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Abstract. The spectroscopic methods for the ultrafast electronic and structural dynamics of materials require
fully coherent extreme ultraviolet and soft X-ray radiation with high-average brightness. Seeded free-electron
lasers (FELs) are ideal sources for delivering fully coherent soft X-ray pulses. However, due to state-of-the-
art laser system limitations, it is challenging to meet the ultraviolet seed laser’s requirements of sufficient
energy modulation and high repetition rates simultaneously. The self-modulation scheme has been proposed
and recently demonstrated in a seeded FEL to relax the seed laser requirements. Using numerical simulations,
we show that the required seed laser intensity in the self-modulation is ~3 orders of magnitude lower than that
in the standard high-gain harmonic generation (HGHG). The harmonic self-modulation can launch a single-
stage HGHG FEL lasing at the 30th harmonic of the seed laser. Moreover, the proof-of-principle experimental
results confirm that the harmonic self-modulation can still amplify the laser-induced energy modulation. These
achievements reveal that the self-modulation can not only remarkably reduce the requirements of the seed
laser but also improve the harmonic upconversion efficiency, which paves the way for realizing high-repetition-
rate and fully coherent soft X-ray FELs.

Keywords: high repetition rate; free-electron laser; self-modulation; fully coherent; soft X-ray.

Received Dec. 4, 2022; revised manuscript received Feb. 23, 2023; accepted for publication Mar. 27, 2023; published online
Apr. 18, 2023.

© The Authors. Published by SPIE and CLP under a Creative Commons Attribution 4.0 International License. Distribution or
reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.

[DOI: 10.1117/1.APN.2.3.036004]

1 Introduction
High-gain free-electron lasers (FELs) can generate wavelength-
tunable pulses of high brightness, opening a range of new re-
search in various fields, including biology, chemistry, physics,
and materials science.1,2 However, most successful FEL-based
experiments to date are based on the properties of single-shot
pulses, such as the internal structure studies of materials.3

In contrast, fully coherent FELs with high repetition rates are
critical for some photon-hungry experiments, such as the fine
time-resolved analysis of matter with spectroscopy and photon
scattering.

Currently, most of the X-ray FEL (XFEL) facilities
worldwide4–8 are based on the mechanism of self-amplified
spontaneous emission (SASE).9,10 The SASE scheme can obtain

high-brightness pulses with a sub-Ångstrom wavelength and a
femtosecond duration. Because of the mode selection process,
SASE pulses can become nearly transversely coherent.
However, the longitudinal coherence of the SASE pulses is lim-
ited by the slippage of radiation within the FEL gain length.
Self-seeding schemes11,12 have been proposed to improve the
longitudinal coherence, but at the cost of shot-to-shot intensity
fluctuations.

Seeded FELs13–17 that use a coherent external seed laser to
trigger the initial amplification process of the XFEL are ideal
for obtaining fully coherent FEL pulses with a small pulse
energy fluctuation. In a typical configuration of seeded FELs,
such as the high-gain harmonic generation (HGHG),18 sinusoi-
dal energy modulation is introduced by an external seed laser in
a modulator through the laser–electron beam interaction. Then a
magnetic chicane referred to as the dispersive section is used to
convert the energy modulation into periodic density bunching*Address all correspondence to Haixiao Deng, denghx@sari.ac.cn
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comprising frequency components at high harmonics. Finally,
the microbunched beams are sent through a relatively long
undulator referred to as the radiator, in which the coherent
radiation of the harmonic of interest is generated and further
amplified through the FEL process. In addition, sophisticated
phase-space manipulation techniques, such as the echo-
enabled harmonic generation (EEHG)15,16 and phase-merging
enhanced harmonic generation,17 have been developed to im-
prove the frequency multiplication efficiency of the single stage.
Both analytical calculations and experimental results demon-
strate that seeded FELs can produce high-power soft X-ray
radiation with a narrow bandwidth using an ultraviolet seed
laser.19–25

In recent years, the high-repetition-rate operation of XFEL
has been proposed to obtain pulses with high average bright-
ness, which has enormous potential in a variety of scientific
studies.3,7,26–28 Based on superconducting accelerators, FLASH29

and the European XFEL7 can reach repetition rates of 1 and
4.5 MHz in a burst mode, respectively. Moreover, SHINE27,28

and LCLS-II26 are designed to achieve 1 MHz in a continu-
ous-wave mode. A seeded FEL with a repetition rate of 1 MHz
can meet the requirements of specific experiments, such as high-
resolution spectroscopy techniques. However, it is currently
impossible for state-of-the-art laser systems to obtain laser
pulses with sufficient peak power for the energy modulation
of the electron beam and at the same time have such a high
repetition rate.

Different methods have been proposed to realize high-
repetition-rate seeded FELs. Recently, the self-modulation of
the electron beam has been experimentally demonstrated to
be an effective method of reducing the requirement for an ex-
ternal seed laser.30,31 Moreover, further studies have shown that
the self-modulation method has a stability similar to HGHG and
has the potential to achieve very high harmonics.32,33 The utiliza-
tion of an FEL oscillator as the seeding source for subsequent
cascades has been proposed.34–37 In addition, a resonator-like
seed recirculation feedback system has been proposed to reuse
the radiation in the modulator section to modulate the following
electron bunches.38–41 The use of a relatively longer modulator
has been suggested to reduce the peak power requirements of
the external seed laser.32,42,43 More analysis of various methods
to high-repetition-rate seeded FELs has been studied.44

Compared with the seeded oscillator–amplifier scheme40 and
the modulator lengthening scheme,43 the self-modulation
scheme30 does not require extra optical elements or a consider-
ably long modulator. The self-modulation scheme can be easily
applied to all existing seeded FEL facilities with minimal hard-
ware addition, especially in synergy with EEHG setups.

