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Higher order harmonic generation in a free-electron laser amplifier operating in the superradiant regime
[R. H. Dicke, Phys. Rev. 93, 99 (1954).] has been observed. Superradiance has been induced by seeding a
single-pass amplifier with the second harmonic of a Ti:sapphire laser, generated in a 8-Barium borate
crystal, at seed intensities comparable to the free-electron laser saturation intensity. Pulse energy and
spectral distributions of the harmonics up to the 11th order have been measured and compared with

simulations.
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Nonlinear harmonic generation is widely used to extend
the operation of optical lasers to the UV-vacuum ultra
violet (UV-VUYV) spectral region, where research methods
for the investigation of matter [1-4] require ultrashort
coherent pulses. Frequency up-conversion to the
10-100 nm range may be accomplished with high harmon-
ics generated in gas (HHG) [5,6], where the active medium
is a low density noble gas. The emission of high-energy
photons, however, is inherently coupled with ionization,
and the use of a nonlinear optical medium poses limitations
to the conversion efficiency at the shortest wavelengths. In
the spectral region where ionization processes are domi-
nant, harmonic generation may still be obtained in free-
electron lasers (FELs). The mechanism of frequency
up-conversion is based on the nonlinear density modula-
tion of an electron beam at a given seed wavelength, A..q.
The frequency components of the modulated beam enforce
the collective emission process at the resonant wavelength
A, = A, (1 + K?/2)/29? = Ageq and its harmonics [y is
the Lorentz factor of the electrons, A, is the period, and
K = eB,\,/(2mm,c) is the deflection parameter of the
undulator] [7]. The seed transfers its longitudinal coher-
ence properties to the FEL pulse [8], and schemes based on
this principle were proposed to improve the longitudinal
coherence of FELs operating in a self amplified sponta-
neous emission mode [9-11], where the temporal pulse
structure is dominated by stochastic fluctuations associated
with the initial shot noise [12]. The seed amplification,
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combined with the generation of coherent harmonics, has
been demonstrated first in the midinfrared [8,13] and then
in the UV-VUV range [14-17]. User facilities based on
the frequency up-conversion of a seed laser in the VUV
soft-x-ray region of the spectrum are now in operation and
provide radiation with unprecedented properties of longi-
tudinal coherence [18]. Coherent harmonics have been
observed when seeding a single-pass FEL amplifier, and
include the 3rd, 5th [19], and 7th harmonics [20]. The
process of harmonic generation is expected to extend to
higher orders when the FEL operates in the regime of
super-radiance [21], in which a short optical pulse slips
over the electron beam and increases its energy while
maintaining a self-similar shape [22,23]. In this regime,
the radiation pulse has a peak power that increases with the
square of the distance z along the undulator and a longitu-
dinal width that decreases with the inverse square root of z.
The front of the pulse presents a peculiar structure, char-
acterized by a modulation of the longitudinal phase space
density with high harmonic content, as shown in Fig. 1.
The self-similar nature of the radiation and particle system
preserves this modulation, while the pulse propagates
through the undulator, and the condition of phase matching
is ensured by the fact that after saturation the pulse shifts
over the electron beam at the velocity of light [24].

In this Letter, we present the experimental results on the
generation of harmonics up to the 11th order in a seeded
FEL operated in the superradiant regime. The experiment

© 2012 American Physical Society
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FIG. 1 (color online). Self-similar shape of a superradiant
pulse along the ¢ coordinate in the e-bunch frame at the end
of the SPARC amplifier [PERSEO simulation [29] with the pa-
rameters in Table I, case (B)]. Insertion: Longitudinal phase
space and bunching coefficients |b,|? for the first 5 harmonics in
the front side of the pulse (highlighted region).

was performed at the SPARC FEL facility [25] with the
main electron beam parameters summarized in Table I. The
data were collected during two different shifts, labeled as
(A) and (B). The electron beam was injected in the undu-
lator system, consisting of six sections of 75 periods each,
with A, = 2.8 cm [26]. Superradiance was induced, as in
the configuration tested in [23], by seeding the FEL as a
single-pass amplifier, with a short laser pulse of peak
power comparable to the FEL saturation intensity. The
undulators were all tuned at A, = Ay .4 and the Twiss
parameter {(B)=~ 1.5 m ensured the optimum beam
matching.

TABLE I. Main parameters. The beam energy uncertainty is
related to the pulse to pulse jitter and does not reflect the
precision of the measurement.

