, while n is the harmonic number.
When the seeding laser is injected, additional spectral lines
appear around 412 nm [see Fig. 2(a)] and around 266 nm
[see Fig. 2(b)]. Those lines correspond to the second and
third harmonics of the density modulation wavelength, i.e.,
of the seeding laser wavelength (400 and 266.6 nm). The

experimental wavelength shift of the second harmonics is
due to the collection of off-axis radiation at a longer
wavelength [21]. The measured spectral width is �� ¼
3 nm (�� ¼ 1 nm) on the second (third) coherent har-
monic, while the spontaneous emission spectral width
reaches 10 nm on both harmonics. The laser-induced en-
ergy modulation results in coherent emission with mono-
chromatic and narrow band spectra on the harmonics of the

fundamental. The Fourier product c�T ��
�2 , assuming that

the pulse duration�T of the coherent harmonics equals the
duration of the seeding laser pulse, is improved by a factor
70 (2000) on the second (third) harmonic. It becomes only
10 times above the Fourier limit (assuming Gaussian
pulses). In addition, unlike the FEL oscillator, for which
lasing occurs at the maximum of the spontaneous emission
derivative and therefore strongly depends on the undulator
gap, the variation of the undulator gap does not modify the
coherent emission wavelengths. The CHG FEL wave-
lengths, corresponding to the harmonics of the electronic
distribution modulation period, are set by the seeding laser
wavelength. The tunability of the CHG FEL relies on the
tunability of the seeding laser. In addition, the operation of
the CHG FEL in specific conditions can modify this basic
spectral structure: Additional spectral lines appear on
each side of the initial line. In the example presented in
Figs. 2(c) and 2(d), when using a strong focusing, one
sideband appears in the blue part of the second harmonic
spectrum at 410.9 nm and two sidebands (in the red part at
267.2 nm and in the blue part at 264.2 nm) grow in the case
of the third harmonic. The undulator gap has again no
influence on the position of the sidebands. Nevertheless,
the limited undulator bandwidth acts on the coherent ra-
diation as a bandpass filter, centered on the resonant wave-
length by gap adjustment, which can eventually cut off a
part of the coherent spectrum, i.e., one of the sidebands.
The measured amplification bandpass is around 9 nm on
the third harmonic, corresponding to a relative bandpass of
3:8ð�0:2Þ � 10�2, in good agreement with the expected
theoretical value 3:7� 10�2. Indeed, in the case of the
third harmonic, the FEL emits only on the red sideband for
gaps below 40.3 mm. For increasing gap values, the inten-
sity of the blue sideband grows to the detriment of the red
sideband, until the red line vanishes around a 40.8 mm gap.
Above 41 mm, the FEL emits only on the blue line. In the
case of the second harmonic, the two sidebands cannot be
observed simultaneously (at the same gap value). Around
40.8 mm, the red sideband appears, while the blue sideband
disappears. Such an effect results from the intrinsic FEL
process. The FEL pulse amplification requires spectral
matching between the modulation and the resonant wave-
length [18].
The growth of sidebands in the spectrum is a conse-

quence of the synchrotron motion of the particles [6]. The
ponderomotive force of the intense laser electric field
drives oscillations of the electrons in the phase space (see
Fig. 3) at the synchrotron frequency !S [22–24]:
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FIG. 2. CHG FEL spectra on the (a) second and (b) third
harmonics with the smooth focusing configuration and on the
(c) second harmonic (sideband at 410.9 nm) and (d) third har-
monics (sidebands at 264.2 and 267.2 nm) with the strong
focusing configuration. g ¼ 40:8 mm (40.5 mm) for the second
(third) harmonic. PL ¼ 2 W, �TL ¼ 1 ps-FWHM. Single shot
acquisition. SE spectrum recorded with the laser off and the FEL
spectrum with the laser on.
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!S ¼ 8�

�0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e½J0ð�Þ � J1ð�Þ�KEL

mkLð1þ K2=2Þ

s

; � ¼ K2

4þ 2K2
:

(2)

Jq is the Bessel function of order q, kL ¼ 2�
�L
, with �L the

laser wavelength, m is the mass, and e is the charge of the
electron. This synchrotron motion leads to a density modu-
lation of the electronic distribution in phase space (see
Fig. 3) and enables coherent emission. The synchrotron
frequency depends on the undulator magnetic field via the
deflection parameter K and on the laser optical field am-
plitude EL:

jELj2 ¼
ffiffiffi

2
p

PL½c�0�frep�LZR�L��1 (3)

via the average power PL, the rms pulse duration �L, and
the Rayleigh length ZR. The seeding laser parameters
provide a main control on the synchrotron frequency, i.e.,
of the particle motion velocity. As illustrated in Fig. 3, for
an increasing seeding laser power, the particles experience
a larger displacement in phase space, getting deeper in
their rotation cycle. For 0.5 W seeding power, the bunching
(density modulation) is optimum, and the associated third
harmonic spectrum is monochromatic. For 1 W seeding

power, the debunching (spoiling of the density modulation)
starts while sidebands appear in the associated spectrum.
Higher seeding power drives faster dynamics of the parti-
cles, resulting in the fast growth of the sidebands to the
detriment of the initial central line. For 2 W seeding power,
the central line has nearly vanished while a second pair of
sidebands appears. The movement of the particles modu-
lates the FEL radiation electric field at !S in the electronic

frame, which results in a modulation at frequency �SB ¼
2�2

ð1þK2=2Þ!S in the laboratory frame. The FEL field now

consists of three frequency components at !L and !L �
�SB. In the spectral domain, this additional content corre-

sponds to a pair of sidebands shifted by��SB ¼ � �2

2�c�SB

with respect to the initial central line (see Fig. 3). The
modulation is strongly enhanced when the particles per-
form an integer number p of cycle(s) in phase space while
the radiation passes through the optical klystron, i.e., when
the synchrotron period in the laboratory frame is a har-
monic of the time required for the radiation to pass through
the undulator: ð2N þ NdÞ�L=c. Back in the electronic
frame, the modulation amplification is then expected for
!S � 2�c