In this work, we first systematically analyze the crucial
parameters in the self-modulation scheme to provide design
and optimization directions for its further application in seeded
FELs, such as HGHG. The schematic layout and principle of the
self-modulation HGHG are presented in Sec. 2. In order to dem-
onstrate the feasibility of the self-modulation HGHG for high-
repetition-rate and fully coherent soft X-ray FELs, intensive
numerical simulations based on the parameters of the Shanghai
soft X-ray free-electron laser facility (SXFEL) are carried out
in Secs. 3 and 4, respectively. We further verify that the self-
modulation scheme can generate higher harmonic bunching
after changing the resonance conditions of the self-modulator;
the experimental results are shown in Sec. 5. The summary and
prospects are given in Sec. 6.

2 Principle
The standard HGHG typically adopts an ultraviolet (UV) seed
laser pulse to imprint a longitudinal sinusoidal energy modula-
tion on the electron beam in a short modulator, with a periodic-
ity of the seed laser wavelength. The following dispersive
chicane is used for the associated longitudinal density modula-
tion, which can be defined as the bunching factor. The n’th
harmonic bunching factor can be written as13

bn ¼ jJnðnABÞj exp
�
− n2B2

2

�
; (1)

where A ¼ Δγ∕σγ , γ is the beam energy in units of mc2, Δγ is
the energy modulation amplitude, and σγ is the uncorrelated en-
ergy spread. B ¼ kR56σγ∕γ is the dimensionless dispersion
parameter, R56 is the dispersion strength of the chicane, k is
the wavenumber of the seed laser, n is the harmonic number,
and Jn is the n’th order first-class Bessel function. Equation (1)
shows that the bunching factor decreases exponentially with the
rise of harmonic number n. To obtain the maximum bunching
factor at the n’th harmonic of the seed laser, a large A is re-
quired, and B should be optimized simultaneously. Generally,
the Δγ should be n times larger than σγ. However, the energy
spread effects induced by the seed laser limits its access to the
higher harmonic number, e.g., larger than the FEL Pierce param-
eter ρ when the FEL process cannot gain exponentially in the
following radiators. The total energy spread σγ0 at the entrance

of radiators can be written as σγ0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2γ þ Δγ2∕2

q
.45 From the

notation of Ref. 46, the FEL Pierce parameter is derived as

ρ ¼
�
1

8π

I
IA

�
K½JJ�1

1þ K2∕2

�
2 γλ2

2πσ2x

�
1∕3

; (2)

where K is the undulator parameter, ½JJ�1 is the Bessel function
factor associated with a planar undulator, λ is the FEL resonant
wavelength, IA is the Alfvén current, I is the peak current of
the electron beam, and σx is the root mean square (RMS) trans-
verse beam size. Consequently, the maximum harmonic upcon-
version of the standard HGHG is typically limited to 15 under
the constraint of satisfying both large energy modulation and the
requirement on high-gain FELs. In order to obtain shorter wave-
lengths, a cascading multistage scheme can be adopted, in
which the FEL output of the first stage HGHG is used as the
seed laser for the next.14 The cascaded HGHG is more sensitive
to beam imperfections, which, in practice, is challenging to op-
erate at the shorter wavelength.20,21

Furthermore, the bunching factor versus A at various har-
monic numbers is illustrated in Fig. 1, according to Eq. (1).
Under a particular A, each line represents the maximum achiev-
able bunching factor at the optimal R56. For instance, inducing a
relatively small energy modulation A ¼ 2, the maximum bunch-
ing factor of the fundamental, second, and third harmonics are
0.43, 0.22, and 0.10, respectively. The fundamental wavelength
contains a significant bunching factor under this weak energy
modulation, which means that further amplification can produce
coherent energy modulation and reduce the requirement for the
seed laser power toward high-repetition-rate FELs.30 In addition,
it can be shown that if A increases, such as to 4, the bunching
factors of the fundamental, second, and third harmonics increase
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to 0.55, 0.37, and 0.27, respectively. The bunching factor of the
fundamental and second harmonics increases by 28% and 68%,
respectively, whereas the third harmonic increases by a factor of
1.7. Therefore, we can amplify the initial laser-induced energy
modulation at the second, third, or higher harmonics toward
short-wavelength seeded FELs.33 The schematic layout of the
self-modulation HGHG setup is shown in Fig. 2. Compared
with the standard HGHG, the self-modulation HGHG includes
an extra chicane and a short undulator, the so-called self-
modulator, which is used to reduce the initial requirements
on the seed laser power significantly. AUV seed laser is utilized
to interact with the electron beam in the first modulator and then
generates a relatively weak energy modulation. After passing
through the first chicane, the energy modulation of the electron
beam is converted into longitudinal density modulation leading
to a prebunched beam. Then the laser-induced energy modula-
tion is further amplified in the self-modulator. Moreover, opti-
mizing the dispersion strength of the second chicane can achieve
a more prominent bunching factor at a higher harmonic of the
seed laser in the following amplifier. It should be noted that the
external seed laser is separated from the dispersive section be-
tween the modulators. This scheme is very compatible with
existing seeding beamlines of FEL facilities because it is similar
to the EEHG setup. The energy modulation amplitude induced
in the first modulator A1 ¼ Δγ1∕σγ and enhanced in the self-
modulator A2 ¼ Δγ2∕σγ should be analyzed and optimized with
two dispersive chicanes’ R1

