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Attosecond x-ray pulses play a crucial role in the study of ultrafast phenomena occurring within inner
and valence electrons. To achieve attosecond time-resolution studies and gain control over electronic wave
functions, it is crucial to develop techniques capable of generating and synchronizing two-color x-ray
pulses at the attosecond scale. In this paper, we present a novel approach for generating attosecond pulse
pairs using a dual chirp-taper free-electron laser with bunching inheritance. An electron beam with a
sinusoidal energy chirp, introduced by the external laser, passes through the main undulator and
afterburner, both with tapers. Two-color x-ray pulses are generated from the main undulator and the
afterburner, respectively, with temporal separations of several femtoseconds and energy separations of tens
of electron volts. Notably, the afterburner is much shorter than the main undulator due to the bunching
inheritance, which reduces the distance between two source points and alleviates the beamline focusing
requirements of the two-color pulses. A comprehensive stability analysis is conducted in this paper,
considering the individual effects of shot noise from self-amplified spontaneous emission and carrier-
envelope phase jitter of the few-cycle laser. The results show that the radiation from the afterburner exhibits
excellent stability in the proposed scheme, which is beneficial for x-ray pump-probe experiments. The
proposed scheme opens up new possibilities for attosecond science enabled by x-ray attosecond pump-

probe techniques and coherent control of ultrafast electronic wave packets in quantum systems.
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I. INTRODUCTION

X-ray free-electron lasers (XFELs) [1,2] have enabled
scientists to explore dynamic processes on the femtosecond
timescale by taking advantage of the short pulse duration
and the high intensity of FEL pulses. In time-resolved
studies, pump-probe experiments are usually realized by
combining conventional laser pumping with an x-ray FEL
probe. This technique allows monitoring the temporal
evolution of various photo-induced processes on ultrafast
time scales [3]. However, a significant challenge in these
experiments is the inherent temporal jitter between the
pump and probe pulses arising from the independent laser
sources [4]. To address this issue, researchers have devel-
oped new FEL sources capable of generating dual pulses
with different photon energies from the same electron beam
[5]. This advancement has facilitated x-ray pumping and
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x-ray probing experiments while reducing the temporal
jitter between the two pulses [6]. Nevertheless, despite the
progress made in these femtosecond time-resolved experi-
ments, they have been primarily limited to observing
atomic motion. The motion of electrons, which occurs
on timescales of hundreds of attoseconds (as), remains
elusive. Moreover, in addition to the observation of ultrafast
processes, a long-standing goal in atomic physics has been
to manipulate electronic wave functions with attosecond
precision. To achieve attosecond time resolution and gain
control over electronic wave functions, it is crucial to
develop techniques capable of generating and synchroniz-
ing two-color x-ray pulses at the attosecond scale.

At the femtosecond timescale, some of the proposed two-
color FEL methods have been experimentally demonstrated
and successfully applied to scientific experiments. In general,
two-color FEL pulses can be obtained by tuning the
resonance of the undulator or by manipulating the electron
beam properties. For the first approach, the undulator is
divided into two parts, each of which resonates at a different
wavelength [7]. The temporal separation of the two-color
FEL pulses can be controlled using a magnetic chicane
between the undulator modules. However, this method
requires the same electrons to generate both two-color pulses,
resulting in FEL operation far from saturation. Alternatively,
several fresh-slice-based methods have been proposed to

Published by the American Physical Society


https://orcid.org/0000-0003-2578-2371
https://orcid.org/0000-0002-2670-5119
https://ror.org/00prkya54
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.27.060701&domain=pdf&date_stamp=2024-06-20
https://doi.org/10.1103/PhysRevAccelBeams.27.060701
https://doi.org/10.1103/PhysRevAccelBeams.27.060701
https://doi.org/10.1103/PhysRevAccelBeams.27.060701
https://doi.org/10.1103/PhysRevAccelBeams.27.060701
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

HAO SUN, XTAOFAN WANG, and WEIQING ZHANG

PHYS. REV. ACCEL. BEAMS 27, 060701 (2024)

generate two-color FEL pulses, relying on different parts of
the electron bunches lasing in different undulators [8—12].
Another type, based on the manipulation of the electron
beam, involves allowing electrons with different energies to
generate two-color FEL pulses in the same undulator. Several
methods of electron beam manipulation have been proposed,
including the generation of twin bunches within the same rf
bucket [13], the creation of two current spikes through
wakefield effects [14], the use of a double-slotted foil within
the beam as an emittance spoiler [15], nonlinear electron
compression [16], and a photocathode laser emittance spoiler
[17]. Furthermore, the laser-based seeded FELs have been
experimentally demonstrated to deliver two synchronized
pulses of different colors for novel pump-probe experiments
[18-21].

