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Two-color attosecond x-ray pulses are the key to advancing the study of ultrafast dynamics in quantum
systems. In this work, we propose a single-pass free-electron laser scheme generating synchronized attosecond
two-color x-ray pulses with femtosecond separation and tens-of-gigawatts peak power. By modulating a chirped
electron beam with an infrared laser, we create a periodic train of ultrashort current spikes. This scheme utilizes
the limited gain bandwidth of the free-electron laser as a filter, allowing only two adjacent current spikes
with different resonance wavelengths to lase. This scheme holds promise for delivering sub-300-as two-color
x-ray pulses with an intrinsic timing jitter below 100 as. This work provides insights and technical support for
generating two-color attosecond x-ray free-electron laser pulses with robust time jitter.

DOI: 10.1103/cw2t-yvwd

I. INTRODUCTION

In the microscopic world, dynamic phenomena exhibit
intrinsic ultrafast characteristics, and different physical pro-
cesses occur on different timescales. For instance, atomic and
molecular dynamics, as well as lattice motions, take place on
the femtosecond timescale, while the ultrafast dynamics of
electrons occur on the attosecond timescale [1]. Pump-probe
spectroscopy serves as the primary experimental methodology
for exploring ultrafast dynamic processes [2]. In this experi-
mental setup, an initial ultrashort pulse is utilized to excite the
system into a nonequilibrium state, after which a subsequent
ultrashort pulse serves to probe the transient evolution of the
system’s state. The minimization of time jitter is also critically
important in pump-probe experiments, as it directly dictates
the achievable temporal resolution and the fundamental in-
tegrity of the measurement. Therefore, the development of
stable ultrashort pump-probe techniques, particularly stable
attosecond pump probe, is of paramount importance. The
experimental demonstration of isolated attosecond pulse pro-
duction through high-harmonic generation (HHG) was first
achieved in 2001 [3]. HHG light sources have produced two-
color attosecond pulse pairs in the extreme-ultraviolet regime
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[4,5], which makes it possible to implement attosecond
pump-probe experiments. Although HHG light sources have
been extended to the soft x-ray regime [6–8], it still poses a big
challenge due to the notably low efficiency of high harmonic
conversion. Presently, attosecond science research, such as the
dynamics of inner-shell electrons in atoms, urgently requires
the development of stable attosecond x-ray pump-probe tech-
nology.

Over the past two decades, x-ray free-electron lasers
(XFELs) have undergone rapid development, and now there
are several XFEL user facilities in operation around the world
[9–14]. This progress has enabled the generation of ultrashort
x-ray two-color pulses and has provided great opportuni-
ties for conducting x-ray pump-probe experiments with time
resolution ranging from femtosecond to attosecond. XFEL
radiation arises from relativistic electron bunch going through
an undulator [15]. Compared with HHG light sources, XFEL
possesses higher energy conversion efficiency in the x-ray
regime, typically around 0.1%. For example, a typical elec-
tron beam with terawatt peak power can generate an x-ray
pulse with a peak power of tens of gigawatts [16], several
orders of magnitude higher than HHG light sources [7]. The
resonance wavelength for FELs is given by the equation λr =
λu(1 + K2/2)/2γ 2, where λu, K , and γ are the undulator
period, the undulator magnetic field strength parameter, and
the Lorentz factor of the electron beam, respectively. In FEL
facilities, the undulator period is fixed, and the tunable degrees
of freedom for radiation wavelength are exclusively K and γ .
Therefore, there are two general approaches for generating
two-color FEL pulses. The first approach involves passing
an electron beam sequentially through two undulators with
different magnetic field strengths [17–31], while the second
approach delivers electrons of different energies through the
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FIG. 1. Layout of the attosecond two-color setup. The modulator introduces energy modulation to the large energy chirped electron beam.
The chicane compresses the beam to generate multiple current peaks. In the radiator, the radiation from the majority of current spikes is
suppressed, with the exception of two adjucent current spikes around the resonant condition, which results in attosecond two-color XFEL
pulse generation.

same undulator [32–40]. In the following, we provide a brief
overview of two-color FEL schemes.