56 and R2
56 simultaneously. The en-

hanced coherent energy modulation amplitude is calculated with
the energy spread at the exit of the self-modulator. According to
the theory of seeded FELs,13 the gain process consists of three

regimes: the coherent harmonic generation (CHG) with quad-
ratic growth, exponential growth, and saturation. The CHG ra-
diation can be generated in the self-modulator, whose total
length is around two gain lengths, where Lg ≡ λu∕4π

ffiffiffi
3

p
ρ is

the one-dimensional (1D) gain length, with the undulator period
λu and the FEL Pierce parameter ρ given by Eq. (2). In the CHG
regime, the harmonic electric field grows linearly along the self-
modulator length z, and the power grows quadratically along z.
At the entrance of the self-modulator, the prebunched beam con-
tains high harmonic components. Thereby, the self-modulator
can enhance the CHG radiation. Assuming the electron beam
is characterized by a uniform longitudinal distribution, the
CHG power can be written as45

Pcoh ¼
Z0ðK½JJ�1ηLgIbm1Þ2

32πσ2xγ
2

; (3)

where Z0 ¼ 377 Ω is the vacuum impedance, Lm2 is the length
of the self-modulator, η ¼ Lm2∕Lg is the modulator scaling
factor, bm1 is the bunching factor on the resonant wavelength
of the self-modulator obtained from the prebunched beam,
and the other variables follow the same notation as in Eq. (2).
Generally, assuming a Gaussian external seed laser interacts
with the electron beam in the modulator undulator, we can ob-
tain the amplitude of the energy modulation as (see Ref. 47)

ΔγðrÞ ¼
ffiffiffiffiffiffi
P
P0

s
K½JJ�1Lu

γσr
exp

�
− r2

4σ2r

�
; (4)

where P is the peak power of the external seed laser,
P0 ¼ IAmc2∕e ≈ 8.7 GW, r is the radial position of the electron
beam, and σr is the RMS laser spot size in the modulator un-
dulator. The laser spot size σr should be as comparable as pos-
sible to the electron beam size σx to obtain the maximum energy
modulation Δγð0Þ. However, to satisfy the transverse overlap
between the electron beam and external seed laser, the laser spot
size should be larger than the beam size, in the order of hundreds
and tens of micrometers, respectively. The energy modulation
process of the self-modulator is similar to that of the conven-
tional modulator with an external seed laser, as it is the coherent
energy modulation process generated by the CHG radiation that
requires a modification to Eq. (4). Assuming that the electric
field strength at the exit of the self-modulator is Ecoh, the coher-
ent energy modulation process of the self-modulator can be re-
garded as modulated by the seed laser with an electric field
strength of Ecoh∕2 corresponding to the peak power of
Pcoh∕4. Meanwhile, for simplicity, we can assume that the spot
size of the CHG radiation is larger than the beam size in the
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Fig. 1 Bunching factor versus energy modulation amplitude A at
various harmonic numbers. Each line corresponds to the maxi-
mum bunching factor at the optimal dispersion strength.
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Radiator
Chicane 1

Seed laser

Chicane 2
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Fig. 2 Schematic layout of the self-modulation HGHG setup. A self-modulation HGHG includes
extra dispersive chicane and self-modulator, further amplifying laser-induced energy modulation
to obtain a higher harmonic bunching factor.
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self-modulator and that both are independent of each other. The
energy modulation in the self-modulator can be simplified. Thus
the modified maximum energy modulation Δγ can be rewritten
as

Δγ ¼
ffiffiffiffiffiffiffiffiffi
Pcoh

4P0

s
K½JJ�1Lu

γσ0r
; (5)

where σ0r is the equivalent spot size of the CHG radiation.
Here the critical parameters of the self-modulation HGHG

are described for design and optimization. From Eqs. (4) and
(5), it is clear that A2 ∝

ffiffiffiffiffiffiffiffiffi
Pcoh

p
and A1 ∝

ffiffiffiffiffiffiffiffiffiffi
Pseed

p
, where Pseed

is the external seed laser power in the first modulator. As shown
in Fig. 1, since A is generally larger than 2, the harmonic bunch-
ing factor can be roughly considered proportional to the square
root of A. The harmonic bunching factor bm2 at the entrance of
radiators can be simplified as bm2 ∝

ffiffiffiffiffi
A2

p
. A1 is typically lower

than 2, which can be roughly estimated as proportional to the
bunching factor bm1 ∝ A1. Consequently, the scaling harmonic
bunching factor can be easily derived as

bm2 ∝
η1∕2I1∕3P1∕4

seed

σ1∕6x

: (6)