Attosecond soft x-ray pulses play a vital role in compre-
hending the rapid quantum mechanical motion of electrons in
molecular systems. Historically, high harmonic generation
(HHG) sources have been the cutting-edge approach for
generating attosecond pulses [22-26]. However, their pulse
energy output does not exhibit a favorable scaling relation-
ship with the photon energy [26]. Attosecond science is
rapidly advancing within the FEL community, thanks to
various proposed schemes such as the chirp-taper scheme
[27-34], enhanced self-amplified spontaneous emission
scheme [35-43], and seeded FEL schemes [44,45]. To
conduct attosecond pump-attosecond probe experiments
effectively, it is necessary to generate synchronized pulse
pairs. Ideally, these pulse pairs should possess distinct photon
energies, enabling the investigation of excitation at one
atomic site in a molecular system while probing another
site. Therefore, a method was proposed to generate pairs of
sub-femtosecond x-ray pulses with attosecond time stability
and controllable separation. This method relies on a double
chirp-taper scheme driven by self-modulation in a magnetic
wiggler [29]. Recently, another scheme has also emerged,
aiming to produce sub-femtosecond pulse pairs with femto-
second-scale time separation and few-electron-volt energy
separation based on frequency pulling [46].

In this paper, we present a novel approach for generating
two-color attosecond pulses using a dual chirp-taper free-
electron laser with bunching inheritance. Initially, an
electron beam undergoes significant energy modulation
through interaction with a few-cycle laser in a wiggler,
resulting in the creation of a sinusoidal energy-chirp phase
space that comprises a main negative energy chirp part and
a positive energy chirp part. The energy-modulated electron
beam then passes through a main undulator with an
appropriately designed taper. If the energy modulation
exceeds the FEL energy bandwidth and the chirp-taper
matching condition is satisfied, lasing occurs in a short
fraction of the negative energy chirp part, which leads to the
generation of ultrashort FEL pulses [27-34]. Next, the
electron beam is directed into a magnetic chicane, which
introduces a precise time delay of a few femtoseconds,
allowing for the separation of the first FEL pulse.

Importantly, the bunching of the electron beam retains a
high value, facilitating its reuse for subsequent FEL
processes. Subsequently, the electron beam traverses a
short, tapered afterburner, which is tailored to match the
positive energy chirp. Driven by the bunching formed in the
main undulator, the electron beam generates an intense FEL
pulse in a short afterburner. The wavelength of the second
FEL pulse undergoes a blue shift due to the compression of
the bunching in the afterburner. As a result, the photon
energy of the second FEL pulse differs from that of the first
FEL pulse. In general, when the distance between the two-
color source points is too large, it often prevents one of the
lights from being effectively focused at the sample position
[47]. Notably, the reuse of microbunching enables a signifi-
cantly shorter afterburner length compared to the main
undulator. This advantage greatly reduces the distance
between the two-color source points, thereby easing the
requirements for beamline focusing. Furthermore, the power
and time stability of the FEL pulses from the afterburner is
improved due to the reuse of the bunching.

The remainder of the paper is organized as follows: In
Sec II, we provide an overview of the principles behind the
proposed scheme. In Sec. III, we will present the single-
shot simulation results to demonstrate our scheme.
Furthermore, we will present the stability analysis, con-
sidering shot noise from self-amplified spontaneous emis-
sion and the carrier-envelope phase jitter of the few-cycle
laser, to demonstrate the reliability of the proposed scheme.
Finally, we will provide discussions and a brief summary of
this work in Sec. IV.

