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ABSTRACT

We report the experimental demonstration of direct-amplification enabled harmonic generation in an ultraviolet free-electron laser (FEL)
driven by a low-intensity seed laser. By employing a versatile undulator configuration that enables seed amplification and harmonic genera-
tion within a unified setup, we achieved over 100-fold energy gain of the seed and observed exponential growth at the second harmonic. The
results demonstrate that a sufficiently long modulator cannot only amplify a weak seed but also induce strong energy modulation of the elec-
tron beam, enabling efficient harmonic bunching. This method markedly relaxes the power requirements on external seed lasers and presents
a viable route toward high-repetition-rate, fully coherent FELs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0287044

High-repetition-rate, fully coherent, free-electron laser (FEL)
radiation1,2 has significant scientific applications in the extreme ultra-
violet and x-ray wavelength ranges, such as the fine time-resolved anal-
ysis of matter with spectroscopy and photon scattering. Currently, a
series of pioneering investigations have been performed using mega-
hertz (MHz) x-ray beams, involving MHz x-ray heating,3 MHz corre-
lation spectroscopy,4 serial crystallography,5 and single-particle
imaging.6 Superconducting linacs enable the delivery of high-
repetition-rate electron beams, facilitating high average power output
from FELs. Based on superconducting accelerators, FEL in Hamburg
(FLASH)7 and European x-ray free-electron laser8 are now under
operation at MHz in burst mode, while the linac coherent light source
II (LCLS-II),9,10 the Shanghai high repetition rate XFEL and extreme
light facility (SHINE),11 and Shenzhen superconducting soft x-ray
free-electron laser (S3FEL)12 are aiming to generate MHz FELs in con-
tinuous wave mode.

Most global x-ray FEL facilities employ the self-amplified spontane-
ous emission (SASE) mechanism,13 which is initiated by the stochastic

noise in the electron bunch. Therefore, SASE suffers from poor longi-
tudinal coherence and large shot-to-shot fluctuations. The significant
phase and intensity fluctuations in the SASE scheme severely constrain
applications in x-ray spectroscopy. To overcome these limitations, on
the one hand, simultaneous pulse characterization can be used to cir-
cumvent the random pulse structures in SASE FEL.14,15 On the other
hand, some seeding techniques such as self-seeding16–19 and external
seeding20–23 have been proposed. Self-seeding schemes can be used to
improve temporal coherence, but they still suffer from large shot-to-
shot energy fluctuations. Seeded FELs triggered by stable, coherent
external lasers ensure output pulses with high temporal coherence and
minimal pulse energy fluctuations. This advantage has been theoreti-
cally calculated and experimentally verified across spectral ranges from
ultraviolet to soft x-ray regions.24–30

In seeded FELs such as high-gain harmonic generation
(HGHG)20,21 and echo-enabled harmonic generation (EEHG)22,23 that
utilize an external laser, the repetition rate is constrained by the
seed laser itself. High average power laser technology is currently

Appl. Phys. Lett. 127, 181102 (2025); doi: 10.1063/5.0287044 127, 181102-1

Published under an exclusive license by AIP Publishing

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

 04 February 2026 01:44:38

https://doi.org/10.1063/5.0287044
https://doi.org/10.1063/5.0287044
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0287044
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0287044&domain=pdf&date_stamp=2025-11-03
https://orcid.org/0000-0003-2578-2371
https://orcid.org/0009-0007-0980-774X
https://orcid.org/0009-0005-0024-849X
https://orcid.org/0009-0005-8374-0753
https://orcid.org/0000-0002-9345-0590
https://orcid.org/0009-0001-9168-5505
https://orcid.org/0000-0001-8420-8746
https://orcid.org/0000-0002-2670-5119
https://orcid.org/0009-0004-3061-9207
https://orcid.org/0009-0000-0954-1231
https://orcid.org/0009-0000-7133-9704
https://orcid.org/0000-0002-0212-183X
https://orcid.org/0000-0001-6518-4152
mailto:wangxf@mail.iasf.ac.cn
mailto:yuyong@mail.iasf.ac.cn
mailto:weiqingzhang@dicp.ac.cn
https://doi.org/10.1063/5.0287044
pubs.aip.org/aip/apl