Equation (6) illustrates the scaling relationship between the
harmonic bunching factor and critical parameters, such as the
modulator scaling factor η, peak current I, peak power of the
external seed laser Pseed, and the electron beam size σx, which
can a priori estimate the seed laser power of the self-modulation
HGHG under different electron beams and undulator character-
istics. For example, in the nominal case with beam size σx0, peak
current I0, seed laser power Pseed0, and modulator scaling factor
η ¼ 2, then the bm2 is obtained. When the beam size is reduced
by half of σx0∕2 and the peak current remains I0, producing the
same bunching factor as bm2, the seed laser power is only
Pseed∕4, corresponding to η ¼ 3.18; for comparison, when
the peak current is doubled to 2I0 and the beam size remains
σx0, producing the same bm2, the seed laser power is also re-
duced to Pseed∕4, corresponding to η ¼ 2.52. Note that the scal-
ing bunching factor contains three preconditions: (1) the
modulator scaling factor should generally be ≲3, according
to Eq. (3); (2) the spot size of CHG radiation in the self-modu-
lator is independent of the beam size, according to Eq. (5); and
(3) the energy modulation amplitude of the first modulator is
weak, typically <2. Therefore, during design and optimization
of the self-modulation HGHG, the seed laser power requirement
can be significantly reduced by optimizing the peak current and
beam size, and this process is substantially achieved by reducing
the gain length in the self-modulator. In practice, the length of
the modulator undulator cannot be adjusted arbitrarily, thereby
optimizing the electron beam quality and the focus-drift-
defocus-drift (FODO) cell of the modulators is a more feasible
method for the self-modulation scheme.

3 Toward High Repetition Rates
To investigate the principle and limits of the self-modulation
HGHG, simulations were carried out by GENESIS48 utilizing
the main electron beam parameters of the SXFEL user facility
(SXFEL-UF) listed in Table 1. The SXFEL-UF is aimed at gen-
erating soft X-ray pulses toward the water window around 2.3 to

4.4 nm, which contains the SASE and the seeding beamlines.49,50

The baseline design initially considers the single-stage EEHG
and the cascaded EEHG–HGHG configurations. A 266-nm seed
laser with a peak power of several hundred megawatts and a
repetition rate of 10 Hz is adopted. Toward high-repetition-rate
FELs, the peak power requirements of external seed lasers
should be further reduced to circumvent the limitations of the
state-of-the-art laser system. In addition, it is currently challeng-
ing to achieve a harmonic upconversion number of externally
seeding schemes to above 100 toward short-wavelength
FELs. We employ SXFEL-UF electron beam parameters as a
nominal case to further demonstrate the performance and
application potential of the self-modulation scheme in terms
of high-repetition-rate and short-wavelength FELs.

As described in Sec. 2, the modulator scaling factor η, peak
current I, seed laser power Pseed, and the electron beam size σx
are critical for high-repetition-rate FELs. The beam size is re-
duced to 50 μm from the nominal case of 100 μm to compare
the effect of beam size on the self-modulation HGHG. In addi-
tion, the peak current is increased to 1400 A for the nominal
case of 700 A to compare the effect of the peak current further.
It should be noted that a constant self-modulator length of 1.6 m
is here considered, whereas the modulator scaling factor η is
changed accordingly.

To reasonably compare the effects of beam size and peak
current on self-modulation HGHG efficiency, the same target
bunching factor of 8% is used in all cases in this section.
The harmonic bunching factor is obtained at the entrance of
radiators for the 8th to 15th harmonics of the seed laser. The
parameters of the FODO lattice in the following radiators are
kept at the same value. The steady-state simulations are carried
out with the electron and undulator parameters listed in Tables 1
and 2 to optimize working points of the self-modulation HGHG
fast, i.e., the seed laser power and dispersion strength.

The seed laser power ratio represents the ratio of the seed
laser power of standard HGHG to that of the self-modulation
HGHG, as shown in Fig. 3. One can find that the seed laser ratio
is a function of the harmonic number. In the nominal case, the
seed laser power for the eighth harmonic of the seed laser can be
reduced by a factor of 237 and decreases as the number of har-
monics increases. Figure 3 clearly shows that the beam size and
peak current can further reduce the seed laser requirement and
enhance the performance of the self-modulation scheme, result-
ing in a reduction of the seed laser power by up to nearly 3 or-
ders of magnitude. More importantly, in the nominal case, the
Pierce parameter of the self-modulator that resonates at the
fundamental wavelength of the seed laser is calculated to

Table 1 Main electron beam parameters of the SXFEL-UF.