II. PRINCIPLE

The schematic of the proposed scheme is shown in
Fig. 1. A few-cycle laser at 800 nm wavelength interacts
strongly with the central part of an electron bunch in a two-
period wiggler, resulting in a region with a sinusoidal
energy modulation. As shown in Fig. 1, this region
comprises a main negative energy chirp part and a positive
energy chirp part. The energy-modulated beam then enters
a long tapered undulator, which is called the main undu-
lator, for FEL processes. According to the principle of the
chirp-taper scheme [27-34], if both the negative energy
chirp and the main undulator taper are properly matched, a
slice with the strongest negative energy chirp is selected for
lasing. In this way, the FEL gain degradation within this
slice is avoided, and the amplification proceeds up to the
onset of saturation. The rest of the bunch suffers from the
uncompensated reverse taper, and the lasing is strongly
suppressed. To achieve precise control over the temporal
delay between the double pulses with femtosecond pre-
cision, a chicane is positioned between the main undulator
and the afterburner. This chicane can be utilized to delay
the electron beam relative to the first FEL pulse. It should
be noted that the peak bunching of the electron beam
decreases as it passes through the chicane. However, if the
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longitudinal dispersion of the chicane is appropriately
designed, the bunching of the electron beam can still
maintain a significant value, allowing for reuse in the
afterburner. Finally, the electron beam will travel through a
short, tapered afterburner, which is matched to the positive
energy chirp. Driven by the bunching formed in the main
undulator, the electron beam can produce an intense FEL
pulse in the afterburner. The wavelength of the FEL pulse
generated by the afterburner will blueshift due to the
compression of the bunching when the positive energy
chirp is compensated by the undulator taper [31].
Therefore, the two-color FEL pulses can be generated in
the proposed scheme.

II1. SIMULATIONS

To investigate the performance of the proposed scheme,
three-dimensional simulations were performed with the

TABLEI. Parameters of the electron beam and undulators used
in the simulations.

Parameter Value
Energy 2.53 GeV
Peak current 2 kA
Emittance 0.45 mm mrad
Uncorrelated energy spread 130 keV
Wiggler/main undulator/afterburner period 16/3/3 cm
Wiggler/main undulator/afterburner length 0.32/32/4 m

Chicane
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erburpg, Puise 2 Pylsg 1
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Schematic of the proposed scheme for generating attosecond two-color FEL pulses.

parameters of a typical soft x-ray free-electron laser facility,
as listed in Table I. The electron beam extracted from a
linear accelerator was characterized by the following
parameters: an energy of 2.53 GeV, a peak current of
2 kA, rms normalized emittance of 0.45 mm mrad, and an
uncorrelated energy spread of 130 keV. For our simula-
tions, we employed a 1.5-cycle laser with a carrier wave-
length of 800 nm and a pulse energy of 0.177 mJ, which is
currently available with state-of-the-art laser technology
[48]. The wiggler has two periods, with a period length of
16 cmand a K value of 22. To simulate the energy modulation
in the wiggler, we used the FALCON software [49], which is
built based on the fundamental electrodynamic theory.
The FEL simulations were performed using the three-
dimensional time-dependent code GENESIS 1.3 [50].

A. Single-shot simulation

In the following section, we will illustrate the proposed
scheme with numerical simulations utilizing the above
parameters. The electron beam will achieve an energy
modulation of order 10 MeV by interacting with a few-
cycle laser in a wiggler, and the electric field of the laser
pulse normalized to the peak value is depicted in Fig. 2(a).
The longitudinal phase space of the modulated electron
beam is presented in Fig. 2(b). It can be shown that a
sinusoidal energy modulation with an 800 nm period and
an energy modulation amplitude of order 10 MeV is
imprinted into the electron beam. The maximum slope
of the negative energy chirp can be estimated by the energy
modulation amplitude Ay and the modulation period 4,
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FIG. 2. (a) Normalized electric field of the few-cycle laser

pulse. (The pulse intensity envelope is shown by the dotted line
and the oscillating electric field is shown by the solid line.)
(b) Longitudinal phase space of the electron beam after the
wiggler. Bunch head is on the left side.
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Ithas been demonstrated that a gain degradation of a linear
energy chirp can be compensated by a linear undulator taper
when the following condition is satisfied [27]:

