
High Power Laser Science and Engineering, (2024), Vol. 12, e60, 10 pages.
doi:10.1017/hpl.2024.37

RESEARCH ARTICLE

Tunable X-ray frequency comb generation at the Shanghai
soft X-ray Free-Electron Laser facility

Lanpeng Ni 1,3,4, Yaozong Xiao1,3, Zheng Qi2, Chao Feng2,3, and Zhentang Zhao2,3

1Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai, China
2Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai, China
3University of Chinese Academy of Sciences, Beijing, China
4Zhangjiang Laboratory, Shanghai, China

(Received 17 April 2024; revised 23 May 2024; accepted 3 June 2024)

Abstract
X-ray frequency combs (XFCs) are of great interest in many scientific research areas. In this study, we investigate the
generation of high-power tunable XFCs at the Shanghai soft X-ray Free-Electron Laser facility (SXFEL). To achieve this,
a chirped frequency-beating laser is employed as the seed laser for echo-enabled harmonic generation of free-electron
lasers. This approach enables the formation of an initial bunching of combs and ultimately facilitates the generation of
XFCs under optimized conditions. We provide an optical design for the chirped frequency-beating seed laser system and
outline a method to optimize and set the key parameters that meets the critical requirements for generating continuously
tunable XFCs. Three-dimensional simulations using realistic parameters of the SXFEL demonstrate that it is possible
to produce XFCs with peak power reaching 1.5 GW, central photon energy at the carbon K edge (~284 eV) and tunable
repetition frequencies ranging from 7 to 12 THz. Our proposal opens up new possibilities for resonant inelastic X-ray
scattering experiments at X-ray free-electron laser facilities.
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1. Introduction

An optical frequency comb (OFC) is a spectral structure
composed of a series of equally spaced discrete spectral
lines in the frequency domain[1], where the spectral lines
are also called comb teeth. The interval between comb teeth
corresponds to the repetition frequency of the pulses for
conventional OFCs[2]. In practice, the conventional OFC is
used as an accurate absolute optical frequency measuring
ruler[1,3], which can establish a strong connection between
microwave and optical frequencies[4,5] and provide a reliable
and accurate research tool for many scientific research areas,
such as light wave microwave frequency synthesis, precision
ranging, precision spectroscopy, astronomy and communica-
tion[6–10]. High-power OFCs can also be used for resonant
inelastic X-ray scattering (RIXS) and terabit-level coherent
optical communication[11,12]. Generally, conventional OFCs
are mainly generated by a femtosecond mode-locked laser,
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which can cover the infrared to ultraviolet regime[13,14]. In
addition, the high-order harmonic generation (HHG) tech-
nique can produce OFCs in the extreme ultraviolet (EUV)
regime[15–17]. However, due to the inherent nature of HHG,
achieving OFCs at short wavelength is still a challenge[18],
and the pulse energy of the OFCs from HHG is severely
limited to a few nanojoules (~nJ).

As an internationally recognized advanced light source,
free-electron lasers (FELs) with ultra-high brightness, ultra-
short pulses, full spatial coherence and wide tunability have
enabled research in many scientific frontiers in physics,
chemistry, biology and material science[19–23]. FELs are
driven by a high-quality relativistic electron beam passing
through a field-periodically varying magnetic structure,
termed an undulator. The most common mechanism of
FELs is self-amplified spontaneous emission (SASE)[24,25],
in which the initial spontaneous emission signal starts
from the shot noise of the electron beam and becomes
coherently amplified towards ultrabright X-ray radiation
bursts. However, the longitudinal coherence of SASE pulses
is constrained by the radiation slippage occurring within
the FEL gain length. The concept of self-seeding schemes
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has been introduced to enhance the longitudinal coherence,
albeit at the cost of shot-to-shot intensity variations[26,27].
There are also external seeded FEL mechanisms[28], which
employ external seed lasers to modulate the electron beam
and initiate the X-ray free-electron laser (XFEL) process.
The seeded FELs can inherit the properties of the seed laser
and deliver XFEL pulses with well-preserved longitudinal
coherence and stability. Notable examples include high-
gain harmonic generation (HGHG)[29,30] and echo-enabled
harmonic generation (EEHG)[31–33]. Generally, EEHG
employs two seed lasers to finely tune the phase space of
the electron beam, through which very high harmonics
of the seed laser can be generated with a relatively small
energy modulation. This makes EEHG suitable for short
wavelength and fully coherent FEL generation. The lasing of
EEHG at short wavelength has been achieved at the Trieste
FERMI[34] and Shanghai soft X-ray Free-Electron Laser
facility (SXFEL)[35,36].