Parameter Value Unit

Beam energy 1.4 GeV

Slice energy spread 50 keV

Normalized emittance 1 mm·mrad

Bunch charge 600 pC

Bunch length (FWHM) 800 fs

Peak current (Gaussian) 700 A

Beam size (RMS) 100 μm
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ρ ¼ 4.6 × 10−3, corresponding to the 1D gain length of 0.80 m
and the modulator scaling factor η ¼ 2. Similarly, the 1D gain
length of the second and third cases is calculated to be 0.51 and
0.63 m, corresponding to the modulator scaling factor of 3.16
and 2.52, respectively. According to Eq. (6), the fourfold scaling
curve obtained by the nominal case is shown in Fig. 3. Since
the three-dimensional (3D) effect and the additional energy
modulation introduced by the CHG radiation spot size in the

self-modulator are neglected in the roughly estimated Eq. (6),
the second case shows that the ratio is poorly conformed at
higher harmonics; the third case shows that the ratio is better
conformed, but with a slight increase on higher harmonics over
12th harmonics. Therefore, the effect of beam size σx and peak
current I can still be estimated roughly by Eq. (6), and modulator
scaling factor η is an intermediate variable during the design and
optimization of self-modulation HGHG. In addition, the energy
spread ratio represents the ratio of the energy spread of standard
HGHG to that of the self-modulation HGHG at the entrance of
radiators, as shown in Fig. 4. Because of CHG radiation in the
self-modulator, the energy spread of self-modulation HGHG is
inherently larger than that of standard HGHG. Figure 4 shows
that decreasing the beam size reduces the seed laser requirement
at a low-energy spread cost compared to increasing the peak cur-
rent, which is more noticeable at higher harmonics. Furthermore,
increasing the peak current introduces a larger energy spread
than the nominal case. However, the difference is not evident
at higher harmonics. In terms of practicability, reducing the beam
size is a more efficient way to loosen the seed laser power
demand in the self-modulation scheme.

To evaluate the reduction of the seed laser power require-
ment, we carry out an example analysis of self-modulation
HGHG at the 13th harmonic of the seed laser. Initially, in
the case of 100 and 50 μm beam sizes, we introduce an optimal
energy modulation in the first modulator by a 266-nm seed laser
with peak power of 0.62 and 0.085 MW to the initial energy
modulation A1 of 1.2 and 0.6, respectively. The beam size is
reduced by half, corresponding to a 7.3-fold reduction of the
seed laser power. Second, the two-dimensional scanning of
the R56 of dispersive chicanes for obtaining the 13th harmonic
bunching factor of 8% in different beam sizes is shown in Fig. 5.
In the case of the beam size of 100 μm, the optimal R56 values of
the first and second chicanes are 1.04 and 0.06 mm, respec-
tively. Similarly, the optimal R56 values of the first and second
chicane in the other case are 0.92 and 0.09 mm, respectively. It
is found that R2

56 is more sensitive than R1
56. Third, with the en-

ergy spread σγ at the radiator entrance, the energy modulation

amplitude A2 can be roughly estimated by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2½ðσγ0∕σγÞ2 − 1�

q
. In

the case of the beam size of 100 μm, the energy modulation is

Table 2 Main simulation parameters of the seed laser and the
undulators.

Parameter Value Unit

Seed laser

Wavelength 266 nm

Peak power (standard HGHG) 17 to 75 MW

Peak power (self-modulation HGHG) 0.019 to 1.6 MW

Pulse duration (FWHM) 150 fs

Rayleigh length 5 m

Spot size (RMS) 325 μm

Modulator

K 9.891

Period 8 cm

Length 1.6 m

Self-modulator

K 5.593 to 9.891

Period 8 cm

Length 1.6 or 2 m

Radiator

K 1.823 to 4.239

Period 5 cm

Length 3 m
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Fig. 3 The seed laser power ratio of the standard HGHG and
self-modulation HGHG in different cases. The blue dot, red cross,
and yellow circle correspond to the nominal case of beam size of
100 μm and peak current of 700 A, the second case of beam size
of 50 μm and peak current of 700 A, and the third case of 100 μm
and 1400 A, respectively. The dotted line corresponds to the
scaling curve.
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about 850 keV, corresponding to A2 ¼ 16.7; whereas a lower
energy modulation of 650 keV is introduced in the case of
the beam size of 50 μm, corresponding to A2 ¼ 13.0. The mag-
nification efficiency of energy modulation for A2∕A1 is about
13.9 and 21.7 in different beam sizes, respectively. Thus the
beam size reduction can significantly relax the seed laser power
requirement and increase the bunching factor’s efficiency.
Finally, 3D time-dependent simulations are carried out; the out-
put FEL performance is shown in Fig. 6. We compare the per-
formance of the self-modulation HGHG and the standard
HGHG with different beam sizes: the seed laser required for
the self-modulation HGHG is only a few tens of kilowatts,
and the shot noise in the first modulator is about 43 W, which
can be estimated by Refs. 51 and 52,

Pnoise ¼
33∕44πρ2Pbeam

Nλ
ffiffiffi
π

p
η

; (7)

where Pbeam is the electron beam power, andNλ is the number of
electrons per seed laser wavelength. The signal-to-noise ratio
(SNR) is significantly lower than that of the standard HGHG
with the introduction of a few tens of megawatts seed lasers.
For both self-modulation HGHG and standard HGHG, the sat-
uration of the FEL power is around 0.5 GW. The pulse duration
and the spectral width are similar for both cases. The slight pulse
lengthening in the self-modulation HGHG can be explained by
the slippage effect introduced by the self-modulator and by the

fact that the bunching envelope can be changed during the am-
plification process. The additional broadening of the spectrum
may result from the self-modulation process that changes the
electron beam energy distribution and induces additional energy
spread, which can also explain the appearance of spikes in the
pulse temporal profiles. In the case of 100-μm beam size, the
time-bandwidth product (TBP) of the standard HGHG and
self-modulation HGHG, describing the longitudinal coherence
of the FEL radiation, are 2.28 and 3.67, respectively. The deg-
radation of the longitudinal coherence is in the acceptable range.
In this case, the seed laser power can be easily reduced by a
factor of 932 by self-modulation.

