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Injection of harmonics generated in gasin a
free-electron laser providing intense and
coherent extreme-ultraviolet light
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Conventional synchrotron radiation sources enable the structure
of matter to be studied at near-atomic spatial resolution and
picosecond temporal resolution. Free-electron lasers promise to
extend this down to femtosecond timescales. The process by
which free-electron lasers amplify synchrotron light—known
as self-amplified spontaneous emission'?—is only partially
temporally coherent, but this can be improved by seeding it
with an external laser*’. Here we explore the use of seed
light produced by high-order harmonic generation in a gas®®,
covering wavelengths from the ultraviolet to soft X-rays. Using
the SPring-8 Compact SASE Source test accelerator''?, we
demonstrate an increase of three orders of magnitude in the
intensity of the fundamental radiation at 160 nm, halving of
the free-electron laser saturation length, and the generation of
nonlinear harmonics®” at 54 nm and 32 nm. The low seed level
used in this demonstration suggests that nonlinear harmonic
schemes should enable the generation of fully coherent soft
X-rays at wavelengths down to the so-called ‘water window’, vital
for the study of biological samples.

In a free-electron laser (FEL), a high-quality relativistic electron
beam propagates through an undulator system, composed of two
vertical series of alternating magnetic poles, which establish a
periodic magnetic field. The horizontally wiggling particles radiate
synchrotron radiation—the spontaneous emission (SE), which
interacts with the electron beam through energy exchange along
the undulator. Then, the electron bunch density is modulated in
the longitudinal dimension by a period close to the SE wavelength
(bunching), so that the different slices start to emit in phase.
In self-amplified spontaneous emission (SASE), the amplification
starting from SE requires long undulators to reach saturation.
Moreover, the bunching takes place independently in different
parts of the bunch and limits the temporal coherence of the
radiation. Hence, seeding an FEL with an external coherent source
forces a faster and more efficient bunching of the electrons than
in SASE. The saturation is then achieved over shorter undulator
length, resulting in a more compact source. Because amplification
is coherently triggered within the seed pulse length, instead of
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erratically from SE in the SASE, the pulse temporal/spectral
profiles should no longer present statistical fluctuations™* (spikes).
Similarly, seeding should eliminate the temporal jitter, that is,
the random structure of the FEL pulse, typically varying in the
femtosecond range. Furthermore, the FEL spectral gain width,
which is inversely proportional to the number of undulator periods,
becomes large enough at short wavelengths to match and amplify
the broadband seed while preserving its coherence properties, so
that ultrashort pulses in the femtosecond range can in principle be
produced in the vacuum-ultraviolet to X-ray region.

Recently, injection of a single-pass FEL by the third laser
harmonic of a Ti:sapphire laser from crystals (266 nm, 4 uJ, 5ps
full-width at half-maximum, FWHM) led to large amplification”.
Seeding an FEL with high-order laser harmonics generated in gas
(high-order harmonic generation, HHG) offers relevant extension
to short wavelengths. Indeed, HHG sources with sufficient peak
power now exist down to the water window’. Thus seeding an FEL
becomes pertinent for generating intense fully coherent radiation
in this spectral range. The dngstrom wavelength range could even
be reached using the high-gain harmonic-generation (HGHG,
ref. 4) scheme, coupled to a cascade configuration'. Moreover,
the FEL radiation spectrum is tunable in the vacuum-ultraviolet—
extreme-ultraviolet region either by switching from one harmonic
to another, by controlling the driving laser pulse in HHG"" or/and
by chirping the electron beam energy'®.

A schematic diagram of the combined HHG and FEL set-
up is given in Fig. 1. A Tiisapphire laser (100 fs FWHM) is
loosely focused on a xenon gas cell, favouring uniform HHG
conditions and optimum energy output”®. Odd third to twenty-first
harmonics of the fundamental laser frequency are generated, for
example the fifth harmonic at 160 nm with energy per pulse close
to 1 wJ within a 50 fs (FWHM) duration. The HHG seed beam is
spectrally selected, refocused, spatially and temporally overlapped
with the electron beam (150MeV, 1ps FWHM) in the two
consecutive undulator sections, tuned to the 160 nm wavelength.
The amplification of the vacuum-ultraviolet seed, which is
spatially/spectrally characterized on an imaging spectrometer, is
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Figure 1 Layout of the experiment. A Ti:sapphire laser (800 nm, 20 mJ, 100 fs FWHM, 10 Hz) is loosely focused into a xenon gas cell (focal length f= 7 m), optimizing HHG
output. Using the telescope and periscope optics (CaF, mirrors), the HHG seed beam is spectrally selected, refocused and spatially and temporally overlapped with the
electron beam (150 MeV, 1 ps FWHM, 10 Hz—LINAC stands for linear accelerator) in the two consecutive undulator sections 1 and 2, which are both tuned to 160 nm,
corresponding to the fifth harmonic of the laser. The beam position is monitored on optical transition radiation (OTR) screens.

optimized by varying the time delay between the seed and the
electron beam (see the Methods section).

