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X-ray free-electron lasers (XFELs) of high brightness have opened new opportunities for exploring
ultrafast dynamical processes in matter, enabling imaging and movies of single molecules and particles at
atomic resolution. In this paper, we present a straightforward method for multiframe diffraction imaging,
using the whole electron beam to generate four-color XFEL pulses with adjustable wavelength separation
and time delay. The optical klystron scheme is introduced to enhance the FEL intensity and reduce the total
length of the undulators. The time delay is tuned via a magnetic chicane between the undulators for
different colors. Using parameters of SHINE, start-to-end simulations demonstrate the effectiveness and
tunability of our method, achieving representative results such as time delays of hundreds of femtoseconds
and four-color XFEL pulses spanning 1.8 to 2.7 nm with 0.3 nm intervals. The proposed scheme enables
the recording of multiframe diffraction images in a single exposure, providing a new perspective for

ultrafast molecular and atomic dynamics studies.
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I. INTRODUCTION

In recent years, x-ray free-electron lasers (XFELs) [1-3]
have emerged as transformative tools for probing ultrafast
dynamics in matter, owing to their femtosecond to atto-
second pulse durations, high brightness, and full transverse
coherence. In time-resolved studies, pump-probe configu-
rations that employ either a conventional optical laser or an
FEL-generated x-ray pump combined with an x-ray FEL
probe are indispensable for capturing ultrafast dynamics
across physical phenomena [4-11], chemical reactions
[12-14], and biological structures [15,16] on the pico-
second to femtosecond time scale. However, these methods
rely on shot-to-shot repetitive measurements with scanned
pump-probe delays for image construction, which limits
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their application to nonrepetitive, irreversible, or poorly
reproducible events [17]. In such cases, it is highly
desirable to record multiple transient states originating
from the same excitation event in a single shot, analogous
to high-speed photography or flash imaging [18].
Therefore, single-shot multicolor XFEL pulses with
well-defined and controllable relative time delays provide
an effective approach to enable multiframe diffraction
imaging of ultrafast dynamics.

Various multicolor XFEL schemes have been proposed by
manipulating electron beam properties, including twin
bunches [19], two-bucket bunches [20], and the use of
different energy parts within one bunch [21], double-slot foil
[22], sextupole [23], nonlinear electron compression [24],
and laser emittance spoiler [25]. Meanwhile, artificially
changing the undulator parameter can straightforwardly
produce tunable multicolor XFEL pulses [26-28]. However,
when the whole electron bunch is used to generate multiple
colors sequentially, the intensity of downstream pulses is
limited by the energy spread induced by upstream lasing.
The fresh-slice technique circumvents this limitation by
selectively utilizing unmodulated portions of the beam for
independent amplification in separate undulators, thereby
enabling high-power multicolor operation [29-34].

Published by the American Physical Society
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Inspired by a single-shot multiframe imaging concept
previously demonstrated at optical wavelengths [18],
we propose an extension to XFELs. In contrast to fresh-
slice schemes, the proposed scheme generates four-color
XFEL pulses from the whole electron bunch, enabling
single-shot multiframe x-ray diffraction imaging with
adjustable wavelength separation and time delay. To
mitigate the constraints imposed by XFEL-induced energy
spread and undulator length, we employ an optical klystron
(OK) scheme [35-40], which enhances gain and reduces
the saturation length, facilitating high-power multicolor
pulse generation with straightforward implementation in
existing facilities. The proposed scheme can generate four
discrete-wavelength XFEL pulses with tunable wavelength
separation and time delay, and the pulse energy of each
color can be adjusted using the Rsq of the dispersive
chicane. Moreover, the feasibility of the proposed scheme
is confirmed by the reflection grating diffraction results. In
operation, a single pump pulse initiates a reaction, followed
by three or four XFEL probe pulses with femtosecond
to picosecond-scale delays. These tailored XFEL pulses
sequentially probe the same reaction. The resulting dif-
fraction signals are spatially separated by a grating and
simultaneously recorded on an x-ray CCD detector. Since
all pulses originate from the same electron bunch, they are
intrinsically synchronized, which reduces relative timing
uncertainties and thereby enables single-shot, multiframe
time-resolved flash imaging of ultrafast dynamics.