For the first two-color FEL generation approach, two-color
FEL operation was first demonstrated in the midinfrared re-
gion [17], and subsequently, the generation of two-color FEL
pulses was achieved in ultraviolet [18] and x-ray regimes
[19–21]. In this configuration, the peak power of the two FEL
pulses is limited because the same electron beam is utilized to
produce FEL radiation in both stages. The peak power can be
improved by permitting only a portion of the beam to lase
in each undulator section, such as electron beam tilt-based
fresh-slice FEL [21–24] and slice maching-based fresh-slice
FEL [25–27]. Additionally, more two-color FEL schemes,
based on this approach, have been proposed and demonstrated
for controlling polarization [28,29] and minimizing duration
to attosecond [30,31].

For the second two-color FEL generation approach, it
was first demonstrated with twin electron bunches at differ-
ent energies [32,33]. There have also been some schemes
proposed based on chirped electron beams [34–40]. These
schemes generate two-color FEL pulses by creating local
current spikes and suppressing lasing in other parts, such
as the emittance spoiling strategy [34,35], the temporally
shaped laser heater technique [36], the sextupole magnet-
based scheme [37], the photocathode laser emittance spoiler
method [38], the wakefield excitation-based scheme [39], and
the nonlinear compression [40]. Supplementarily, there are an-
other two-color FEL solutions that are not so straightforward
to classify into the above two approaches, such as the chirped
seed scheme [41,42], the seeded FEL based on tilted beam
lasing in transverse gradient undulator [43], the single-crystal
self-seeded FEL with chirped electron beam [44], the split-
and-delay line based on multilayer Bragg mirrors [45], and the
Laue x-ray compressor method [46]. There are also schemes
that utilize two seed pulses with different wavelengths and a
temporal separation, such as the pulses are copropagated with
the same electron bunch through a single undulator [47] or
through two undulator sections that are individually tuned to
the respective seed wavelengths [48]. These findings indicate
a promising future for the generation of ultrashort two-color
pulses based on FELs, paving the way for ultrafast dynamic
phenomena investigations.

In this work, we propose a single-pass scheme for gen-
erating synchronized two-color attosecond FEL pulses. The

proposed scheme features attosecond-level timing jitter. As
illustrated in Fig. 1, this scheme employs an infrared laser to
modulate an electron beam with a large energy chirp or, alter-
natively, achieves the modulation by using self-modulation of
the infrared radiation emitted by the tail of the electron beam
[30,49]. Then, the modulated electron beam passes through
a magnetic chicane to produce multiple current spikes. Fi-
nally, in the radiator, only the x-rays emitted by the two
adjacent central current spikes can obtain sufficient gain due
to the limited gain bandwidth of FEL, resulting in the gener-
ation of attosecond two-color XFEL pulses. The two current
spikes, generated by infrared laser modulation and subsequent
chicane compression, exhibit extremely stable temporal sepa-
ration. This inherent stability is the direct physical mechanism
that enables attosecond-level timing jitter between the result-
ing two-color XFEL pulses. Here, we provide an explanation
regarding the limited gain bandwidth: When the electron
beam chirp is increased to broaden the FEL bandwidth, the
bandwidth of the radiation does not increase indefinitely due
to factors such as increased emittance, poorer alignment, and
stronger mismatch. Instead, it reaches a limit, which is what
we refer to as the limited gain bandwidth.

This paper is organized as follows. In Sec. II, we present
numerical simulations to validate the proposed scheme. We
first simulate the phase space and current distribution of the
electron beam before and after modulation and compression.
This is followed by an analysis of the process in which
the modulated beam radiates in the undulator to generate
two-color XFEL pulses. In Secs. III and IV, we provide a dis-
cussion that compares the advantages of our scheme against
other typical two-color XFEL schemes and concludes with a
brief summary of this work.

II. NUMERICAL VALIDATION

To better understand this scheme, we illustrate it through
numerical simulation, and the calculation is performed by
using GENESIS 1.3 [50]. The simulation parameters are sum-
marized in Table I.

For the simulation framework, we adopted the parame-
ters of Shanghai High Repetition Rate XFEL and Extreme
Light Facility (SHINE). The large energy chirp in electron
bunches can be generated either by modulation with high-
power infrared lasers or by accelerating the electron bunch
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TABLE I. The relevant parameters of FEL simulation.