dK (1+K3/2)* 1 dy )
dz Ky  yjedt’ @

Here, K is the undulator parameter, K, is the value of the
undulator parameter at the main undulator entrance, y, is
the relativistic factor for a reference particle, and c is the
speed of light. For the energy-modulated electron beam as
shown in Fig. 2, the taper strength is estimated according to
Eq. (2) and then optimized to generate an isolated atto-
second FEL pulse. The main undulator consists of eight 4-
m-long variable-gap undulator segments with quadrupoles
in the intersections. In our simulation, the undulator is
tuned to 2 nm at the entrance (K, =2.12), and the
undulator parameter K increases by 0.0352 in each undu-
lator segment, as illustrated in Fig. 3. The afterburner has an
opposite taper compared with the main undulator and we
will illustrate it in the next paragraph.

2.40

Main undulator
2.35 Afterburner

2.30
2.25
X 2.20
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FIG. 3. The optimized undulator taper of the main undulator
and the afterburner.

According to the optimization value of the taper,
simulation results indicate that lasing will occur on a short
fraction of the electron beam, leading to the generation of
an isolated attosecond FEL pulse with a peak power of
1.5 GW and a FWHM pulse length of 317 as, as presented
in Fig. 4(a). In our proposed scheme, a small chicane is
used to delay the electron beam so that the first pulse from
the main undulator and the second pulse from the after-
burner are longitudinally separated. This not only intro-
duces a small dispersion, characterized by a transfer matrix
coefficient Rsq = 0.9 pm (a time delay of 1.5 fs), but also
affects the bunching of electron beams, where the maxi-
mum bunching factor changes from 0.6 to 0.3 and the width
of the bunching is reduced, as depicted in Fig. 4(b). It
should be noted that the bunching of 0.3 can still be reused
for lasing in the next stage. Driven by the bunching formed
in the main undulator, the electron beam can produce
intense FEL pulses in the afterburner. Finally, the electron
beam passes through a tapered afterburner (one 4-m-long
undulator segment), which is matched to the positive
energy chirp. The undulator parameter of the afterburner
is shown in Fig. 3, with the value decreasing along the
afterburner.

As shown in Fig. 4(c), an isolated pulse with a peak
power of 1.2 GW and a FWHM pulse length of 198 as can
be generated in the afterburner. It can be seen that pulse
length in the afterburner is reduced due to the narrowing of
the bunching width as shown in Fig. 4(b). The spectra of the
pulses from the main undulator and the afterburner are
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FIG. 4. (a) Energy phase space of the electron beam (Bunch
head is on the left side.) and profiles of the radiation pulses
generated from the main undulator at the exit of the main
undulator (purple solid line) and the exit of the afterburner
(purple dashed line). (b) Bunching profiles at the exit of the main
undulator (purple line) and at the entrance of the afterburner
(green line). (c) Energy phase space of the electron beam and a
profile of the radiation pulse (purple line) at the exit of the
afterburner. (d) Spectra of the pulses from the main undulator
(purple line) and the afterburner (green line).
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FIG. 5. FEL spectra evolution along the main undulator (a) and
the afterburner (b).

presented in Fig. 4(d). It is apparent that photon energies of
the two pulses are different, with a difference in photon
energy of about 30 eV. Figure 5 shows the FEL spectra
evolution along the main undulator and the afterburner,
respectively. It can be seen that the FEL spectra from the
main undulator and the afterburner are shifted in opposite
directions. The wavelength shifting of the FEL pulses is
due to the compression or decompression of the bunching
when the energy chirp is compensated by the undulator
taper. The compression or decompression of the FEL
wavelength can be estimated as [31]

o U 3)

