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Abstract
High-brightness extreme ultraviolet (EUV) light source

is strongly required for high-resolution photoelectron spec-
troscopy, imaging experiments, and EUV lithography. In
this work, the self-modulation technique is introduced
into seeded FELs, such as high-gain harmonic generation
(HGHG), to significantly reduce the requirement of the
seed laser power by enhancing coherent energy modula-
tion. Numerical simulations demonstrated that the modified
HGHG configuration with the self-modulation technique
could generate high-repetition-rate, fully coherent, stable,
and kilowatt-scale EUV pulses at a more compact linac-
based light source.

INTRODUCTION
High-brightness extreme ultraviolet (EUV) light source

is a prerequisite for fundamental science. In terms of EUV
high-resolution photoelectron spectroscopy and imaging ex-
periments, high brightness and full coherence characteristics
are essential. In terms of EUV lithography (EUVL), high
average power (higher than 1 kW) and high stability char-
acteristics are more critical. A high-power, fully coherent,
and stable EUV light source is urgently required. Over the
past decades, synchrotron radiation (SR) has been supplied
as a standard tool for advanced research [1]. The SR light
source’s limitations are the longitudinally incoherent and
the order of tens of picoseconds of pulse duration. With
accelerator and undulator technology advancements, free-
electron lasers (FELs) with high-intense and ultra-fast char-
acteristics have made enormous progress in cutting-edge
applications [2], which is the most promising high-power
EUV light source.

Generation of high-brightness EUV radiation pulses re-
quires the combination of a high-repetition-rate electron
beam and various operating mechanisms. The steady-state
microbunching mechanism-based photon source and storage-
ring-based FEL are promising EUV light sources because
the electron beam repetition rate in the storage ring can eas-
ily reach 100 MHz [3, 4]. However, the drawbacks of the
electron beam in the storage ring are the low peak current,
the induced energy spread that can limit the FEL extracted
power, and the multiple turns stability remains experimen-
tally demonstrated. Besides, the energy recovery linac (ERL)
based light source with the self-amplified spontaneous emis-
∗ denghx@sari.ac.cn

sion (SASE) scheme [5, 6] is another method to produce
kW-scale EUV pulses [7]. However, generating high-quality
electron beams with high beam energy and high peak current
is challenging. The total length of the ERL-FEL typically
reaches over 100 m to improve the efficiency of extracted
radiation power. Moreover, SASE FEL suffers from longitu-
dinally incoherent and significant shot-to-shot jitter due to
the initial shot noise of the electron beam.

Currently, most FEL facilities are based on linac that can
produce electron beams with small energy spread, high peak
current, and low emittance, thus achieving high single-pass
FEL gain. The challenge of producing high average power
kW scale EUV from single-pass FEL sources is the demand
for high-repetition-rate electron beam or high beam energy.
With the advanced superconducting radiofrequency technol-
ogy, continuous-wave electron beam generation and FEL
light source becomes feasible. Seeded FELs inherit the char-
acteristics of the external seed laser, which can generate
fully coherent and stable FEL pulses [8–10]. To generate
high-repetition-rate EUV pulses in seeded FELs, such as
high-gain harmonic generation (HGHG) [8], a UV seed laser
of several MHz is required, challenging for state-of-the-art
laser technology. Recently, the self-modulation technique
has been demonstrated theoretically and experimentally in
seeded FELs to reduce the power requirement of the seed
laser at least two orders of magnitude by amplifying coher-
ent energy modulation [11]. Thus, externally seeded FELs
introducing the self-modulation technique have excellent
potential to produce high-repetition-rate, fully coherent, and
stable EUV pulses.

In this work, we demonstrate the feasibility of the single-
pass FEL facilities to produce high-repetition-rate, fully co-
herent, and stable kW-scale EUV generation, with its poten-
tial application to EUVL. After upgrading the linac and laser
systems, this modified HGHG configuration with the self-
modulation technique is compatible with existing seeding
beamlines.