Seeded FELs also hold great promise for generating high-
power X-ray frequency combs (XFCs). In recent years,
several methods have been proposed to generate high-
power XFCs based on either self-seeding[37] or external
seeding[38,39]. In these methods, the repetition frequency of
the pulse train depends on the wavelength of the seed laser,
as they lack the ability to adjust the repetition frequency
of the XFCs dynamically and continuously. In addition,
relying on a chirped frequency-beating seed laser, the
approach presented by Xu et al.[40] offers the advantages
of a relatively simple setup and flexible control over the

repetition frequencies of the XFCs. However, detailed
analysis of the critical requirements on the generation of
the XFCs regarding various parameters of the seed laser is
missing.

SXFEL is the first X-ray FEL user facility in China[41].
Besides SASE, various seeding schemes, such as the EEHG
and EEHG cascade, have also been adopted for the better
performance of the facility. In this paper we focus on the
study of generating high-power continuously tunable XFCs
based on the SXFEL. We have designed an optical system for
the generation of the chirped frequency-beating seed laser,
which is used as the second seed laser in the EEHG scheme
and helps to create the initial bunching combs. We explain
the principles of generating XFCs using the seed laser in the
EEHG-FEL and outline a method to optimize and set the
key parameters that meets the critical requirements. Theo-
retical analysis and numerical simulations are given out to
demonstrate the potential performance of our method. This
paper is organized as follows: the method and principles are
illustrated in Section 2, the simulation results are presented
in Section 3 and the discussion and final conclusions are
given in Section 4.

2. Method and principle

The schematic layout of our method is illustrated in
Figure 1; it mainly consists of an EEHG-FEL setup in the
SXFEL and a chirped frequency-beating seed laser system.

Figure 1. Schematic layout of the proposed method (a) and the design of the chirped frequency-beating seed laser system (b). The movement direction of
the movable platform is indicated by black bidirectional arrows.
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The EEHG-FEL setup consists of a two-stage modulation-
dispersion section (modulator-chicane) and one radiation
section (radiator), as shown in Figure 1(a). Through the
EEHG-FEL setup, fully coherent XFEL radiation pulses
can be generated at several tens of harmonics of the seed
laser. Two external seed lasers (Laser 1, Laser 2) are needed
in the configuration to interact with the electron beam and
form the required finest bunching structure. Among them,
Laser 2 is dedicated to being a chirped frequency-beating
seed laser, and through this mode-locked bunching combs
can be imprinted into the electron beam and can be further
used to generate high-power XFC radiation bursts.

The chirped frequency-beating seed laser system mainly
includes a pair of parallel gratings (G1, G2), a beam splitter
(BS), an optical delay line, a beam combiner (BC) and so
on, as shown in Figure 1(b). Firstly, the laser emitted from
the laser source (~fs) propagates along the green line and
undergoes dispersion through the parallel gratings, introduc-
ing linear chirping and temporal broadening. Subsequently,
the chirped laser is altered at the optical path height by the
leftmost reflectors and reflected so that it passes through
the parallel gratings again. The chirped laser (~ps) is then
introduced into the upper right-hand blue line by the reflector
and split into two identical beams by the BS. Afterwards, an
optical delay line introduces a time delay, causing these two
beams to intersect at the BC and form a chirped frequency-
beating seed laser (Laser 2).

2.1. Chirped frequency-beating laser

To clearly express the generation principle of Laser 2, we
assume an initial Gaussian optical pulse with center fre-
quency ω0, root mean square (RMS) bandwidth σin and
amplitude A. The electrical field of the initial laser can be
expressed as follows:

Ein = Ae
−
(

iω0t+ t2

σ2
in

)
. (1)

Under the action of a parallel grating pair (a linear dispersive
medium), the phase of the laser pulses is modulated, and
the Taylor expansion of the modulated phase at the center
frequency ω0 can be written as follows:

ϕ (ω) = ϕ (ω0)+ϕ1 (ω−ω0)+ϕ2
(ω−ω0)

2

2!