(A) (B)
Beam energy Ez(MeV) 172.18 = 0.27 1772 * 1.1
Beam charge (pC) 400 £ 16 460 = 18

0.11 £0.015 0.12 £ 0.01
0.050 = 0.005 0.050 = 0.005
2.40 =0.05 2.65*=0.049

Energy Spread (proj. %)
Energy Spread (slice %)
Length r.m.s. (ps)

Beam current /e, (A) 58.0x 3.5 60.0 = 3.5
Vertical Emittance (mm mrad) 3.0 1.0 29*+1.3
Horizontal Emittance (mm mrad) 3.9 = 1.1 32+1.3
Seed energy (uJ) 0.0012 + 2.0 9.0
Undulator deflection par. K 2.12 221

The seed laser system consists of a Ti:sapphire regen-
erative amplifier (Legend HFE by Coherent), driven by
the same oscillator as the photocathode laser and delivers
up to 2.5 mJ at 800 nm with a pulse duration of 7; ~
120 fs FWHM. Shorter wavelengths are obtained by
performing harmonic generation in a nonlinear crystal or
in a rare gas (HHG) [17]. The seed used in the current
experiment is the second harmonic of the laser, obtained
through frequency doubling in a B-Barium borate crystal,
and can produce as much as 150 pJ of Ay .y = 400 nm
ultrashort laser pulses. These pulses are more than suffi-
cient for the FEL to reach saturation and induce super-
radiance. The saturation energy is indeed roughly given by
Eg = plpeaEpT /€0 = 3.5 nJ, with the electron charge
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FIG. 2 (color online).

Single shot spectra-spatial measurements carried out varying the seed energy E,: (a) E, = 1.2 £ 0.4 nJ,

(b) E; = 0.25 £ 0.06 uJ, and (c) E;, = 2.0 = 0.5 wJ. The electron beam characteristics correspond to case (A) in Table I. The vertical
axis represents the vertical position on the input spectrometer slit (6.5 mm). Spectra were obtained by means of an in-vacuum
spectrometer [30] (normal incidence grating imaging the variable entrance slit on an UV grade CCD camera, Versarray, 1300B-
Princeton Instruments). The color intensity (lower left color bar) is expressed in [(nJ/mm)/nm]. A cleaning procedure is applied to the
images to remove the background noise. The signal to noise ratio (s/n) prior to cleaning is reported on each plot. The average pulse
energy (E) and rms energy fluctuations oy in the three conditions are given by (a) (E) = 3.6 = 2.1 wuJ, (b) (E) = 7.2 = 2.0 uJ, and
(c) (E) = 6.5 = 1.3 uJ. The displayed spectra pulse energies are (a) E = 5.3 uJ, (b) E = 8.0 wJ, and (c) E = 8.4 ul.
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e, the Pierce parameter p [11], and the other parameters
defined in Table L.

Single shot spectra of the seeded FEL amplifier at in-
creasing seed energies are shown in Fig. 2. While at low
seed energy [Fig. 2(a)], the amplified signal has approxi-
mately the same spectral distribution as the seed [20], at
higher energies [(b) and (c)], a sideband structure appears
as an indication of saturation. In all the cases, the FEL
output energy is of the same order of magnitude and larger
than the expected saturation energy. The weak horizontal
structure is associated to the interference generated by the
reflection on the vacuum chamber.

A further increase of the seed energy (9 wJ) leads to the
spectrum of the amplified signal, as shown in Fig. 3 (1st),
obtained with the beam parameters of Table I, (B). The
spectra of the harmonics A, = Ageq/n for n =2,..., 11
up to A;; ~ 36 nm were measured in the same conditions
[Fig. 3 (2nd-11th)]. The spectrum of the fundamental
reveals a pattern organized in regular fringes of period

6A = 0.5 nm. This structure, preserved when averaging
the spectrum over 100 acquisitions, is distinguishable in
shape and separation from the typical self amplified spon-
taneous emission spiking, where the number of peaks and
their positions change randomly from shot to shot. The
sideband pattern may be attributed to the interference
between the spike in the leading edge of the pulse (see
Fig. 1) with radiation produced by overbunched electrons
in the pulse tail. The spectral periodicity can provide an
indication of the total length 6 of the wake behind the
spike and suggests a longitudinal structure on a scale 6 =
A2/8)X ~ 300 um. The wake is associated with the slip-
page of the light over fresh electrons, and its length grows
with the distance covered by the pulse along the undulator
in superradiance, when the radiation shifts at the speed of
light in-vacuum, over the moving electron bunch. The
separations in the spectra in Figs. 2(b) and 2(c) are oA ~
1.8 nm and 1.3 nm, respectively, so the estimated wake
length is 6 ~ 90 um in (b) and 6 ~ 123 um in (c).
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FIG. 3 (color online).

Same as in Fig. 2, the spectra of the harmonics from the 1st to the 11th. Beam data of Table I, case (B). Spectra

from the 7th to the 11th harmonics have been acquired, interposing an Al filter to improve the s/n ratio (upper left corner in each

image).
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FIG. 4 (color online). (a) GENESIS 1.3 [31] data post processed
through a procedure resembling the slit, grating, and CCD of the
spectra detection system. The simulation done with the parame-
ters in Table I, case (B). The pulse energy is £ = 18 ulJ, to be
compared with the value observed in the experiment (E =
20 uJ £ 6 ul). (b) Same data as in (a), but with the addition
of a pedestal in the laser seed with an intensity 10> smaller than
the main pulse.