advancing—for instance, fiber laser systems are already capable of gen-
erating near-infrared lasers with average power up to the kilowatt level
at MHz repetition rates,31,32 while FLASH2020þ is developing a seed
laser capable of generating pulses at 1MHz in burst mode.33 From the
perspective of FEL physics, considerable efforts have been directed
toward reducing the power requirements of the seed laser—a key limit-
ing factor. One such approach is the oscillator–amplifier scheme,
which incorporates an optical cavity to recirculate the seed laser within
the resonator, enabling repeated interactions with successive electron
bunches.34,35 In this configuration, the repetition rate is no longer lim-
ited by the seed laser but is instead determined by the optical cavity.
Another strategy is the optical klystron scheme,36,37 in which a weak
seed laser initiates minimal energy modulation, and further modula-
tion is driven by radiation from a weakly prebunched electron beam in
an additional section.

Direct seeding was originally proposed as a route toward
generating fully coherent FEL pulses by amplifying a seed laser in a
long undulator, rather than as a method to reduce seed power require-
ments; its underlying mechanism lends itself naturally to this goal.38–41

By exploiting the intrinsic amplification capability of direct seeding,
the recently proposed direct-amplification enabled harmonic genera-
tion (DEHG) scheme42 extends this concept by replacing the short
modulator in conventional schemes with a longer one. This allows for
simultaneous seed amplification and enhanced energy modulation of
the electron beam at the seed laser wavelength, resulting in strong har-
monic bunching even from low-power input lasers. Thus, while main-
taining the advantages of longitudinal coherence, DEHG effectively
lowers the threshold on seed laser power and offers a promising route
toward high-repetition-rate, fully coherent FEL operation.

In this Letter, we report on the experimental results of direct
amplification and harmonic generation in an ultraviolet free-electron
laser driven by a low-intensity laser. The experiment was performed at
the Dalian coherent light source (DCLS),43 the first high-gain FEL user
facility in China. A stepwise experimental approach was adopted: an ini-
tial setup was configured to demonstrate direct amplification of a low-
intensity seed laser, with all undulators tuned to 266nm [Fig. 1(a)].
Building upon this, the undulator settings were adjusted to enable
second-harmonic generation within the same system [Fig. 1(b)]: the
modulation undulator (U50) and first radiation undulator (U30)
remained resonant at 266nm to support seed amplification, while the

last three U30 undulators were tuned to 133nm to produce harmonic
radiation. The results from both stages are presented in detail below.

As illustrated in Fig. 1, the DCLS consists of an injector system, a
linear accelerator, a seed laser system, and an undulator system. The
electron beam with a bunch charge of 500 pC is generated by a photo-
cathode radio frequency (RF) gun operating at a frequency of
2856MHz and a repetition rate of 10Hz. It is subsequently accelerated
by a linear accelerator that includes three 3-m-long S-band accelerating
structures (L1) and four additional S-band structures (L2), enabling
beam energies up to 300MeV. A magnetic bunch compressor (BC)
shortens the electron beam to approximately 2.5 ps in full bunch
length, resulting in an average current of 200A. The normalized trans-
verse emittance is around 1.5mmmrad. The undulator system
includes a 1-m-long modulation undulator U50 with a period of
50mm, and a radiator section consisting of five 3-m-long variable-gap
undulators U30 with 30mm period lengths. An S-band transverse
deflecting structure (TDS) is installed downstream for conducting lon-
gitudinal phase space diagnostics, with a temporal resolution of 15 fs.