+ϕ3
(ω−ω0)

3

3!
+·· · , (2)

where ϕ1 (also known as τ0) represents the group delay at
ω0, 1/ϕ2 (also written as μ) denotes the carrier frequency
sweep rate and ϕ3/6 (also referred to as β) signifies the
cubic phase modulation. Higher order dispersion, which has
minimal impact on femtosecond lasing, will be ignored in
the following derivations[42]. After propagation through the
parallel grating pair, the electrical field of the laser can be

given by the following[42–44]:
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√
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where σout is the length of the laser after broadening by
the parallel grating pair; when σout � σin, then σout =
σin

√
1+ 4

μ2σ 4
in

. Here, ϕ′
0 and α are the coefficients of the

constant and second-order terms of the phase, respectively,
ϕ′

0 = ϕ0 + ω0τ0 − π
4 , α = 1

σinσout
. According to Figure 1(b),

the carrier frequency sweep rate can be denoted by the
following[44]:

μ = − ω3
0d2

4π2cL

(
1−

(
2πc
ω0d

− sinγ

)2
) 3

2

, (4)

where d is the number of grating lines. After this, the
stretched laser is split into two identical beams in the BS, and
these two beams with the same linear chirp will experience
a time delay of τ through the delay line. When they are
recombined in the BC, the two laser beams will differ by
a constant frequency fbeat, resulting in optical heterodyning.
This process generates an envelope structure as illustrated in
Figure 1(b) and the beating frequency fbeat can be written as
follows:

fbeat = τ

πσinσout

∼= μτ

2π
. (5)

According to Equation (5), fbeat is directly proportional to
the time delay τ and the linear chirp rate μ. This implies that
the beating frequency can be modified by adjusting the chirp
and the time delay of the two laser pulses. To simplify the
analysis, we focus mainly on changing fbeat by adjusting τ .
The envelope of Laser 2, as depicted in Figure 1(b), exhibits
a periodic peak–valley structure with the beating frequency
fbeat.

2.2. XFC amplification in the EEHG-FEL

The chirped frequency-beating laser makes it possible for
us to obtain a pulse train sequence. In order to illustrate
the basic process of generating an XFC using this laser,
we will focus on the pulse train generation in the EEHG
scheme. Following the notation of Stupakov[31], Xiang and
Stupakov[32] and Kim et al.[45], for the hth harmonic (relative
to the first seed laser), the bunching factor can be generally
expressed as follows:

bh = eimφe− (hB2−B1)
2

2 × Jm (−hA2B2)J−1 (−A1 (−B1 +hB2)) .
(6)

Here, φ is the phase difference between the two seed lasers,
Jm is the mth-order Bessel function, A1 and A2 are the
modulation intensities of the two modulation segments,
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respectively, B1 and B2 are the normalized dispersion intensi-
ties of the dispersion segments, h = mκ −1 and κ = λ1/λ2 is
the ratio of the two seed laser wavelengths. When the second
seed laser exhibits a chirp, a slight variation occurs in κ

along the longitudinal direction of the laser. Consequently,
h changes synchronously with κ , implying that the radiation
wavelength also undergoes a slight variation. However, the
impact of this small variable κ on the bunching factor bh is
negligible.

We can find the heightened sensitivity of EEHG to energy
modulation from Equation (6) easily. When using a chirped
frequency-beating laser as the second seed laser in the
EEHG, the value of bh is largely dependent on the modu-
lation amplitude A2. Hence, we can map the shape of the
frequency-beating laser envelope onto the bunching distri-
bution of the electron beam. Afterwards, the electron beam
goes through the radiator to generate a pulse train sequence
with a repetition frequency of fbeat.

However, relying solely on the frequency-beating laser to
generate a pulse train sequence is insufficient to produce
an XFC. Unlike the pulse train sequence generated by
traditional mode-locked lasers, which maintains a consistent
center frequency (wavelength), the laser pulse train sequence
obtained through the aforementioned method exhibits a vari-
able center frequency due to the introduced linear chirp
during parallel gratings. According to the theory of seeded
FELs, ffel = hfseed, where ffel and fseed represent the frequency
of the FEL and the seed laser, respectively, and h represents
the number of harmonic transitions. For the EEHG scheme,
they share the following relationship:

ffel =
(

m
λ1

λ2
−1

)
fseed1 =

(
m−1− λ2 −λ1

λ1

)
fseed2

≈ (m−1) fseed2. (7)

This condition holds when m − 1 � λ2−λ1
λ1

, meaning that
the chirp of the second seed laser is small and its central
wavelength is equal to that of the first seed laser. This is
consistent with the conditions of our analysis of bh above.
Consequently, the FEL also has a chirp of h times that of
the second seed laser, resulting in the inability to produce a
significant XFC. To overcome this problem, we have devised
a method as depicted in Figure 2. By adjusting the chirp and
time delay of the two laser pulses, each pulse will contain
same frequency components after Fourier transformation,
despite them having different center frequencies, as illus-
trated in Figure 3. This adjustment enables us to achieve an
effect equivalent to traditional mode-locked lasers.