Figure 2 shows typical two-dimensional intensity distributions
of the seeded FEL emission (with HHG injection), the unseeded
emission (without HHG injection) and the HHG seed, measured
with the first undulator section tuned to 160nm, while the
second section was off resonance. The vertical axis corresponds
to the spatial position and the horizontal axis to the wavelength.
The ‘quarter moon’ shape, observed in the seeded and unseeded
configurations, results from the spectrally shifted off-axis emission
of the undulator”. Single-shot profiles of the seeded FEL and HHG
emissions, cut at the maximum of intensity of the two-dimensional
pictures along the spatial and spectral axes, reveal quasi-perfect
gaussian profiles. Although the electron-beam parameters are not
best tuned and the FEL gain is relatively limited at the time of the
experiment, the measured spectra show clear amplification once
seeded and even at low seed energy (0.53 nJ per pulse). At the centre
of the spectral profiles, the amplification factor reaches more than
500 from the seed, and ~2,600 from the unseeded emission. The
nonlinear-harmonic (NLH) intensities are also increased greatly
compared with the unseeded NLH emission: the third NLH (factor
312) and the fifth NLH (factor 47) are shown in Fig.3. The
pulse energies have been calibrated with respect to the SE level®
(see the Methods section), giving, for the seeded FEL after the
first undulator section, about 0.34 uJ at 161.15 nm (fundamental),
0.3 nJ at 53.55 nm (third harmonic) and 12 pJ at 32.1 nm (fifth).

As a second step, the first and second sections of the
undulator are both tuned to 160nm and the energy of the
HHG seed is increased from 0.53n] to 4.3nJ. The FEL pulse
energies are measured and shown in Fig. 4 (green and violet
symbols) as a function of undulator length. The ratio of the pulse
energies between the seeded and unseeded emissions after the
first undulator section remains high (a factor of 3,700), but the
amplification factor is rather restricted with respect to the HHG
seed (a factor of 10). This indicates a slight transverse misalignment
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(filling factor® F; < 1) and spectral detuning (Ayeq — Az < 0)
compared with the previous measurements (red symbols in Fig. 4).
Also, the FEL gain was smaller because of the lower electron-beam
brightness (electron density in six-dimensional phase space, B,).
Indeed, because there was no feedback system on the electron beam
at the time of the experiment, its brightness and energy showed a
slow drift over one day. In the second undulator section, whereas
the unseeded emission is still amplified by a factor of 700, the
seeded emission is enhanced by a factor of only seven, a sign of
saturation (Figs 4,5).

Numerical simulations have been carried out with the
GENESIS* code integrated in the SRW environment®, and
with the PERSEO Time Dependent code” (PTD), taking into
account the spectral overlap and three-dimensional effects, such
as the transverse mismatch. The two simulations present quite
similar—within 5%—pulse energy evolution. They predict a large
amplification of the seed in the first undulator section and
saturation in the second section (green line in Fig. 4). The partial
disagreement compared with measurements remains within the
incertitude range of the parameters used in the simulations.

The spectral properties of the seeded FEL are of major interest,
because seeding has a main aim of improving them. Our study
shows that the HHG broadband seed (FWHM relative spectral
width: 0.54% for 0.53 nJ, 0.75% for 4.3 nJ) is well adapted to the
FEL spectral gain (0.54-0.88% derived from unseeded emission).
Therefore, the HHG seed should be efficiently coupled to the
amplifier. After the first undulator section, the spectral profiles of
the seeded FEL emission approximately reflect that of the seed,
and no random spike structure is generated (Figs 2,3). Indeed, the
quasi-gaussian shape indicates that the amplification is driven by
the seed.