This paper is organized as follows. Section II elaborates
on the principles of the proposed scheme. Numerical
simulations of multicolor XFEL generation and transport
based on the main parameters of the Shanghai High
Repetition Rate XFEL and Extreme Light Facility (SHINE)
are presented in Secs. Il and IV. The conclusion and
discussion are described in Sec. V.

II. PRINCIPLES

The proposed scheme can be divided into two phases, as
shown in Fig. 1. First, the generation of multicolor XFEL
pulses employs the electron beam passing through these
undulator modules (Ay — Dy, each with distinct undulator
parameters K), and three time-delay chicanes as shown
in Figs. 1(a) and 1(b). Second, the high-time-resolution
dynamic diffraction imaging system features the four-color
x-ray pulses interacting with a sample, followed by a high
line-density reflective grating, and an x-ray CCD detector,
as depicted in Fig. 1(c).

As the electron beam propagates through subundulator
U1, FEL radiation is generated at the resonance wave-
length, given by [1]

2
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FIG. 1. Proposed multiframe x-ray diffraction imaging scheme.
(a) Schematic layout of the multicolor XFEL pulses generation.
The setup consists of an electron beam, four undulator modules
denoted as Ay, By, Cy, and Dy, three time-delay chicanes, and
an electron beam collector, where N denotes the number of
subundulators in each module. The modules generate XFEL
pulses at wavelengths A; — 44, color-coded by wavelength.
The dashed box indicates an undulator module detailed in panel
(b), which comprises N subundulators Uy ; (X = A,B,C,D;
i =1,...,N), interleaved with N — 1 small dispersive chicanes.
(c) Schematic layout of the high-time-resolution dynamic dif-
fraction imaging system. This includes a sample, a high line-
density reflective grating, and an x-ray CCD detector. The four
x-ray pulses sequentially illuminate the sample to capture
temporal information of ultrafast events, which are dispersed
spatially via the grating and recorded as four diffraction images
by the CCD detector.

where 4, denotes the undulator period, K represents the
undulator parameter, and y is the Lorentz factor. In the
amplification process of the OK-enhanced self-amplified
spontaneous emission (SASE) scheme [39], the energy
modulation is converted to density modulation via a small
dispersive chicane. Moreover, this configuration speeds
the electron beam’s microbunching, thereby reducing
the FEL gain length. Notably, the OK efficiency is sub-
stantially enhanced when the electron beam’s rms relative
energy spread o5 is much smaller than the FEL Pierce
parameter p [1]. The one-dimensional theory describing the
maximum theoretical power gain factor in the OK-SASE
occurs when [41]:

2n
7R5665 ~ 1, (2)

r

where Rsq denotes the momentum compaction of the small
dispersive chicane. However, if the first subundulator U, ;
is sufficiently long, it can generate an energy modulation
with an amplitude that is comparable to or exceeds the
intrinsic energy spread. In this scenario, Eq. (2) no longer
corresponds to the maximum gain, as the induced energy
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FIG. 2. The square of the bunching factor (shown in black) is
plotted as a function of R for the first small dispersive chicane
at the fundamental harmonic. The bunching factor is obtained
through the combined contributions of an exponential decay (in
red) and a Bessel function (in blue). Two cases are considered,
corresponding to energy modulation amplitudes of 250 keV (a)
and 2000 keV (b).

modulation becomes dominant over the intrinsic energy
spread. By considering the high-gain harmonic generation
[42], we can analyze the scenario that may arise in the
aforementioned situation [39]. The nth harmonic bunching
factor can be derived as

1
by = exp <—§n20§k%R§6> G

7 (n2Ek R
nnE rf}s56

where J,, is the nth-order Bessel function, AE denotes the
energy modulation amplitude induced by the first subun-
dulator U, ,, and E represents the mean energy of the
electron bunch. From Eq. (3), we can analyze the OK
behavior of Rs¢ for different energy modulation amplitudes,
specifically AE = 250 keV and AE = 2000 keV, for an
electron bunch with a mean energy of £ = 4.5 GeV and
an intrinsic energy spread of 650 keV (65 = 1.44 x 107%).
Furthermore, the undulator module Ay, is tuned to resonate
at a wavelength of 1.8 nm, and only the fundamental
harmonic (n = 1) is considered. Figure 2(a) illustrates the
scenario where the relative energy modulation amplitude is
smaller than the rms relative intrinsic energy spread, i.e.,
A—EE < 05, and the contribution of the exponential decay to
the bunching factor becomes more significant than that of
the Bessel function. In this case, the value of Réﬁ corre-
sponding to the maximum bunching is found to be
1.94 pm. Notably, this value matches the optimal R;()
calculated from Eq. (2), which also yields 1.98 pm. This
agreement confirms that the bunching factor reaches its
maximum when the condition described by Eq. (2) is
satisfied. In contrast, as shown in Fig. 2(b), when the Bessel
function dominates, the optimal value of Rgé shifts to I pm,
where the maximum bunching factor is achieved under the
condition % k.Rs¢ =~ 1.8412. This highlights the transition
between the dominance of the exponential decay and
the Bessel function in determining the bunching behavior,
with each regime yielding distinct optimal values of R.