The structure in the spectrum is well reproduced by
GENESIS 1.3 simulations, as shown in Figs. 4(a) and 4(b).
The fringes present a periodicity of about 1 nm correspond-
ing to a wake length 6~ 160 um, while the total
slippage length is NA, ~ 180 uwm, where N = 450 is the
number of periods of the whole SPARC undulator. The
higher periodicity observed in the experiment could be
attributed to the presence of a small pedestal in the seed
laser, amplified in the exponential regime and approaching
the onset of saturation at the end of the undulator, only
when the seed energy exceeds a few microjoules. This
behavior is reproduced in the GENESIS 1.3 simulation in
Fig. 4(b), where we added to the seed a replica 1072 times
lower than the main pulse, delayed ~1 ps in time.

The harmonic spectra (Fig. 3) up to the 6th order corre-
spond to single shot acquisitions. The 7th—11th spectra are
acquired by interposing an aluminum (Al) filter in order to
reduce the background noise due to lower order harmonics
at the zero order of the grating. The horizontal lines are
introduced by a mesh sustaining the Al layer. The absorp-
tion from the Al layer and the low intensity generated at

these harmonics required to integrate on an acquisition
time of 10 s. The pattern observed on the fundamental
cannot be detected on the higher order harmonics.
However, for the 7th—11th harmonics, we cannot exclude
the presence of a structure because the measurement suf-
fers a limitation in spectral resolution. The relative har-
monic spectral widths, represented in Fig. 5 together with
simulations, are almost independent from the harmonic
order. This is consistent with the picture of the superradiant
pulse represented in Fig. 1, showing that the bunching and
the harmonic emission process occur mainly in a limited
longitudinal area in the leading edge of the pulse, and that
the length of this region diminishes with the harmonic
order. The duration of a Fourier transform limited
Gaussian pulse with the same spectral width as the second
harmonic is about 50 fs (fwhm), with higher harmonics
scaling accordingly.

The corresponding harmonics output energies are plot-
ted in Fig. 6 (black symbols). The measured pulse energy at
the fundamental, averaged over 100 shots, is E = 20 uJ =
6 wJ, which is substantially higher than the energy E,, at
the onset of saturation, as expected when the pulse prop-
agates in a superradiant regime over a large portion of the
undulator. A striking agreement with simulations done
with PERSEO and GENESIS 1.3 (red and blue, respectively)
is found on the fundamental, confirming the ability of the
existing codes to model superradiance and deep saturation.
A good agreement is also found at the odd harmonics up to
the highest order. Even harmonics cannot be simulated in
PERSEO, while for GENESIS 1.3, a substantial and systematic
underestimation is found. The result of the analytical
model in [27] is also shown in Fig. 6 [lines (a) and (b)].
It has to be noted that this model provides the harmonic
energy at the onset of saturation and neglects the pulse
propagation effects, therefore it is not fully suited at de-
scribing the FEL superradiant dynamics. However, the
ratio between the harmonics is well reproduced, as it is
shown by the curve (b), which is normalized to the energy
measured at the fundamental.

In this Letter, we report the first experimental measure-
ment of high harmonic generation up to the 11th order in a
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FIG. 5 (color online).

Relative rms. bandwidth vs harmonic order for spectra in Fig. 3 (black stars), GENESIS 1.3 simulation (blue

rhombus), and PERSEO simulation (red rhombus with error bars). The latter is the result of averaging over 100 simulations where a jitter

in the beam energy as given in Table I (A) has been included.
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FIG. 6 (color online). Experimental and simulated energy vs
harmonics number. Error bars for the experimental data (black
stars) represent rms fluctuation combined with error propagation
of the calibration factors. Simulations data by PERSEO (at the left
of the exp. data) and GENESIS 1.3 (at the right) are the result of
averaging over 100 simulations with an rms jitter in the beam
energy of 0.27 MeV [Table I case (A)]. The curves represent the
predictions of the model in [27] (a) and normalized to the
measured energy at the fundamental (b).

FEL amplifier operating in the superradiant regime. The
behavior of the single-pass FEL in deep saturation has been
analyzed by seeding the amplifier with short laser pulses
with peak power of the same order of the FEL saturation
power. The pulse energy and bandwidth of the fundamental
and higher harmonics have been compared with the values
provided by existing codes and analytical models. This
measurement provides further insight into the saturated
FEL dynamics and harmonic conversion processes.
While the generation of high harmonics allows us to extend
the FEL operation range, the conversion efficiency at the
highest orders can be substantially improved by imple-
menting cascaded FEL schemes [24,28], where saturation
has been proposed to simultaneously shorten the pulse
length and convert the operation wavelength to a range
where x-ray radiation applications demand ultrashort
coherent sources.
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