ð2NþNdÞ�0
, driving sidebands shifted by 1.8 nm on the

second and 0.9 nm on the third harmonic. The threshold is
!S � 1:6� 108 Hz, while in the standard conditions of
operation (PL ¼ 2 W, �TL ¼ 1:2 ps-FWHM, and ZR ¼
0:15 m) !S ¼ 2:7� 108 Hz. In agreement with the pre-
dictions, sidebands resulting from a modulation amplifica-
tion are observed, respectively, with 3.5 and 2 nm shifts on
the second and third harmonics. A strong field drives a fast
motion of the particles which in turn modulates the optical
field. This effect is enhanced when the modulation fre-
quency couples to the interaction frequency, leading to the
growth of sidebands. The analytical considerations are in
good qualitative and quantitative agreement with the ex-
perimental results. The PERSEO simulations reproduce the
sideband growth in the case of an overbunched beam by a
strong seeding optical field [Fig. 3(b), (i)–(iv)] and the
further disappearance of the central line [Fig. 3(b), (v)].
The FEL third harmonic spectral lines measured as a

function of the laser parameters are presented in Fig. 4.
With the maximum available pulse duration, a strong
focusing, and a low seeding power, the FEL radiation
consists of a single spectral line (d). With increasing
seeding average power, sidebands appear around 1 W
(h), which gives an experimental threshold for sideband
growth around 0.8Won the seeding power. The calculation
of the expected power threshold using Eqs. (2) and (3)
leads to 0.25 W, in reasonable agreement with measure-
ments considering that the energy transfer is reduced by the
size mismatch of the beams, i.e., reduced transverse over-
lap, by more than 50%. A power increase from 1 to 2W did
not cause a significative shift of the sideband positions. The
calculated variation corresponds to an additional spectral
shift of 0.2 nm, which is below the spectrometer resolution.
The influence of the laser Rayleigh length on the FEL
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FIG. 3. (a) Evolution of the center of the electronic distribution
in the phase space and (b) of the FEL radiation spectrum on the
third harmonic at the optical klystron output as a function of the
seeding power. (a) Solid line for the laser electric field, dotted
line for the electrons. Simulation with PERSEO: E ¼ 600 MeV,
�� ¼ 3:4� 10�4, �x;y ¼ 3� mmmrad, � ¼ 6 m, �TL ¼
1 ps-FWHM, K ¼ 6:18, Nd ¼ 100, and �R ¼ �L ¼ 801:7 nm.
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spectrum is also illustrated in Fig. 4. Using a smooth
focusing (long Rayleigh length) with a long pulse duration,
the spectrum is monochromatic (+) whatever the peak
power. The maximum !S (1:5� 108 Hz) remains below
the calculated threshold (1:6� 108 Hz): The motion is not
fast enough for the particles to perform within one pass a
complete cycle in the phase space and consequently gen-
erate sidebands in the spectrum. Using a strong focusing,
additional spectral lines are observed [see (h) and (4) in
Fig. 4], as expected since the synchrotron frequency over-
passes the threshold (!S reaches 2:7� 108 Hz). The in-
troduction of a chirp in the laser pulse increases the seeding
laser pulse duration. Nevertheless, as expected from
Eqs. (2) and (3), with a strong focusing and maximum
seeding power, the maximum�TL available does not allow
the sidebands to be suppressed since the synchrotron fre-
quency is already above the threshold (2:7� 108 Hz).
Still, the reduction of the pulse duration, corresponding
to a synchrotron frequency increase, now enables one to
detect a shift of the sideband positions [see (4), (m), and
(�) in Fig. 4]. The distance between the sideband lines
increases by 1.2 nm when reducing the pulse duration by a
factor of 4, in agreement with the 1.4 nm expected from

��SB ¼ � �2

2�c��SB. The pulse duration decrease also

causes a displacement of the sideband lines towards the
long wavelengths (by 0.5 nm when reducing the pulse
duration from 1.2 to 0.25 ps-FWHM). From the derivative

of Eq. (1), @�� ¼ � @�
2� : The optical power increase via pulse

duration decrease causes an additional energy loss @� of
the particles which shifts the radiation spectrum by @� to
the red. The same effect can be noticed on the second
harmonic when moving from smooth to strong focusing
(0.8 nm spectral shift) and on the third harmonic when
increasing the seeding power (less than 0.5 nm from 0 to
0.9 W; see Fig. 4). The FEL spectral structure is highly
sensitive to ZR, �TL, and PL.

In conclusion, we have presented an analysis of a CHG
FEL spectral structure. We show that the seeding laser
parameters drive the electron synchrotron motion which
itself determines the final FEL spectrum. The experimental
measurements are in agreement with both PERSEO simula-
tions and analytical considerations. Finally, the use of an
external laser source allows the generation of coherent
pulses together with a fine control of the output spectral
structure. This gives an interesting insight into the optimi-
zation of the coherence properties of any seeded FEL
configuration, including next-generation seeded x-ray
FELs.
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FIG. 4. Third coherent harmonic wavelengths vs power. Solid
markers and (+): Central line; empty markers: sidebands. �TL ¼
1:0 ps-FWHM: (j) and (h) with strong focusing and g ¼
40:5 mm, (+) with smooth focusing and gap ranging from 39.8
to 41.7 mm. (e) �TL ¼ 0:5 ps-FWHM and (�) �TL ¼
0:25 ps-FWHM with strong focusing and g ¼ 40:5 mm.
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