To enable efficient seeding under improved synchronization and
overlap conditions, a dedicated configuration different from the basic
operating mode of DCLS was implemented.43 The seed laser is gener-
ated by the third harmonic of a Ti:Sapphire laser, with a wavelength of
266.7nm, an FWHMpulse width of 1ps, an FWHM relative bandwidth
of 5� 10�4, and a peak power of up to 500MW, replacing the previ-
ously used optical parametric amplifier (OPA) source.44 To enhance
spatiotemporal overlap with the electron beam and increase modulation
efficiency, the seed laser was focused not in the U50 modulator but near
the entrance of the downstream radiator (U30). The mirror used to
reflect the laser in DS2 was removed, allowing the seed laser to propa-
gate directly into U30 and interact further with the electron beam. From
the laser measurement position to the undulator, the beam traverses
approximately four window plates (each 2mm thick) and three lenses
(each 3mm thick). Both the lenses and the window plates are crafted
from fused silica, introducing a total group delay dispersion of around
3349 fs2. Calculations reveal that its impact on pulse width is negligible,
eliminating the need for special measures to preserve pulse width.

In the experiment, both the U50 and the U30 were tuned to be
resonant at the seed laser wavelength of 266.7 nm. Figure 2 shows the
relationship between the FEL resonant wavelength and electron beam
energy for undulators with different period lengths, derived from the

FIG. 1. Experimental configurations at the DCLS: (a) direct seed amplification setup and (b) harmonic generation setup.
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FEL resonance condition1 and the actually measured magnetic field
curves of the undulator. As shown in Fig. 2, the overlapping green
region indicates the range of beam energies for which resonance can
be simultaneously achieved in both undulators. To operate within this
range, the acceleration gradient and RF phase of the accelerating struc-
tures were carefully adjusted, yielding a final measured beam energy of
216MeV—ensuring resonance at the target wavelength and facilitating
efficient energy modulation and amplification. Moreover, at this
energy, the U30 undulator also supports harmonic radiation at
133nm, facilitating studies on second-harmonic generation. Due to
the relatively low energy of the electron beam and the 3-m length of
one undulator, the natural focusing effect of the undulator is quite sig-
nificant. Matching is achieved by combining the natural vertical focus-
ing of the undulators with the horizontal focusing provided by
quadrupoles installed at the undulator intersections. In the experiment,
we used a FOFO lattice45,46 to adjust the electron beam size.

We characterized the root mean square (RMS) slice energy
spread of the electron beam as 38keV using the coherent radiation
method,47 providing critical input for the subsequent seed laser inter-
action study. A seed laser with a peak power of 3.85MW was
employed, yielding a power density of 5:37� 107 W=cm2 based on a
beam waist radius of 1.5mm, chosen to fully cover the electron beam.
The laser interacted with the electron beam in the modulation undula-
tor (U50), initiating energy modulation. In the downstream radiation
undulator (U30), the laser-induced microbunching underwent expo-
nential gain, leading to a significant enhancement of the modulation
amplitude and coherent radiation. Temporal synchronization is
achieved by monitoring the spontaneous emission of the electron
beam and seed laser signals on a photodiode located at the exit of the
undulator using a high-precision oscilloscope. First, coarse synchroni-
zation between the laser and the electron beam is performed by align-
ing the rising edges of these two signals. Subsequently, the laser delay
is scanned with a step size of less than 0.5ps; fine synchronization is
completed once a significant enhancement of the undulator radiation
signal is observed. Finally, through observation of the longitudinal
phase space via the TDS system, the detection of obvious beam loss
marks the formal realization of synchronization between the laser and
the electron beam. For the diagnostics of FEL light, the FEL spectra

were obtained using a high-resolution spectrometer (Ocean Optics
HR4000), with a spectral coverage from 200 to 400nm and a resolu-
tion of 0.02 at 266nm.

The FEL pulse energy was measured by photodiodes located
downstream of the radiator. Figure 3(a) displays the measured gain
curves along the radiator as well as a typical transverse distribution of
the laser spot. The average FEL pulse energy was measured to be
343.6lJ, with a root mean square (RMS) error of 22.7lJ. A maximum
FEL energy of 383.7lJ was achieved, corresponding to a 100-fold
amplification of the seed laser measured at the radiator entrance
(3.85lJ). To further quantify the FEL gain, the seed laser energy was
also measured at the radiator exit in the absence of the electron beam,
yielding only 0.089lJ. This large difference indicates misalignment
between the seed laser and the undulator axis—likely due to imperfect
beam transport at 216MeV in the 3-m-long U30 radiator section with
1-m drift spacing, where the FOFO matching condition is not well sat-
isfied. Despite this, FEL amplification remains highly efficient, with a
gain exceeding 4300 relative to the residual seed, highlighting the
robustness of the seeding scheme.