Parameter Value Unit

Electron energy 8.0 GeV
Energy spread 0.8 MeV
Peak current 1500 A
Photon energy E0 10 keV
Undulator period λu 2.6 cm
Undulator length in unit of λu 152 –
Drift length in unit of λu 40 –
Number of undulator segments 24 –
Electron bunch length 6.0 μm
Average beta function 23 m
Normalized emittance 0.4 mm mrad
Undulator parameter K1 1.632 –
Modulator period 40 cm
Modulator parameter K2 49.5 –

in the off-peak phase of radio frequency structures [51]. In the
simulation, the electron beam energy is 8 GeV and the energy
chirp of the electron beam is around 9.6 MeV/fs, which is
produced by the modulation of a high-power CO2 laser in
a wiggler, as shown in Fig. 2(a). Then, the chirped electron
bunch is modulated by an infrared laser with wavelength of
1 μm in the modulator. The period of the modulator is 40 cm,
the energy modulation depth is 8, the length of the modulator
is 2.4 m, the peak power of the infrared laser is 10 GW, and
the resonant wavelength in the modulator is 1 μm. Here, the
modulation depth is defined in units of the rms energy spread
of the electron beam before modulation. The period of the
radiator is 2.6 cm, and the resonant photon energy in the
radiator is around 10 keV. The phase space distributions of the
electron beam before and after the modulator are depicted in
Figs. 2(a) and 2(b), respectively. Meanwhile, the phase space
and current profile of the electron beam after the chicane are
shown in Fig. 2(c). The simulation results indicate that the
modulated electron beam forms multiple ultrashort current
spikes after passing through the chicane. In the subsequent
radiation process within the undulator, limited by the FEL
gain bandwidth, only two of these current spikes experience
sufficient gain to lase, thereby generating two-color attosec-
ond XFEL pulses. The value of R56 adopted here is 0.15 mm,
and the length of the chicane is 2 m.

Figure 3 presents the simulation results of the elec-
tron beam generating two-color attosecond pulses in the
radiator. The evolution of the normalized power distribu-
tion and normalized spectrum distribution in the radiator is
presented in Figs. 3(a) and 3(b), respectively. Although all
ultrashort current spikes emit radiation during the startup pro-
cess, only the radiation generated by the two current peaks
in the core of the electron beam experiences sufficient FEL
gain to evolve into two-color attosecond XFEL pulses. The
evolution of the pulse duration and bandwidth of the two-
color XFEL pulses in the radiator is shown in Figs. 3(c)
and 3(d). It can be found that the bandwidth of the generated
two-color attosecond XFEL pulses gradually decreases during
the gain process and stabilizes after saturation. Similarly, the
pulse duration also reaches a stable state after saturation. The
power and spectral distributions of the two-color attosecond
XFEL radiation around the saturation point (at z = 80 m) are
shown in Figs. 3(g) and 3(h), respectively. At the saturation
point, the full widths at half maximum (FWHM) of the pulse
durations of the two pulses are 338 ± 31.6 and 320 ± 31.2
as, respectively. The FWHM of the bandwidths are 7.9 ± 0.7
and 8.9 ± 0.8 eV, respectively. Both pulses have peak average
powers exceeding 4 GW, and their time-bandwidth products
are approximately 1.52 (1.56) times the Fourier transform
limit. The timing jitter between the two pulses is 90 as (rms).
It should be noted that the time delay between the two-color
pulses is not the 3.3 fs corresponding to the modulation pe-
riod, but instead becomes 14.2 fs. This is due to the stretching
caused by the R56 of the chicane. After saturation, there is
a slight increase in both pulse duration and bandwidth, but
they remain essentially stable. This is due to the slippage
effect and changes in the resonance relationship caused by the
reduction in electron beam energy. At the exit of the radiator,
the average pulse durations and bandwidths of the two-color
pulses are approximately 360 as and 12 eV, respectively. The
time-bandwidth products approximately increase to 2.4 times
the Fourier transform limit. The evolution of the pulse energy
and peak power of the two-color XFEL pulses in the radiator
is shown in Figs. 3(e) and 3(f), respectively. At the exit of the
radiator, the average energy and average peak power of the
two-color XFEL pulses are approximately 4μJ and 10 GW,
respectively. The timing jitter between the two pulses is 117
as (rms). It should be pointed that in the above FEL simula-
tions, we did not taper the radiator. Therefore, it is expected