As illustrated in Figure 2, the basic idea of the method is to
adjust the difference in frequency(f ) between the center of
neighboring pulses (e.g., f2 and f3) to be equal to N times the
beating frequency fbeat, where N principally can be chosen as
integers 1, 2, 3, etc. Specifically, this can be expressed by the

Figure 2. Schematic diagram of the chirped frequency-beating laser.

Figure 3. Wigner distribution of an XFC.

following:

f = Nfbeat. (8)

If the carrier sweep frequency of the FEL is denoted as μ′,
then the frequency difference between neighboring pulses
resulting from the time domain chirp of the seed laser can
be expressed as follows:

f = μ′t = hμ

2π
× 1

fbeat
. (9)

Bringing Equations (5) and (9) into Equation (8), the critical
requirements for generating XFCs can be written as follows:

τ =
√

2πh
μN

. (10)

When N is a positive integer, the repetition frequency of
the XFC (frep) is corresponding to the beating frequency

as follows: frep = fbeat =
√

hμ

2πN . Based on this equation,
achieving a lower frep for an XFC requires a reduction in the
repetition frequency of the micro-pulse. Consequently, this
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reduction leads to larger pulse widths of individual micro-
pulses and a narrower bandwidth of the XFC.

To achieve an XFC with a great number of comb teeth, it is
crucial to reduce the spacing between the comb teeth while
broadening the spectral width. One approach is to increase
the beating frequency of the seed laser to generate shorter
individual micro-pulses of light. We then employ a concept
akin to ‘frame insertion’ in image processing techniques. By
systematically adjusting the central wavelength of a pulsed
laser sequence, the central frequencies of some micro-pulses,
upon Fourier transformation, become evenly distributed as
comb teeth with intervals equal to the pulse repetition
frequency (i.e., fbeat) in the spectra. We tentatively term this
concept ‘tooth insertion’. Unlike conventional mode-locked
lasers, which convert only the pulse repetition frequency
in the time domain into the repetition frequency of the
OFC in the frequency domain, this approach allows for
achieving an XFC with a P-fold increase in its repetition
frequency compared to the pulse repetition frequency in the
time domain. To implement ‘tooth insertion’, we need to
modify the range of N in Equation (10). In principle, N can
be any natural number (N ′) plus any positive fraction (P) not
exceeding 1/2. Consequently, the repetition frequency of the
XFC can be expressed as follows:

frep = Pf beat =
√

hμP2

2πN
. (11)

Given the limited number of pulses and the finite band-
width of each comb in the frequency domain, N typically
takes on values such as 0, 1, 2 and combinations of frac-
tions such as 1/2, 1/3 and 1/4. The relationship among the
repetition frequency fref, N and the linear chirp rate μ is
illustrated in Figure 4. We can see from the figure that when
μ is fixed, N can be any positive integer or its correspond-
ing reciprocal, both corresponding to the same repetition
frequency. Notably, when N is taken as 1, it corresponds
to the largest repetition frequency. Moreover, if we wish to
generate an XFC with a specific repetition frequency, we can

Figure 4. Repetition frequency fref with respect to N and the linear chirp
rate μ.

Table 1. The parameters of the laser system.

Parameter Value Unit
Laser wavelength 266 nm
Laser pulse width 100 fs
Grating line 2500 mm−1

Incident angle 37 ◦
Diffraction efficiency of a single grating 80 %
Grating pair distance 300 mm

choose suitable combinations of μ and N to attain the desired
spectral width and tooth spacing effects for the XFC.