0.25 —— AE =150 keV
_____ AE = 250 keV
0.20 - AE = 650 keV
e AE = 1000 keV
_____ AE = 1500 keV
i 0.15 AE = 2000 keV
Y I O S R Y R S Rse =1.98 um

0.10
0.05
0.00 =
0 i 2 3 2 5 6
R (um)

FIG. 3. The different energy modulation amplitudes induced by
the subundulator Ay_; affect the square of the bunching factor,
which is related to RY~!. The vertical line corresponds to the
optimal Rsq value that satisfies Eq. (2).

corresponding to their respective conditions for maximiz-
ing the bunching factor.

When the bunched electron beam passes through the
subundulator U, y_;, it undergoes N — 2 stages of OK-
enhanced SASE-FEL amplification, specifically referred
to as seeded FEL amplification. During this process, the
energy modulation amplitude induced by the subundulator
Uy.n_1 before the last dispersive chicane RY.' becomes
larger than the intrinsic energy spread. As the energy
modulation amplitude increases, the optimal value of RISVG_1
decreases due to the dominance of the Bessel function
governing the bunching process. Specifically, a larger
energy modulation amplitude requires a smaller value Ré‘%‘l
to maximize the bunching factor, as shown in Fig. 3. This
optimization ultimately enhances FEL radiation in the
subsequent subundulator U, y. Additionally, the OK
enhancement is also highly sensitive to the initial slice
energy spread [35,40,41]. As shown in Fig. 4, the pulse
energy decreases rapidly as the initial slice energy spread
increases, indicating clear performance degradation. For
each point, the corresponding Rs¢ values were reoptimized
using the differential evolution algorithm [43] to maximize
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o o o o o
°

N
o

0.50 0.75 1.00 125 1.50 175 2.00
Energy Spread (0.01%)

o

FIG. 4. Dependence of the pulse energy at 1.8 nm on the initial
slice energy spread. The beam energy and peak current are fixed
at 4.5 GeV and 800 A, respectively.
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the pulse energy at 4;. The time delay of delay chicane 1 is
twice its Rsq, which is sufficient to smear out the micro-
bunching generated by the previous undulator module A .
For instance, when Rsq = 600 pm, the bunching factor is
nearly zero, as given by Eq. (3). Similarly, the multistage
OK configuration involves N — 1 small dispersive chicanes
for each wavelength, including 4,, 43, and 4.

Therefore, four-color XFEL pulses with distinct wave-
lengths (4, <1, <43 <4) and temporal intervals
between adjacent pulses ranging from picoseconds to
femtoseconds provide a novel experimental methodology
for ultrafast diffraction experiments utilizing multiple
monochromatic short pulses in Fig. 1(c). When a set of
four-color pulses is generated within a single exposure
and sequentially interacts with an object and the pulses
are diffracted by a grating with high line density, at the
grating’s image plane, diffracted light from pulses of
different colors ultimately falls at distinct positions.
Consequently, information carried by different pulses
within the set is recorded at separate image plane locations.
Furthermore, the temporal delay between pulses enables a
four-color pulse train to comprehensively capture material
information over a specific time interval. Upon passing
through a high line-density reflective grating [44], the
x-rays can be spatially separated according to the grating
equation:

d(sin€ + sin@') = mA, %)

where d denotes the grating period, € is the incident angle,
@' is the diffracted angle, m is the diffraction order, and 4 is
the FEL wavelength. To analyze the angular dispersion of
the grating, we keep the incident angle 6 constant and
differentiate both sides of the grating [Eq. (4)] with respect
to A. This yields the following:

g m

@“_m 5
dl  dcos@’ ©®)