1= _dr_
1 R56 cyodt

where Rsq is the momentum compression factor. After
bunching compression or decompression, the radiation
wavelength undergoes a transformation from 4; to
Ay = A;/C. When C > 1, it indicates that the bunch is
compressed; conversely, when C < 1, it indicates that the
bunch is decompressed, depending on the sign of the bunch
energy chirp. In the case of the main undulator, Rss mainly
comes from the dispersion of the undulator 2AN 4, where
N g 1s the number of periods of the undulator, and 4 is the
resonance wavelength. In the case of the afterburner, Rsg
comprises two components. The first component arises
from the dispersion introduced by the chicane, while
the second component originates from the undulator.
According to Eq. (3), the photon energy difference between
the first pulse and the second pulse is approximately 27 eV,
which roughly matches the simulation results depicted in
Fig. 5. Due to the continuous shifting of the photon energy
in the afterburner, as shown in Fig. 5(b), a fine adjustment
of the energy difference between two-color pulses can be
achieved by tuning the length of the afterburner. If we want
to independently control the energy difference of the
photons while keeping the time delay fixed, we can achieve
this by adjusting the length of the afterburner. According to
Eq. (3), it can be observed that the energy difference of the
two-color photons is correlated with the magnitude of the
electron beam energy chirp introduced by the external laser.
Figure 6(a) illustrates the relationship between the energy
difference of the two-color photons and the amplitude of
energy modulation introduced by the external laser at
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FIG. 6. (a) Relationship between the two-color photon energy
difference and the energy modulation introduced by external
lasers under different time delay conditions. (b) Variation of the
peak bunching with the time delay of the chicane.

different time delays. It can be seen that at the exit of
the 4-m-long afterburner, increasing the amplitude of
energy modulation can lead to an enlarged separation in
energy between the two-color photons. In addition, precise
adjustment of the time delay between the two pulses is
crucial for two-color x-ray pump-probe experiments. Our
proposed approach involves utilizing the bunching formed
in the main undulator for secondary FEL emission in the
afterburner. If we want to fix the energy difference between
the two-color photons and independently tune the time
delay, we can achieve this by adjusting the time delay
through a chicane and correspondingly changing the length
of the afterburner to keep the total Rs¢ (chicane Rsq and
afterburner Rsq) fixed. However, if the delay provided by
the chicane (indicated by a large Rsq value) is excessively
long, it results in a reduction of the bunching, thereby
impacting the effectiveness of the secondary FEL emission.
In the subsequent research, we have examined the relation-
ship between peak bunching and time delay to determine
the achievable range of temporal tuning with this approach.
As shown in Fig. 6(b), the bunching decreases as the time
delay increases after passing through the chicane. However,
it is notable that within a time delay range of 4 fs, the
bunching still maintains a significant value, enabling it to
drive FEL radiation in the afterburner. Nevertheless, this
may lead to a decrease in FEL output power, which can be
improved by increasing the length of the afterburner.
Additionally, to efficiently control Rsq while achieving a
longer time delay, a chicane system equipped with quadru-
pole magnets in the dispersion region may offer a more
flexible solution [51].

B. Stability analysis

When evaluating the stability of this scheme, it is
important to take into account the potential impact of
parameter fluctuations during actual machine operation.
For example, parameter fluctuations in the injector and
accelerator (affecting electron beam current and energy) as
well as parameter fluctuations in the external laser (peak
power, phase, etc.) can have an effect on the scheme. In
previous studies on the chirp-taper scheme, although the
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FIG.7. (a)Power profiles of the pulses generated from the main
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pulses from the afterburner. The green line represents the average
power profile of 100 shots. (c) Spectra of the two-color pulses.
(d) Statistics plots of the peak power and pulse duration of the
100-shot two-color pulses.

introduction of electron beam and external laser jitter
sources in simulations led to a small degradation in FEL
pulse quality, the peak power at saturation was largely
unaffected and instead dominated by the inherent variations
of SASE [34]. To evaluate the stability of the proposed
scheme, we conducted multishot simulations with different
shot noise initializations. Specifically, we performed 100-
shot simulations to study the properties of two-color
attosecond pulses. Figures 7(a) and 7(b) illustrate the
corresponding 100-shot power profiles and the average
power profile, respectively, generated by the main undu-
lator and the afterburner. Additionally, Fig. 7(c) presents
the spectrum profiles for the 100 shots as well as the
average spectrum profile. Furthermore, statistical results
regarding the pulse duration and peak power are illustrated
in Fig. 7(d), where Gaussian fits are employed to represent
the distributions of pulse duration and peak power across
the 100 shots. The standard deviation of the pulse duration
is found to be 113 as in the main undulator and 59 as in the
afterburner. Additionally, the standard deviation of the peak
power is 0.9 GW in the main undulator and 0.3 GW in the
afterburner, as depicted in Fig. 7(d). This indicates that the
stability of the FEL pulses from the afterburner is signifi-
cantly improved compared to those from the main undu-
lator. The stability arises from the adjustment of the
bunching formed by the self-amplified spontaneous emis-
sion process in the main undulator by the chicane, whereby
lower bunching is increased and higher bunching is reduced
for different shot-noise initializations.