FIG. 2. (a) The phase space and current distribution of the electron beam before the modulator. (b) The phase space and current distribution
of the electron beam after the modulator. (c) The phase space and current distribution of the electron beam after the chicane.
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FIG. 3. (a), (b) Evolution of the normalized power and normalized spectrum of attosecond two-color XFEL pulses in the radiator.
(c), (d) Evolution of attosecond two-color XFEL pulse duration and spectral bandwidth in the radiator. The shaded band indicates the ±σ

(rms) confidence interval around the mean value. (e), (f) Evolution of attosecond two-color XFEL pulse energy and peak power in the radiator.
The shaded band indicates the ±σ (rms) confidence interval around the mean value. Panels (g) and (h) show the power and spectrum distribution
of 100-shot numerical simulations near the saturation point, where the green curve indicates the averaged power distribution and the yellow
curve indicates single-shot power distribution. Panels (i)–(l) show the power and spectrum distribution of ten simulations near the saturation
point. Pulse I and Pulse II in the figure refer to the first and second pulses of the two-color XFEL pulses, respectively.

that tapering the radiator would significantly boost the pulse
energy and peak power, and help mitigate the increase in the
time-bandwidth product to some extent.

In the numerical simulations, we only varied the seed
values in GENESIS. The results indicate that the best achiev-
able timing jitter between the generated two-color pulses
is around 100 as. The primary focus of this work is to
demonstrate the feasibility of this scheme in principle, and
a flat-top current profile was adopted. There are other po-
tential factors that influence the timing jitter, such as jitter
in R56 and electron beam energy chirp. For instance, jitter
in the chicane R56 also contributes to timing jitter: A 0.01%
jitter in R56 would increase the timing jitter from 100 to 112
as. For the jitter induced by electron beam energy chirp, in
this scheme, the interval between adjacent current spikes is
3.3 fs. We can readily evaluate that to achieve a time jitter of
less than 50 as, the tolerable energy chirp jitter is 1.5%, which
provides a substantial margin and is experimentally achiev-
able. In the experiment by Lutman et al., the electron beam
energy chirp jitter was less than 0.2% [19]. Under current
technical conditions, the timing jitter between the two-color
pulses caused by jitter in R56 of the chicane and the electron
beam energy chirp can potentially be reduced to a negligible
level.

It is well known that conventional self-amplified spon-
taneous emission (SASE) pulse exhibits multiple modes in

longitudinal dimension, corresponding to multiple spikes in
the spectrum. In this scheme, the produced two-color at-
tosecond XFEL pulses around saturation point (z = 80 m),
compared with conventional SASE pulses, are predominantly
characterized by single-peak and double-peak profiles in the
longitudinal distributions illustrated in Figs. 3(i) and 3(j),
and the corresponding spectral distributions are presented in
Figs. 3(k) and 3(l). According to data statistics, the propor-
tions of single-peak and double-peak pulses are 76% and 24%,
respectively. It should be pointed out that the predominance
of single-peak and double-peak pulses is attributed to the fact
that the pulse length is approximately twice the FEL coopera-
tion length.

In the simulation, the gain bandwidth of x-ray radiation is
about 130 eV (FWHM), which is corresponding to a time
window of 5.4 fs. Combined with an electron beam chirp
of 9.6 MeV/fs and a modulation wavelength of 1 μm, it
can be calculated that the jitter between the modulating laser
and the electron beam needs to be less than 0.5 fs (rms),
which is corresponding to a phase jitter of π/8 (rms). This
brings a great challenge to this scheme. However, there is no
need to be discouraged. The self-modulation of the electron
beam is capable of producing stable modulation [49], and the
phase jitter reduces down to π/15 (rms) at the modulation
period of ∼3 μm. By using the self-modulation strategy,
the stability can be improved dramatically. Therefore, it is
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still promising for the experimental implementation of our
scheme.