It is worth noticing that the spectral narrowing is present.
The measured relative spectral widths of the seeded FEL are
reduced compared with the unseeded one from 0.54% to 0.46%
(0.53n] seed) and 0.88% to 0.44% (4.3n] seed). These values
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Figure 2 Comparison between the FEL seeded emission, the unseeded
emission and the HHG seed at the fundamental wavelength (160 nm). The
spatial (vertical) and spectral distributions are mapped on the CCD (charge-coupled
device) camera of a spectrometer; spatial (right) and spectral (up) profiles are plotted
at maximum intensity. The lines correspond to the seeded (single shot, line) and
unseeded emission (averaged on 10 shots, dash—dot) and the HHG seed (single shot,
dots). The seed pulse energy was 0.53 nJ and only the first undulator section was
used for amplifying the HHG pulse.

are in reasonable agreement with the predicted values obtained
in the PTD simulations, giving respectively 0.41% (0.53 nJ seed)
and 0.40% (4.3nJ seed). Simultaneously, the relative spectral
bandwidths of the measured NLHs are narrowed with the HHG
injection from 2.66% to 0.84% for the third NLH and 2.54% to
1.1% for the fifth NLH.

Though not yet demonstrated experimentally, we can
reasonably assume that the phase properties of the seed should
be preserved. In particular, for fully coherent seed pulses®,
the seeded FEL should also show high temporal coherence
for the fundamental, that is, have a temporal duration close
to the Fourier-transform limit. For the 0.53n] seed case, the
fundamental Fourier-transform duration (FWHM), estimated
from the measured spectral width, is 57 fs and is in good agreement
with the 64 fs value, obtained from the numerical simulations® in
our experimental conditions (HHG Fourier-transform duration of
39 fs). Finally, the peak powers are estimated to be 5.4 MW, 6.1 kW
and 0.35 kW, respectively, for the fundamental, the third and fifth
NLHs, assuming the pulse duration values of the simulations.

In addition to the spectral narrowing, a red-shift is observed on
the seeded emission with respect to the unseeded one; this probably
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Figure 3 Spectra of the FEL seeded and unseeded emission at the wavelengths
of the third and fifth NLHs. The spectra have been obtained by integrating the
two-dimensional distributions of the CCD images (as for Fig. 2) over the vertical
dimension. The seeded (single shot, line) and unseeded (averaged on 10 shots,
dash—dot) FEL emissions are plotted for the third (a) and fifth (b) NLHs. The seed
pulse energy was 0.53 nJ and only the first undulator section was used for radiating
the NLHs.

corresponds to a change of the FEL resonance condition due to
an energy loss of the electrons and/or to a possible chirp in the
beam energy.

Once both undulator segments are set in resonance with
the seed wavelength, the spectral distribution shows a sideband
structure” (Fig.5). This probably indicates an overbunching
of the electrons carrying out synchrotron oscillations after
saturation”. The sidebands involve an increase of the amplified
FEL bandwidth to 0.67% (0.57% in PTD simulations), as expected
in a postsaturation regime'®. The spectral red-shift approximately
reaches twofold larger values (~2.5) compared with the single-
undulator case, which is in good agreement with the simulation®
(~2), demonstrating additional energy transfer from the electron
beam to the FEL field.

Recently, an HHG seed has been injected in an X-ray laser
at 32 nm operated in a gas-phase plasma’?, delivering pulses
of microjoule energy at 10 Hz repetition rate. On account of the
narrow spectral gain, the output pulse duration remains larger than
500 fs. Complementarily in our work, the large spectral gain in the
FEL device enables the coherent amplification of a broadband seed
(AX/A~107?), achieving much shorter pulses at typically kilohertz
repetition rate.

The available HHG output energy in the 60-30nm range
is typically a few tens of nanojoules to 100nJ per pulse. This
proceeds from HHG, for instance, in the ‘plateau’ region of Ar®,
where conversion efficiency reaches 107°-107°, using laser pulses
in the 10m]J range at kilohertz repetition rate, now becoming
standard. These energies are comparable to the seed pulse energy
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Figure 4 Evolution of the 160 nm FEL pulse energy along the two undulator
sections: comparison of experimental data and simulations using PTD code.
The two sections, each of 4.5 m, are separated by a 1.5-m-long drift space.

Two cases of amplification are considered, at low and high HHG seed energy,
respectively; they also differ slightly in the electron-beam brightness and

the spatial/spectral overlaps between the seed and electron beam.