3. Results

To demonstrate the performance of our proposed method,
we have performed three-dimensional simulations with the
realistic parameters of the SXFEL[41]. The FEL simulation
is carried out by GENESIS1.3[46]. To achieve a relatively
uniform energy modulation along the electron bunch, we
employ a 3 ps laser as the first seed laser. The second
seed laser is the chirped frequency-beating laser generated
from the optical system depicted in Figure 1(b). The initial
laser with a pulse duration of 100 fs (full width at half
maximum (FWHM); the parameter will become the default
in simulations and all pulse widths will be described by
FWHM, unless stated otherwise for the rest of this paper)
and a center wavelength of 266 nm exhibits a wavelength
difference (λ) of approximately 4 nm[47]. By utilizing two
parallel gratings with dispersion, the laser is stretched to
6.96 ps while simultaneously introducing a linear chirp
of μ = 1.601×1025 rad/s (the parameter will become the
default in simulations unless stated otherwise). This spa-
tiotemporally coupled laser enables the generation of a
frequency-beating laser by adjusting the τ between the two
lasers after the optical BS. For simulation simplicity, τ

is temporarily set to 4.91 ps, corresponding to N = 1 in
Equation (10), while the beating frequency of the laser is
12.4 THz. The simulation parameters for the laser system are
outlined in Table 1, while the Wigner distribution and enve-
lope of the chirped frequency-beating laser are illustrated in
Figure 5.

The energy modulation amplitudes for EEHG are selected
as A1= 3, A2= 4, corresponding to laser powers of 25.7
and 45.6 MW, respectively. For the 61st harmonic, which
is corresponding to the carbon K edge (~284 eV), the
optimized normalized dispersion values are estimated to be
B1 = 16.84, B2 = 0.267. Detailed simulation parameters
are presented in Table 2. Under these given parameters,
the phase space of the electron beam as it traverses the
modulators and chicanes is as depicted in Figure 6. Wherein,
Figures 6(c) and 6(d) illustrate the phase space diagram of
the electron beam modulated by the valley and peak of the
laser envelope, respectively.

As depicted in Figure 7, the optimized electron beam
exhibits an initial bunching of 8.5% at the 61st harmonic.
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Figure 5. Schematic diagram of the Wigner distribution (a) and envelope (b) of the frequency-beating laser.

Table 2. The parameters used in the simulation.

Parameter Value Unit
Electron beam energy 1.5 GeV
Energy spread (rms) 60 keV
Peak current 1000 A
Bunch length 150 µm
Normalized emittance 1 mm·mrad
Wavelength of Laser 1 266 nm
Peak power of Laser 1 25.7 MW
Center wavelength of Laser 2 266 nm
Peak power of Laser 2 45.6 MW
Modulator period in M1 and M2 8 cm
Modulator period number in M1/M2 16 /
Radiator period 3 cm
Radiator period number 400 /

The electron beam then passes through the radiator,
consisting of undulators with a period of 3 cm and the
dimensionless undulator parameter of 1.226. In this simula-
tion, saturation is observed at approximately 13.5 m, with a
saturation power of about 600 MW. To achieve higher

energy, linear asymptotic taper undulators are imple-
mented[48,49]. As depicted in Figure 8(b), starting from a
distance of 5 m from the undulator, when the taper value of
the undulator is set to 0.01, the peak power of the FEL
reaches approximately 1.5 GW at the same distance of
13.5 m. This represents an approximately 2.5-fold increase
compared to the absence of taper undulators. Figure 8(a)
illustrates that the frequency spacing between adjacent teeth
of the XFC is around 12.4 THz. Furthermore, it can be
observed that the spectra of the FELs are minimally affected
by the taper undulator, indicating that this approach is an
effective method for generating high-intensity XFCs.

We want to emphasize that the optimization condition in
Equation (10) is critical in the generation of ideal XFCs.
We conduct another simulation with the same parameters
above except that the time delay τ is 5.50 ps rather than
the optimized value of 4.91 ps, and the results are shown
in Figure 9. We can see that the radiation spectrum exhibits
numerous spurious peaks and lacks the characteristic evenly
spaced frequency teeth in XFCs.

Figure 6. Longitudinal phase space evolution. Schematic of the phase space of electron beams in the scheme: after Modulator 1 (a), after Chicane 1 (b) and
after Chicane 2 (c), (d).
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Figure 7. Bunching optimization of EEHG for A1= 3 and A2= 4 (a) and the initial bunching factor distribution of the electron beam (b).

Figure 8. Radiation performance of the proposed method. Spectra (a) and saturation power distributions (b) of the XFC.

Figure 9. Radiation spectrum when the time delay τ is 5.50 ps rather than
the optimized value of 4.91 ps.