4 Toward Short Wavelength
Typically, short-wavelength seeded FELs are limited by two
main factors: seed laser performance, such as wavelength λs
and peak power, and harmonic upconversion efficiency for
high-gain FELs. As described in Sec. 3, the self-modulation
scheme can significantly reduce the seed laser requirement.
The self-modulation performance can be further optimized
under a better beam envelope and different resonances of the
self-modulator.30 Moreover, the harmonic-enhanced HGHG nu-
merically verifies that the 13.5-nm (20th harmonic) FEL radi-
ation can be obtained by a UV seed laser.33 To investigate the
potential of the self-modulation scheme to generate ultrahigh
harmonics, such as the 30th harmonic, the self-modulation
HGHG is further discussed.

(a) (b)

(c) (d)

Fig. 5 Optimization for the R56 of two chicanes by GENESIS simulations to obtain the 13th har-
monic bunching factor of 8% and corresponding energy modulation amplitude A2 of the entrance
of the radiator in different beam sizes. (a), (b) Beam size of 100 μm; (c), (d) beam size of 50 μm.
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With the parameters of the nominal case listed in Table 1, the
optimization of the self-modulation scheme at SXFEL-UF to-
ward shorter wavelengths is presented in Fig. 7. To enhance
the coherent energy modulation, we increase the self-modulator
length from 1.6 to 2 m in this section, corresponding to η ¼ 2.5.
To obtain an adequate bunching factor at various harmonics and
improve the SNR, the initial energy modulation amplitude A1 is
significantly increased to 6, corresponding to the seed laser peak
power of 20 MW. As shown in Fig. 7, a bunching factor larger
than 5% is obtained when the self-modulator resonates at the
fundamental, second, and third harmonics of the seed laser.
The optimal dispersion strength R1

56 is considered almost un-
changed, and the harmonic bunching is more sensitive to the
second dispersion strength R2

56. The large energy modulation
amplitude A2 ¼ 40 is obtained when the self-modulator is res-
onated at the fundamental wavelength. However, the energy
spread is too large to generate high-gain FEL pulses in this case.
In addition, a bunching factor larger than 5% can be obtained
when the self-modulator resonates at the second and third har-
monic, corresponding to the maximum energy modulation am-
plitude of 24 and 15, respectively. Figure 7 also indicates that
the coherent energy modulation amplitude A2 decreases signifi-
cantly as the self-modulator is tuned to a higher harmonic num-
ber. Therefore, the self-modulator can resonate at a higher
harmonic, generating an appropriate energy modulation with
a lower energy spread.

As analyzed in Sec. 2, the self-modulator can produce a large
energy modulation with a weak initial energy modulation,
where the self-modulator resonates at the fundamental wave-
length. Moreover, the maximum energy modulation in the
self-modulation HGHG is significantly larger than that of the
standard HGHG when both configurations have the same har-
monic bunching factor. Due to the additional energy spread in-
troduced by the self-modulation process, the total energy spread
of the self-modulation HGHG is significantly larger than that of
the standard HGHG, especially at higher harmonics (see Fig. 4).
As discussed above, in the third-harmonic self-modulation, the
induced energy spread is minimum, whereas the bunching at the
30th harmonic is still considerable. The 3D time-dependent
simulations are carried out to verify the feasibility of the
third-harmonic self-modulation. By optimizing the dispersion
strength, the energy modulation can be converted into density
modulation with a 30th harmonic bunching factor of 5%. As
shown in Fig. 8, the longitudinal phase space of the electron
beam at the radiator entrance in a self-modulation HGHG con-
figuration is not ideally sinusoidal compared to the standard
HGHG. It is worth noting that the energy modulation introduced
by the third-harmonic self-modulation is less than half that of
the fundamental self-modulation. Further enhancement of the
initial energy modulation with resonance at higher harmonics
can increase harmonic upconversion while significantly avoid-
ing electron beam quality degradation.

(a) (b)

(c) (d)

Fig. 6 Comparison of the FEL performance between self-modulation HGHG (blue) and standard
HGHG (red) at the 13th harmonic of the 266-nm seed laser in the cases of different beam sizes.
(a), (b) Beam size of 100 μm; (c), (d) beam size of 50 μm.

Yang, Yan, and Deng: High-repetition-rate seeded free-electron laser enhanced by self-modulation

Advanced Photonics Nexus 036004-7 May∕Jun 2023 • Vol. 2(3)



Furthermore, the output FEL gain curve, power profile, and
spectrum are summarized in Fig. 9, using the SXFEL-UF
parameters listed in Tables 1 and 2. The saturation pulse energy
reaches 54.7 μJ at the end of the radiators, with a total length of
24 m. Because of the additional slippage in the self-modulator
and the pulse shortening effect in seeded FELs,53 the final output
FEL pulse length of about 153.4 fs (FWHM) is comparable to
the seed laser pulse duration of 150 fs (FWHM). There are sev-
eral spikes in the power profile due to the lower input seed laser
power and the shot-noise effect. After six radiator modules, the
maximum output peak power is increased to about 0.5 GW. The
relative bandwidth (FWHM) of the final output FEL spectrum is
about 1.3 × 10−4. Thus the TBP of the 30th harmonic can be
calculated to be 0.649, which is only 1.47 times the Fourier-
transform limit. Consequently, the resonance of the self-

modulator tuned at the third harmonic is a favorable configura-
tion for short-wavelength FEL at SXFEL-UF.