III. DISCUSSION

In pump-probe experiments, achieving extremely high
temporal delay precision is a fundamental prerequisite
for capturing ultrafast dynamics. Currently, although light
sources such as XFELs can generate ultrashort pulses from
femtosecond to attosecond scale, the time jitter of tens to hun-
dreds of femtoseconds between the pump laser pulse and the
probing XFEL pulse severely limits the ultimate resolution of
experiments [12,52–56]. This timing uncertainty renders any
single-shot measurement unreliable, compelling experiments
to rely on extensive repetition and signal averaging to obtain
meaningful data. Therefore, reducing temporal jitter is of crit-
ical importance: first, it directly enhances temporal resolution,
enabling precise measurements of physical, chemical, or bio-
logical dynamics evolving on femtosecond or even attosecond
timescales. Second, it significantly improves the signal-to-
noise ratio and experimental efficiency; smaller jitter means
that data acquired in each shot are more faithful, thereby
substantially reducing the number of required experimen-
tal repetitions. Ultimately, it will advance the experimental
paradigm from the current “statistical averaging” toward “true
single-shot measurements” [55,56], which is crucial for study-
ing irreversible or fluctuating transient phenomena. That is,
the control of time jitter serves as the key bridge connecting
the capability to generate ultrashort pulses with the measure-
ment of ultrahigh temporal resolution, directly determining
the depth of our exploration into the microscopic dynamics
of matter.

Therefore, in the generation of attosecond two-color
XFEL, the time jitter between the two-color pulses is critical.
For two-color XFEL schemes based on the two-bunch mode,
the jitter between pulses originates from the relative timing
jitter between electron bunches, typically on the order of tens
to hundreds of femtoseconds [55,56]. For fresh-slice-based
two-color XFEL schemes, the temporal jitter between the two-
color pulses is on the order of a few femtoseconds [22,26]. For
two-color schemes based on x-ray laser-enhanced attosecond
pulse generation (XLEAP), the temporal jitter between the
two-color pulses is on the order of several hundred attosec-
onds [31]. Our proposed two-color XFEL scheme holds the
potential to reduce the temporal jitter between the two-color
pulses to below 100 as.

Among the various two-color XFEL schemes, the at-
tosecond two-color XFEL approach based on the two-bunch
method suffers from the drawback of limited and difficult con-
trol over the temporal delay between the two pulses [32,33].
The fresh-slice-based two-color XFEL scheme requires a
longer undulator line and faces challenges in reducing the
pulse duration to attosecond [21–27]. The XLEAP-based two-
color XFEL scheme offers a narrow range of adjustability
for the delay between the generated attosecond two-color
pulses [30,31]. As for the single-crystal self-seeding two-color
XFEL scheme, inherent crystal-induced stretching makes it
difficult to produce attosecond two-color pulses, while the
photon energy tunability of the two-color XFEL pulses is also
constrained [44]. In the proposed attosecond two-color XFEL

scheme, the temporal delay between the two-color pulses is
jointly determined by the electron bunch chirp, modulation
depth, and modulation wavelength, enabling delays ranging
from a few to tens of femtoseconds. While the proposed
scheme has the potential to generate two-color pulses with
excellent synchronization, it cannot achieve zero delay adjust-
ment between the pulses. To a certain degree, the proposed
scheme and the XLEAP two-color scheme exhibit comple-
mentarity in the scope of their temporal delay adjustability. In
terms of how time delay tunability is achieved, unlike other
schemes that predominantly rely on the chicane for delay
control, this scheme enables delay adjustment by combining
the chicane with variations in the modulation laser power
(adjusting the modulation depth). The pulse duration of this
scheme can be controlled by adjusting the wavelength of the
modulation laser. For instance, reducing the modulation laser
wavelength can significantly shorten the generated attosecond
two-color XFEL pulses.