PHYSICAL DESIGN
In a standard HGHG, an external seed laser interacts with

the electron beam in a modulator undulator and imprints a
sinusoidal energy modulation. After a dispersion section,
the energy modulation is transferred into a density modula-
tion and radiators resonate at the target harmonic of the seed
laser. Typically, the energy modulation amplitude is propor-
tional to the harmonic number 𝑛. For amplifying the FEL
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Figure 1: The schematic layout of the self-modulation
HGHG configuration. A UV seed laser with lower intensity
modulates the energy beam in the modulator. Then, the
electron beam is compressed longitudinally by a four-dipole
magnetic chicane 1 to enhance the coherent radiation in the
self-modulator resonating at the fundamental wavelength of
the seed laser. Through the precisely optimized magnetic
chicane 2, the electron beam can generate high harmonic
radiation toward the EUV region in the following radiator.

radiation in the EUV range, the energy modulation should be
increased. The self-modulation technique is employed to the
standard HGHG to enhance a larger energy modulation ex-
tending to the spectrum wavelength of the EUV. Meanwhile,
the seed laser power is significantly lower than that of the
standard HGHG, which means the conventional externally
seeding scheme HGHG can generate the high-repetition-rate
EUV radiation.

The schematic illustration of the self-modulation HGHG
is shown in Fig. 1. Compared to the standard HGHG, this
configuration introduces one additional self-modulator to
generate coherent energy modulation. Generally, the power
of the coherent radiation is given by

𝑃coh =
𝑍0 (𝐾 [𝐽𝐽]1𝐿𝐼𝑏𝑛)2

32𝜋𝜎2
𝑥𝛾

2
(1)

where 𝑍0 = 377 Ω is the vacuum impedance, 𝐾 is the undu-
lator parameter, [𝐽𝐽]1 is the planar undulator Bessel factor,
𝐿 is the self-modulator length, 𝑏𝑛 is the 𝑛-th bunching fac-
tor, 𝐼 is the peak current, and 𝜎𝑥 is the transverse beam
size. Here, the coherent radiation intensity can be further
enhanced by precisely optimizing the beam size, the peak
current, and the self-modulator length, thus relaxing the
requirement of the seed laser system.

To verify the feasibility of the self-modulation HGHG to
generate EUV pulses with high average power, the nomi-
nal parameters of the SXFEL user facility are adopted, as
shown in Table 1, to present some physical design and opti-
mization. The SXFEL user facility was initially designed to
generate coherent soft x-ray pulses using externally seeding
schemes, such as cascaded HGHG or EEHG. The baseline
design is fully compatible with the self-modulation HGHG
configuration. The electron beam, seed laser, and undulator
parameters are listed in Table 1, the FEL pierce parameter is
calculated to 7 × 10−3, corresponding to the gain length is
0.5 m. The 1.6 m long self-modulator corresponds to a gain
length of 3.2 times. Due to the 3-fold gain length being crit-
ical for quadratic growth and FEL exponential growth, the
coherent energy modulation in the self-modulator is signifi-
cantly enhanced, producing significant harmonic bunching

Table 1: Main Simulation Parameters of SXFEL User Facil-
ity

Specifications Electron beam
Energy 1.4 GeV
Slice energy spread 50 keV
Normalized emittance 1 mm·mrad
Peak current 700 A (Flat-top)
Bunch charge 600 pC
Specifications Seed laser
Peak power 400 kW (Gaussian)
Duration 1 ps (FWHM)
Wavelength 266 nm
Rayleigh length 5 m
Specifications Undulator
Period of Modulators 0.08 m
Length of Modulators 1.6 m
Period of Radiator 0.05 m
Length of Radiator 16 m

in the wavelength of EUV and broadening the HGHG operat-
ing range. By obtaining the same harmonic bunching factor,
the self-modulation HGHG introduces an additional energy
spread compared to standard HGHG. However, the seed laser
power can be reduced by nearly two orders of magnitude,
with great potential for high repetition rate operation.

SIMULATION RESULTS
To analyze the feasibility of the self-modulation HGHG,

the simulations were carried out with GENESIS [12]. We
first introduced a UV seed laser with a peak power of 400 kW,
as shown in Table 1, producing an initial weak energy mod-
ulation of about 65 keV, corresponding to 1.3 times the slice
energy spread. The steady-state simulation is performed to
fast optimize the working points of 𝑅56s of chicane 1 and
chicane 2, as shown in Fig. 2. The maximum bunching fac-
tor at the 20th harmonic of the seed laser is about 0.07, with
one of the optimal 𝑅1

56 and 𝑅2
56 of 0.86 mm and 0.043 mm,

respectively.