We further analyze harmonic self-modulation in terms of the
bunching factor. Figure 10 presents the bunching factor at vari-
ous harmonic numbers, where the target bunching factor is the
bunching factor at the 30th harmonic. The bunching factor os-
cillations are clearly seen due to the self-modulation that turns
the energy spread distribution into a saddle shape.54 The initial
energy modulation amplitude of the first modulator is only six
with a 20-MW seed laser. If no self-modulator is introduced, the
maximum bunching factor at the 30th harmonic is only
5 × 10−5, just the shot-noise level. Under the same initial energy
modulation, the optimized maximum 30th harmonic bunching
factor of 6.5% is not the local maximum value due to bunching
factor oscillation when the self-modulator is tuned at the

(a) (b)

(c) (d)

(e) (f)

Fig. 7 Optimization of the R56 of two chicanes toward the 30th harmonic of the seed laser. The
self-modulator resonates at (a), (b) the fundamental wavelength; (c), (d) the second; (e), (f) the
third harmonics of the seed laser, respectively.
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fundamental wavelength. If the self-modulator resonates at the
second harmonic, the enhanced coherent energy modulation can
lead to bunching enhancement of the even harmonics. However,
as shown in Fig. 10, the optimal bunching factor for the 30th
harmonic is close to 5% but is not the maximum bunching fac-
tor. Instead, the 29th and 31st harmonics are enhanced, reaching
almost 7%. Similarly, in the third-harmonic self-modulation, the
integer harmonics of 3 should be enhanced. The optimal bunch-
ing factor at the 30th harmonic is close to 5% but is not the local
maximum value. The 29th and 31st harmonic bunching are en-
hanced to 7.5% and 5.8%, respectively. The working points in
various cases are almost identical, such as the dispersion
strength R56. The electron beam has been premodulated when
it enters the self-modulator. The combination of increased en-
ergy spread and the change in the energy distribution of the elec-
tron beam may lead to frequency mixing. In addition, it is
possible that when the self-modulator resonates at higher har-
monics, such as the third harmonic, the prebunched electron
beam produces a weak harmonic energy modulation, which
is slightly stronger than the initial energy modulation. The fre-
quency components at the fundamental or second harmonic may
cause a frequency mixing phenomenon. According to Fig. 1, if

(a) (b)

Fig. 8 The longitudinal phase space of the electron beam in one seed laser wavelength λs at the
entrance of the (a) self-modulator and (b) radiator, where the self-modulator is tuned at the third
harmonic of the seed laser.

(a) (b) (c)

Fig. 9 The output FEL performance at the 30th harmonic of the seed laser in the third-harmonic
self-modulation. (a) 8.87-nm radiation gain curve in the radiator. (b), (c) The power profile and
spectrum after six radiator modules, respectively.
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the initial energy modulation amplitude A1 reaches 6, the pre-
bunched beam entering the self-modulator has a more signifi-
cant bunching factor at the second, third, or even higher
harmonics. In brief, the self-modulation HGHG can achieve
a bunching factor close to 5% at the 30th harmonic, reaching
the soft X-ray wavelength range, where the standard HGHG
is unattainable.

5 Experiments
Proof-of-principle experiments were conducted in SXFEL to
demonstrate the self-modulation scheme. In the previous experi-
ment,30 an electron beam with a laser-induced energy modula-
tion as small as 1.8 times the slice energy spread was employed,
and the initial energy modulation was enhanced threefold
through the self-modulation method. Then the electron beam
was used for lasing at the 7th harmonic of a 266-nm seed laser
in a single-stage HGHG setup and 30th harmonic of the seed
laser in a two-stage HGHG setup.

Here we further experimentally demonstrate that the change
of the resonance of the self-modulator can amplify the laser-in-
duced energy modulation and generate a high harmonic bunch-
ing. The experiment was conducted at the SXFEL test facility
(SXFEL-TF),49,50 which employs a cascaded EEHG–HGHG
scheme with the “fresh bunch” technique. The schematic layout
of the SXFEL-TF is displayed in Fig. 11. In the experiment, we
used the modulator 1 and fresh bunch chicane of the first-stage
EEHG and the modulator, dispersive section, and radiator of
the second-stage HGHG to form the self-modulation HGHG.
The electron beam driving the experiment has an energy of
780 MeV, bunch charge of 550 pC, peak current of 600 A, nor-
malized emittance of 1.5 mm ·mrad, and envelope size of
300 μm. The pulse length and wavelength of the seed laser were
160 fs (FWHM) and 266 nm, respectively.