To validate the accuracy and efficacy of our proposed
method, we also conducted simulations with N = 2, accord-
ing to Equation (10). In this case, the corresponding time
delay τ is 3.47 ps, with the corresponding repetition fre-
quency being 8.79 THz. The results are presented in Figures
10(a) and 10(c). From Figure 10(c), it is evident that it
achieves efficient mode-locked amplification and generates
an XFC with varying integer values of N. This observation
serves as robust confirmation for our previously derived
Equations (10) and (11). However, the XFC in Figure 10(c)
consists of only a few comb teeth. The limitation arises
primarily due to the continuous envelope of the frequency-
beating laser, which restricts the ability to adjust the ratio
of individual pulse duration to neighboring pulse duration.

Consequently, the spectral width of the XFC and the number
of comb teeth are both limited. For instance, when N = 2,
corresponding to frep= 8.79 THz, despite the insensitivity of
the scheme to the slippage effect of the FEL, the FWHM
length of a single micro-pulse still extends to 23.3 fs, result-
ing in a significantly narrower spectral width after Fourier
transform. Improvements can be made by increasing the
number of micro-pulses appropriately based on the chirp
characteristics of the seed laser. In addition, modifications to
the ratio of A1 to A2 can also be considered, considering the
sensitivity of the EEHG to energy modulation. However, it is
crucial to recognize that these adjustments have limitations.

To demonstrate the possibility of Equation (11), we also
simulated the case when N = 1/2, also corresponding to the
repetition frequency of 8.79 THz. The simulation results are
depicted in Figures 10(b) and 10(d). Comparing the spectra
of N = 2 with those of N = 1/2, the simulation results reveal
that the ‘tooth insertion’ method expands the bandwidth of
the XFC while maintaining the repetition frequency. The
reason is that, as fbeat increases, the pulse width of a single
micro-pulse decreases, as shown in Figures 10(a) and 10(c).
However, there are limitations to this method. Firstly, it may
result in blurred boundaries of the comb teeth, particularly at
the end of the XFC. This issue can be effectively mitigated
by increasing the number of micro-pulses. Secondly, the
choice of a smaller fraction P, which corresponds to a larger
repetition frequency, is fundamentally limited by the mini-
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Figure 10. Power and spectrum distributions of the XFCs when N = 2 and N = 1/2.

Figure 11. Spectra of the XFCs when an initial 30 fs laser is used.

mum bandwidth of the initial ultrafast laser. The wavelength
difference contained in this initial ultrafast laser affects the
maximum chirp and the maximum pulse width of the laser
after passing through the dispersive medium. Therefore, the
narrower the initial laser pulse width, the larger the tunable
range of the XFC.

To validate our assertion, an ultrafast laser with a duration
of 30 fs is also used in the simulation and the result is
shown in Figure 11. As observed from the figure, the spectral
structure is greatly improved by using a shorter initial laser.

Since the critical optimization conditions for generating
the XFCs are necessary in the proposed method, we sim-
ulated the scenario when the relative time delay deviates
±100 fs from the optimized value of 4.91 ps for N = 1
to evaluate the impact. The results indicate that under these
circumstances, an X-ray spectral comb can still be main-
tained, as shown in Figure 12. This proves the proposed

scheme is quite robust, as normally the time drift in this seed
laser system should be only a few femtoseconds.

4. Discussion and conclusions

This study presents a feasible method for achieving continu-
ous tunable XFCs using the chirped frequency-beating laser
technique in a seeded FEL. By manipulating the Wigner
distribution and beating frequency of the seed laser, a suit-
able seed signal for generating the XFC can be generated.
This seed signal is effectively preserved and amplified in the
EEHG-FEL process, resulting in high-power XFC output.
With this method, it becomes feasible to generate a tunable
repetition frequency XFC with a peak power of 1.5 GW,
using a 100 fs initial conventional laser. We want to mention
that the repetition frequency of the XFCs in our method
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Figure 12. XFC radiation spectra with the relative time delay deviating
±100 fs from the optimized value of 4.91 ps for N = 1.

can be tuned easily by manipulating the linear chirp μ and
the relative time delay τ in the frequency-beating seed laser
system. By appropriately setting these parameters, the XFC
spectra can be broadened and the number of comb teeth can
be increased to dozens. In addition, by employing an initial
laser with a shorter pulse duration, the bandwidth and the
number of comb teeth can be further augmented. Further-
more, we are planning to validate this method experimentally
in the SXFEL. Although the experiment faces challenges,
such as the limitation of the maximum modulation inten-
sity that can be provided by a chirped frequency-beating
laser, preparations for the experimental conditions are cur-
rently underway, particularly for the chirped frequency-
beating seed laser system. We anticipate that implementing
this approach will significantly enhance the capabilities of
seeded FELs for conducting spectroscopic experiments.
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