Figure 2: Optimization results of the optimal area of 𝑅56s at
the 20th harmonic bunching factor, corresponding to EUV
wavelength.
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Figure 3: The 100-shot EUV FEL performance using the
self-modulation technique after a 4 modules radiator of 16 m.
Each grey plot corresponds to a single-shot simulation. The
red plot corresponds to the average of all 100 shots.

Figure 4: The statistical properties of 100 shots output EUV
FEL performance.

FEL Performance
The time-dependent simulations were performed by fur-

ther precisely optimizing the beam orbit, beam size, and
undulator parameters, as shown in Fig. 3. The average EUV
pulse energy reaches 342.2 µJ, and the rms pulse energy
jitter is 1.7 µJ. The number of photons per pulse is about
2.3 × 1013 Due to the slippage of the self-modulator and shot
noise effects, there are several spikes on the power profile.
The average FWHM pulse length is about 646.0 fs. The
average FWHM bandwidth is about 4.0 × 10−5, correspond-
ing to a time-bandwidth product of 0.58, approaching the
Fourier transform limit. Besides, as shown in Fig. 4, the
shot-to-shot pulse energy and relative bandwidth fluctua-
tion is 0.49% and 2.8%, respectively. The enhanced energy
modulation amplitude is about 24.5 leading to a lower satu-
ration pulse energy. Based on the self-modulation technique,
the seed laser power is only 400 kW, corresponding to the
average power of 1.2 W, promising to reach a 3 MHz rep-
etition rate with the existing seed laser system. Assuming
that the electron beam generated by the linac can achieve a
3 MHz repetition rate corresponding to an average current of
1.8 mA, the average power of the fully coherent EUV FEL
can reach 1 kW. It is worthy that a tapering undulator can
be used to extract additional power from the electron beam,
which can further increase the average power by a factor of
3 to 5.

Stability Analysis
More numerical simulations were performed to investigate

further whether the stability of the output FEL properties
is sensitive to the seed laser power. Here, we assumed that
the maximum power jitter of the seed laser is ± 6%, corre-

Figure 5: The 20th harmonic bunching deviation versus the
seed laser power. The power is normalized by the nominal
case of that of 400 kW.

Figure 6: The EUV pulse energy deviation and the time-
bandwidth product of output spectra versus the seed laser
power. The power is normalized by the nominal case of that
of 400 kW.

sponding to between 376 kW to 424 kW when the dispersion
strength of chicanes is constant. As shown in Fig. 5, a slight
increase in the seed laser power can improve the harmonic
bunching factor because of a range of working points, such
as 𝑅56 of chicane 2. Besides, according to Fig. 6, both the
pulse energy deviation and time-bandwidth product of out-
put spectra as a function of the seed laser power. When the
seed laser power is as low as 370 kW, the pulse energy is
instead increased while the longitudinal coherence is sig-
nificantly decreased. Because the introduced seed laser is
weak, resulting in a pedestal on the power profile, the SASE
background from the shot noise eventually leads to a lower
signal-to-noise ratio. Therefore, the shot noise effects need
further analysis to verify the self-modulation technique to-
ward shorter wavelength FEL.

DISCUSSION
In this work, a novel method for generating high-

repetition-rate, fully coherent, stable, and compact EUV
FEL is demonstrated by numerical simulations. By reason-
ably optimizing the working points, one can obtain fully
coherent EUV pulses with an average power of 1 kW utiliz-
ing a 3 MHz electron beam and a seed laser with an average
power of only 1.2 W, significantly improving the efficiency
of the EUV spectroscopic experiments. It should be noted
that the output EUV pulse intensity can be further enhanced
by increasing the electron beam repetition rate and com-
bining it with the fresh bunch technique [13, 14], with the
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potential to achieve kW-scale EUV-FEL. In addition, the sen-
sitivity analysis of the novel method to the seed laser power
shows that shot noise effects are essential at high harmonic
up-conversion numbers. The degradation of FEL coherence
should be considered during the optimization of the seed
laser, which can be further investigated in future work.
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