As shown in Fig. 11, the external seed laser was used to modu-
late the electron beam at modulator 1. The dispersion strength of
the first chicane was set to 0.24 mm. At first, the self-modulator
was removed. The first undulator segment of radiator 2, which can
contain resonances from the 4th to more than the 11th harmonic of
the seed laser, was used to produce coherent radiation and thus
estimate the energy modulation level. The undulator period is
40mm. For the standard HGHG case, a relatively high-power seed
laser is used, in which case coherent radiation at more than the
sixth harmonic can be detected. To ensure a weak seed laser power
in the experiment, we continuously attenuated the seed laser in-
tensity until the 4th harmonic signal could not be detected. In this
case, the energy modulation amplitude was estimated as below
4 times the slice energy spread.

Subsequently, the resonance of the self-modulator was tuned
at the second harmonic of the seed laser. The dispersion strength
of the second chicane was set to a reasonable range to obtain
a large harmonic bunching factor. We targeted the 7th harmonic
of the seed laser and precisely optimized the dispersion strength
R56 of the second chicane from 0.029 to 0.055 mm and simul-
taneously scanned the gap of the undulator segment to obtain co-
herent radiation signals at various harmonic numbers. Figure 12(a)
displays the measured coherent radiation intensity at various har-
monic numbers, setting the dispersion strength of the second chi-
cane to the optimal value of 0.038 mm at the seventh harmonic.
The coherent radiation can be detected at up to the 11th har-
monic, i.e., 24.2 nm. Furthermore, we slightly increased the
dispersion strength of the first chicane to 0.28 mm for compari-
son. Similarly, we scanned the dispersion strength of the second
chicane from 0.029 to 0.055 mm and the gap of the undulator
segment to contain resonances from the 4th to 12th harmonic of
the seed laser. When we considered the 6th harmonic of the seed
laser as the target wavelength, we found that the optimal chicane
dispersion strength was 0.048 mm, as shown in Fig. 12(b). The
coherent radiation can be detected at even the 12th harmonic.
Since the external seed laser does not directly introduce the co-
herent energy modulation, and the self-modulator resonates at
the second harmonic, it is challenging to measure the energy
modulation amplitude A2 at the exit of the self-modulator
through the coherent radiation-based method.55 Although the
differences in the coherent radiation signals at different disper-
sions may appear small, the optimal dispersion strengths are
critical for achieving the best lasing performance, especially
at higher harmonics. Moreover, compared with the previous ex-
periment [see Fig. 3(a) in Ref. 30], the bunching performance is
better than the case with an energy modulation amplitude of 6
times the slice energy spread enhanced by a 266-nm radiation.

In addition, we experimentally observed the frequency-mix-
ing phenomenon, which may result in odd harmonic signals
being stronger than even harmonic ones, as shown in Fig. 12.
Because the initial energy modulation at the fundamental wave-
length introduces a relatively large energy spread, the energy
distribution of the electron beam is changed. After the harmonic
self-modulation process, the energy spread increases, and
the energy distribution of the electron beam is changed again
while generating a high-frequency component that may lead to
the frequency shift at the higher harmonics. Moreover, the
dispersion strength of the first chicane may not be optimal, re-
sulting in a weak harmonic energy modulation in the self-
modulator, which is comparable to the initial laser-induced en-
ergy modulation. The bunching at the fundamental wavelength

Seed laser

E-beam

Modulator 1
Modulator 2

Radiator 1
Chicane 1

Chicane 2
Self-modulatorChicane 3

Radiator 2Chicane 4

FEL pulse
Dipole

E-beam

XTDS

Fig. 11 The typical setup of the SXFEL-TF adopted a cascaded EEHG–HGHG scheme. In the
self-modulation experiment, modulator 1, with a period of 80 mm in the first stage EEHG, was used
as the first modulator. Chicane 3 is the fresh bunch chicane used as the first chicane. A modulator
of the second stage HGHG with a period of 55 mm was the self-modulator. Chicane 4 was re-
garded as the second chicane. X-band transverse deflection structure (XTDS) section was used to
measure the longitudinal phase space of the electron beam.
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of the prebunched beam is maintained, which in combination
with the energy modulation of the second harmonic, leads to
frequency mixing.

In brief, we observed coherent radiation signals up to the
11th and even the 12th harmonic in both cases, confirming
the effectiveness of harmonic self-modulation in amplifying
the laser-induced energy modulation. Moreover, harmonic
self-modulation holds the promise of realizing shorter wave-
length FELs by reasonably optimizing the electron-beam orbit,
the initial weak energy modulation, the resonance condition of
the self-modulator, and the dispersion strength of chicanes.

6 Summary and Prospects
In summary, numerical simulations are presented to demonstrate
that the self-modulation scheme can relax the requirement of the
seed laser power by around 3 orders of magnitude in a seeded
FEL, and the self-modulation HGHG is promising to lase at
the 30th harmonic of the seed laser. In addition, we experimen-
tally demonstrate that the harmonic self-modulation can amplify
the initial laser-induced energy modulation, which is an essential
step in future experimental studies of the self-modulation scheme.

These results further suggest that self-modulation is very
promising for realizing high-repetition-rate seeded FELs, which
are expected to show great promise for multidimensional coher-
ent spectroscopies. The self-modulation can also facilitate
schemes that require high-power laser systems.56–58 Moreover,
this scheme makes it possible for those light sources with short
wavelengths but low-peak power, such as the high-harmonic
generation,59–61 to be used as seeding sources for FELs to
achieve shorter wavelengths.
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