IV. SUMMARY

In conclusion, the innovation of this work lies in utilizing
the FEL gain bandwidth as a natural filter to generate syn-
chronized two-color attosecond x-ray pulses. This is achieved
by precisely controlling two current spikes that lase simulta-
neously within the FEL gain bandwidth, thereby eliminating
the need for magnetic chicane between undulators. Since the
two-color pulses originate from two adjacent spikes of the
same periodically modulated chirped electron beam, the pro-
posed scheme ensures highly stable temporal synchronization
between them, with timing jitter potentially reduced to the
100 as level. Numerical simulations show that around 10 keV,
two-color XFEL pulses with a peak power of 10 GW, a
pulse length of ∼360 as, a temporal separation of 14.2 fs,
a time jitter around 100 as, and ∼1% energy separation can
be produced. The pulse duration can be effectively reduced
by decreasing the wavelength of the modulation laser. The
performance of this scheme in terms of peak power can be
further enhanced by increasing the peak current and using
undulator tapering strategy. This scheme is flexible and can be
tailored to meet the requirements of different radiation photon
energies and delays between two-color pulses, and optimized
for the parameters of different XFEL user facilities.
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P. Ribič, E. Roussel, M. Trovò, J.-B. Moussy, T. Pincelli, L.
Lounis, M. Manfredda, E. Pedersoli, F. Capotondi, and M.
Sacchi, Widely tunable two-colour seeded free-electron laser
source for resonant-pump resonant-probe magnetic scattering,
Nat. Commun. 7, 10343 (2016).

[49] J. P. MacArthur, J. Duris, Z. Zhang, A. Lutman, A. Zholents, X.
Xu, Z. Huang, and A. Marinelli, Phase-stable self-modulation
of an electron beam in a magnetic wiggler, Phys. Rev. Lett. 123,
214801 (2019).

[50] S. Reiche, Genesis 1.3: A fully 3D time-dependent fel simula-
tion code, Nucl. Instrum. Methods Phys. Res., Sect. A 429, 243
(1999).

[51] J. Yan, W. Qin, Y. Chen, W. Decking, P. Dijkstal, M. Guetg, I.
Inoue, N. Kujala, S. Liu, T. Long, N. Mirian, and G. Geloni,
Terawatt-attosecond hard X-ray free-electron laser at high rep-
etition rate, Nat. Photon. 18, 1293 (2024).

[52] F. Löhl, V. Arsov, M. Felber, K. Hacker, W. Jalmuzna, B.
Lorbeer, F. Ludwig, K.-H. Matthiesen, H. Schlarb, B. Schmidt,
P. Schmüser, S. Schulz, J. Szewinski, A. Winter, and J. Zemella,
Electron bunch timing with femtosecond precision in a super-
conducting free-electron laser, Phys. Rev. Lett. 104, 144801
(2010).

[53] M. Harmand, R. Coffee, M. R. Bionta, M. Chollet, D. French,
D. Zhu, D. M. Fritz, H. T. Lemke, N. Medvedev, B. Ziaja, S.
Toleikis, and M. Cammarata, Achieving few-femtosecond time-
sorting at hard X-ray free-electron lasers, Nat. Photon. 7, 215
(2013).

[54] T. Sato et al., Femtosecond timing synchronization at megahertz
repetition rates for an x-ray free-electron laser, Optica 7, 716
(2020).

[55] S. Bratos, M. Wulff, and J.-C. Leicknam, XFEL experi-
ments: Jitter of pump–probe time delays and pulse intensities,
J. Synchrotron Radiat. 25, 650 (2018).

[56] S. Bratos and J.-C. Leicknam, Jitter of pump-probe time delays
in xfel experiments: How to eliminate it? Chem. Phys. Lett. 754,
137720 (2020).

023048-7

https://doi.org/10.1103/PhysRevAccelBeams.24.060703
https://doi.org/10.1103/PhysRevAccelBeams.24.082801
https://doi.org/10.1103/PhysRevResearch.2.042018
https://doi.org/10.1364/OE.21.022728
https://doi.org/10.1103/PhysRevLett.110.064801
https://doi.org/10.1103/PhysRevAccelBeams.21.020701
https://doi.org/10.1103/PhysRevLett.113.254801
https://doi.org/10.1364/OL.39.002782
https://doi.org/10.1364/OL.543851
https://doi.org/10.1038/ncomms3476
https://doi.org/10.1038/ncomms10343
https://doi.org/10.1103/PhysRevLett.123.214801
https://doi.org/10.1016/S0168-9002(99)00114-X
https://doi.org/10.1038/s41566-024-01566-0
https://doi.org/10.1103/PhysRevLett.104.144801
https://doi.org/10.1038/nphoton.2013.11
https://doi.org/10.1364/OPTICA.396728
https://doi.org/10.1107/S1600577518003624
https://doi.org/10.1016/j.cplett.2020.137720