The FEL spectrum, averaged over 100 consecutive shots, is pre-
sented in Fig. 3(b), exhibiting a mean FWHM relative bandwidth of
2� 10�3. Figures 3(c) and 3(d) present two typical longitudinal phase
spaces of the electron beams measured by the TDS at the exit of the
undulator section with the seed laser off and on, respectively. When
the seed laser is on, a clear degradation of beam quality is observed in
the central region of the bunch due to energy extraction. The time-
dependent energy spread with lasing on and off is used for reconstruc-
tion of the FEL pulse profile.48 The FEL pulse width is estimated to be
434 fs (FWHM). The measured FEL bandwidth is approximately two
times broader than the Fourier transform limit based on the estimated

FIG. 2. Relationship between the FEL resonant wavelength and the electron beam
energy for undulators with different period lengths. The magnetic field ranges for
U30 and U50 are 0.2–0.83 and 0.2–1.0 T, respectively.

FIG. 3. Measured FEL gain curves (a) for direct amplification of deep ultraviolet
free-electron laser. Blue line represents the average spectrum over 100 consecutive
shots, and light blue represents 100-shot. The inset in (a) shows the measured FEL
transverse spot. The origin of the horizontal coordinate in (a) corresponds to the
exit of U50. Measured FEL spectra (b). Blue line represents the average spectrum
over 100 consecutive shots, and light blue lines represent 100-shot spectra.
Measured longitudinal phase spaces of the electron beam by the S-band deflecting
cavity at the undulator exit: (c) seed laser off and (d) seed laser on.
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FEL pulse width. The spectral broadening and the shorter FEL pulse
duration compared to the seed laser may be attributed to the consider-
able nonlinear energy chirp in the electron beam [as shown in
Fig. 3(c)], which arises from the combined effects of radio frequency
curvature and wakefields in the accelerating stage.49

To experimentally verify the radiation performance enabled by
the DEHG mechanism, coherent harmonic generation was explored
under low-intensity seeding conditions. Owing to the limited electron
beam energy at DCLS, the study targeted second harmonic generation
at 133nm, using a 266-nm seed laser. The undulator configuration
comprised three stages: (1) the U50 and first U30 undulators resonant
at 266 nm for seed amplification, (2) the second U30 tuned off reso-
nance as a dispersive section to enhance microbunching via energy-
position correlation, and (3) the final three U30 undulators resonant at
the second harmonic for coherent radiation. This staged configuration
enables not only efficient amplification of the seed laser but also strong
harmonic bunching, which is crucial for DEHG. With a seed laser
delivering 5.7MW peak power (8:06� 107 W=cm2), pulse energies
measured 5.7lJ at the undulator entrance and 0.13lJ at the exit in the
absence of the electron beam.

A key feature of DEHG lies in its coupled amplification and mod-
ulation dynamics: the weak seed laser initiates energy modulation in
the U50 modulator, while the first U30 radiator amplifies both the
laser field and the beam modulation. Figure 4 illustrates this through
simulated longitudinal phase space evolution at key undulator loca-
tions, resolved at the laser wavelength scale. Using Genesis 1.3 simula-
tions50 with experimentally derived parameters—including electron
beam energy, energy spread, emittance, and laser peak power—we
observed that the electron beam acquires an energy modulation of
approximately one time the slice energy spread after passing through
U50. Continued interaction with the seed laser in the first U30 leads to
laser amplification, resulting in a significantly enhanced modulation
depth. The simulated modulation reaches nearly 11 times the slice
energy spread, which is in reasonable agreement with the value of 9.85

times inferred from the measured radiation energies at the U50 and
U30 exits, as shown in Fig. 4(d).