Case A: 0.53nJ seed, Fi =1, Aggeq — Age = 160.85—160.72 =0.13 nm,
B,~200A (r mm mrad)~2. Case B: 4.3nJ seed, ; =0.4,
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Points are experimental data; lines are calculations for the same conditions.
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Figure 5 Spectra of the FEL fundamental emission using the two undulator
sections: unseeded (single shot, dash—dot) and seeded (single shot, line) obtained
with a 4.3 nJ seed (single shot, dots). The FEL gain is smaller compared with the
measurements in Figs 2 and 3, because of the lower electron-beam brightness
(B, < 200A (= mm mrad)2), transverse misalignment (F; < 1) and spectral
detuning (Asees — Ase < 0).

used in the present experiment. In this range, harmonic radiation
shows comparable properties of regular and controllable spatial®®
and spectral’® phases. This allows for the next extension of the
amplification and the NLH schemes in a 60—5 nm range. The water
window region can be reached by using a seed at 10 nm (ref. 8) or
even less’, generated with 1077-10"* conversion efficiency, that is,
at nanojoule energy level in Ne, and for which extreme-ultraviolet
multilayer mirrors are efficient. Furthermore, if the HHG seed is
combined with the HGHG or HGHG in cascade and NLH coherent
emission, the FEL wavelength can be reduced by more than one
order of magnitude. Then the dngstréom range is achievable in
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a still compact configuration with preservation of the temporal
seed coherence.

METHODS

The SCSS test accelerator is used as a high-brightness electron source (150 MeV,
0.35nC, ~1 ps FWHM, 10 Hz). It consists of a 500 kV pulsed d.c. electron gun?
(CeBg thermionic cathode), S-band (2,856 MHz) and C-band (5,712 MHz)
acceleration sections'’. The undulator is composed of two 4.5-m-long sections,
which are in-vacuum type with 15 mm period and 3 mm minimum magnetic
gap, separated by a 1.5-m-long drift space. The harmonic-generation stage is
composed of two chambers'?. In the first one, a Ti:sapphire laser (800 nm,

20 mJ, 100 fs FWHM, 10 Hz) is focused with a lens of 7 m focal length onto a
9-cm-long gas cell permanently filled with xenon to produce the HHG seed
radiation, that is, a series of odd harmonics of the fundamental laser frequency.
In the second chamber, a telescope composed of two concave SiC mirrors is
used to adjustably focus the seed at the entrance of the first undulator section.
The seed beam is aligned in the undulator with two CaF, mirrors optimized
for the fifth harmonic (160 nm); they completely cut other harmonics and
reduce the 800 nm laser energy in order to avoid the saturation of detectors.
The transverse distributions of the electron beam and the residual 800 nm laser
beam, collinear to the HHG beam, are monitored on OTR screens, located at
the entrance and exit of each undulator section (Fig. 1). The sub-picosecond
synchronization between the electron beam and the seed pulse is achieved by
locking the Ti:sapphire oscillator to the highly stable 476 MHz clock of the
accelerator. The timing is first adjusted with a few picoseconds resolution using
a femtosecond streak camera (Hamamatsu Photonics FESCA-200-C6138),

on which the 800 nm laser light and the OTR emission from the electron
beam are injected. Then an optical delay line on the infrared laser path
enables a fine adjustment of the synchronization with an accuracy of about

10 fs. At the exit of the second undulator section, the radiation is directed
into a dispersive spectrometer using a Au-coated SiO, flat mirror (85° angle
of incidence). The spectrometer incorporates vertical and horizontal slits
positioned in front of a concave laminar grating (Shimatsu Corp. Au coating,
N =2,400 lines mm™', R = 922 mm) near normal incidence. The detector is a
high-sensitivity back-illuminated CCD camera (Princeton Instruments PI*SX
400, 1,340 x 400, 20 x 20 um pixels), covering the 1-10keV spectral range.

As the spectral dispersion is horizontal, the two-dimensional image on the
CCD camera combines vertical spatial position (vertical axis) and wavelength
(horizontal axis). Finally, the undulator gap is tuned so that the undulator
radiation and the seed are spectrally matched in the spectrometer.

To obtain absolute pulse energies, measured intensities are first scaled to
the measured SE from the first undulator section, and then calibrated using the
calculated absolute SE energy?. The measured SE is assumed to be only the
fundamental emission. The harmonics of the undulator emission are ignored
in the calibration, even if they are also reflected in higher orders of the grating.
This may lead to conservative estimates of the pulse energies. The pulse energies
of the NLH emission are also derived from the fundamental SE taking into
account the spectral response of the optical elements on the radiation path. The
electron-beam parameters used in the simulations are 1.45 x 10~ r.m.s. slice
energy spread, around 200 A (7 mm mrad) ~? brightness and 8 m averaged beta
function®. The peak powers are estimated from the pulse durations obtained in
PERSEO Time Dependent and GENESIS simulations.
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