The carrier-envelope phase (CEP) of a few-cycle laser
pulse refers to the relative timing between the carrier wave
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FIG. 8. The stability analysis of the peak power (a) and pulse
duration (b) of FEL pulses generated from the main undulator and
the afterburner in relation to the CEP phase jitter (each point
represents the average value of ten shots). Power profiles of the
pulses from the main undulator (c) and the afterburner (d) under
different CEP phase jitter conditions.

and the envelope of the laser pulse. It plays a crucial role in
the properties and applications of ultrafast laser systems. In
particular, the CEP stability of the 1.5-cycle laser used in
our scheme is crucial for the structure of the electron beam
modulation generated by the laser and thus for the structure
of the emitted x rays. It ensures reproducibility and
accuracy in the proposed scheme, enabling long-term
experiments. Therefore, a stability analysis of the proposed
scheme with respect to the CEP of the few-cycle laser is
presented in Fig. 8. Figures 8(a) and 8(b) represent the
stability analysis of the peak power and the pulse duration
from the main undulator and the afterburner in relation to
the CEP phase jitter, respectively. Figures 8(c) and 8(d)
illustrate the power profiles of the pulses from the main
undulator and the afterburner for the different CEP phase
jitters, respectively. It can be observed that the two-color
FEL pulses can be generated stably within a +0.3z phase
change of the CEP, which is a reasonable value achievable
with current laser technology.

IV. CONCLUSIONS AND DISCUSSIONS

In this paper, we present a novel approach for generating
attosecond pulse pairs using a dual chirp-taper free-electron
laser with bunching inheritance. Simulations demonstrate
that the proposed scheme is capable of generating GW-
level two-color attosecond x-ray pulses with temporal
separations ranging from hundreds of attoseconds to
several femtoseconds and energy differences in the tens
of electron volts. In addition, the afterburner can be
considerably shorter than the main undulator due to the
reusing of the microbunching, thereby reducing the
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distance between the two-color source points and alleviating
the beamline focusing requirements for the two-color pulses.
Furthermore, we also conduct stability analysis, considering
shot noise from self-amplified spontaneous emission and the
carrier-envelope phase jitter of the few-cycle laser, to
demonstrate the reliability of the proposed scheme. The
simulation results indicate that the radiation from the
afterburner exhibits excellent stability, which is more advan-
tageous for attosecond x-ray pump-probe experiments.

The proposed scheme is an extension of previous work on
chirp-taper FEL [27-34]. Compared to the modified chirp-
taper scheme [31], this approach further enhances the
performance of generating two-color FEL pulses. Unlike
the double chirp-taper scheme [29], two-color generation in
the proposed scheme is based on compressing and decom-
pressing the bunching within the undulator rather than
completely wiping out the bunching and resonating it to a
new wavelength. The reuse of the bunching enables a
significantly shorter length of the afterburner. In this
approach, the energy separation between the two-color
pulses is on the order of tens of electron volts. Our studies
show that increasing the amplitude of energy modulation
induced by the external laser can lead to an enlarged
separation in energy between the two-color photons.
Furthermore, it is worth noting that the afterburner in the
proposed scheme can also serve as a harmonic afterburner,
further increasing the energy separation between the two-
color pulses. Therefore, this approach serves as a valuable
complement to the previous chirp taper, two-color FEL
scheme [29]. The proposed scheme provides new possibil-
ities for attosecond science enabled by x-ray attosecond
pump-probe techniques and coherent control of ultrafast
electronic wave packets in quantum systems.
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