This performance starkly contrasts with non-amplified scenarios,
where modulation depths would plateau at 5.5 times the energy
spread—demonstrating the crucial role of amplification in boosting
modulation. Furthermore, under a typical DCLS configuration where
only the 1-m-long U50 undulator is used for modulation, achieving a
comparable energy modulation of 9.85 would require a seed laser peak
power as high as 340MW, far exceeding the 5.7MW used in this
setup. This remarkable efficiency, enabled by the intrinsic coupling
between laser amplification and beam modulation, is a hallmark of the
DEHGmechanism, fundamentally distinguishing it from conventional
seeded FEL schemes, where amplification and modulation are typically
treated as sequential and independent processes.

The FEL output was characterized using an online spectrometer
spanning 50–150nm with 0.03nm resolution at 133nm,51 and pulse
energy was monitored by calibrated photodiodes downstream of the
radiator. Figure 5(a) displays the measured FEL gain curves along the last
three U30 undulators, highlighting a clear exponential amplification pro-
cess that drives the second harmonic radiation to a peak pulse energy of
7.2lJ. The average FEL pulse energy was measured to be 5.8lJ, with an
RMS error of 0.6lJ. The inset in Fig. 5(a) shows the measured FEL trans-
verse spot. It can be observed that the quality of the DEHG spot is infe-
rior to that of the FEL spot in Fig. 3(a), which is attributed to the fact that
the DEHG is not saturated—this prevents the transverse mode of the
light from developing into a pure Gaussian mode. The FEL spectrum,
averaged over 100 consecutive shots, is displayed in Fig. 5(b) and features
a narrow FWHM relative bandwidth of 1� 10�3, demonstrating excel-
lent longitudinal coherence inherited from the seed laser. The maximum
achievable pulse energy in this setup is constrained by several practical
factors: the relatively low electron beam energy limits the establishment
of an optimal transverse focusing structure within the 3-m undulators;40

the beam trajectory is highly sensitive to undulator field integrals, compli-
cating precise orbit control; and the finite number of radiator segments
restricts the overall radiation efficiency. Despite these constraints, the
experiment clearly demonstrates the essential features of the DEHG
mechanism—namely, efficient harmonic generation, strong bunching,
and preserved temporal coherence.

In summary, we have experimentally demonstrated the direct
amplification and harmonic generation in an ultraviolet free-electron

FIG. 4. Evolution of the simulated electron beam phase space on the wavelength scale
of the laser at (a) the linac exit, (b) the U50 undulator exit, and (c) the first U30 undulator
exit. (d) The relationship between modulation depth and modulation segment length.

FIG. 5. Measured FEL gain curves (a) along the last three undulators and mea-
sured spectra (b) for harmonic generation of a vacuum ultraviolet free-electron laser.
The inset in (a) shows the measured FEL transverse spot. Dark purple line repre-
sents the average spectrum of 100 shots, and light purple lines represent 100-shot
spectra. The inset in (b) represents the seed laser spectrum.
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laser driven by a low-intensity seed laser. A 100-fold amplification of
the seed laser energy was achieved under low-intensity conditions, and
harmonic generation amplification was observed. The stepwise experi-
ment demonstrates that a long modulator facilitates the amplification
of a low-intensity laser and enhances the energy modulation of the
electron beam at the seed laser wavelength scale to effectively generate
harmonic radiation. This scheme also features scalability: at higher
electron beam energies, DEHG can generate FEL radiation ranging
from extreme ultraviolet to soft x-ray wavelengths under low-power
seed laser conditions.42 The DEHG high-harmonic experiment is
going on at the Shanghai soft x-ray free-electron laser facility.52 For a
high-repetition-rate FEL, the peak power required for a seeded FEL
decreases from hundreds of MW to a fewMW, allowing the laser repe-
tition rate to be increased from 10 kHz to 1MHz. Using an ultrashort
seed laser, DEHG can generate tens-of-femtosecond MHz FEL pulses.
This method can effectively alleviate the demand for peak power of the
seed laser in high-repetition-rate seeded FELs, providing a reliable
technical pathway for high-repetition-rate, fully coherent FELs.
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