the resolving power of the grating is determined by the

relationship R = zf— = mN, where Al denotes the

minimum resolvable wavelength difference and N is
the total number of illuminated grooves on the grating,
given by N = (L/d), with L being the projected length of
the beam on the grating surface. For the four-color XFEL
pulses, the full width at half maximum (FWHM) bandwidth
of each wavelength is greater than twice its specific
minimum resolvable wavelength difference, and the wave-
length difference between adjacent pulses is sufficiently
large to exceed the minimum resolvable wavelength
differences. As a result, the x-rays are clearly separated
by the grating, spatially dispersed in ascending order
of wavelength (4; <1, <43 <44), and symmetrically
arranged around the zeroth-order diffraction peak. Each
x-ray pulse generates a unique diffraction angle via the

grating, resulting in angles 6, 05, 8%, and €/, allowing for
clear and distinct separation of the four x-ray pulses.

The x-ray CCD detector records these diffracted images:
the first image, formed by the initial x-ray pulse, corre-
sponds to diffraction angle €| and time ;. Subsequently,
within the picosecond to femtosecond time frame, the
second, third, and fourth pulses produce images at angles
), 05, and ), (times 1,, 13, and 4, respectively). Therefore,
x-rays of different wavelengths carry distinct temporal
information of ultrafast events at the corresponding time
points. The four-color x-ray pulses are then spatially
separated via wavelength-to-spatial dispersion using a
grating, and the resulting diffraction patterns are recorded
by an x-ray CCD detector. This yields a series of multi-
frame diffraction images with inherent temporal correla-
tion, enabling the reconstruction of ultrafast dynamical
processes.

In the proposed scheme, adjusting the time delay of
the large chicane controls the interpulse time separation
between adjacent x-ray pulses to set the frame interval.
Tuning the K parameter of subundulators regulates both the
wavelength separation and specific x-ray wavelengths. The
energy of each x-ray pulse can be effectively controlled by
jointly tuning the number of subundulators and the opti-
mized Rsq values of dispersive chicanes. Theoretically, this
scheme enables the generation of multicolor x-ray pulses
for multiframe diffraction imaging. However, limitations
in adjustable frame numbers exist due to electron beam
energy spread growth and the dynamic range constraints of
the x-ray CCD, which are further influenced by its
physical size.

III. START-TO-END XFEL SIMULATION

In this section, we explore the generation of multicolor
XFEL pulses at the soft x-ray beamline of SHINE [45]. The
SHINE employs an 8 GeV cw superconducting rf linac
[46,47] to deliver x-ray photons from 0.4 to 25 keV at a
1 MHz repetition rate, with two FEL beamlines: hard x-ray
(FEL-I) and soft x-ray (FEL-II). Besides 8 GeV full beam
energy operation, the FEL-II beamline [45] can operate
with a 3-4.5 GeV electron beam and support various
modes, including SASE, self-seeding, and external seeded
FEL schemes at MHz repetition rate [48,49]. Its undulator
system, featuring a 55 mm period length, comprises 32
undulator modules, each 4 m long. Potentially, small
dispersive chicanes can be integrated within the 1 m
interspaces between these modules, thereby forming recon-
figured functional modules.

The start-to-end (S2E) simulation was performed using
ASTRA [50] for the electron beam dynamics in the photo-
injector, ELEGANT [51] for the linac transport including
coherent synchrotron radiation effects, and Genesis 1.3 [52]
for the three-dimensional FEL simulations. The electron
beam, whose current profile and longitudinal phase space
properties are shown in Fig. 5, is characterized by the
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FIG.5. The current, energy, energy spread, and emittance of the

electron beam in numerical S2E simulations. The bunch head is
on the right.

parameters listed in Table I. In the multicolor FEL
simulations, the particle distribution is transferred between
modules, and wavelength switching is handled by reslicing
the beam according to the new resonant wavelength.
Under fully optimized Rs values for all dispersive
chicanes, the undulator modules As, Bg, Cg, and D¢ (with
five subundulators in A5 and six subundulators in each of
Bg, Cg, and Dg) are operated with undulator parameters
K, =200, K, =221, K3 =239, and K, =2.56, as
illustrated in Fig. 6(c). The electron beam propagating
through these undulator modules generates radiation at the
resonant wavelengths of 1.8, 2.1, 2.4, and 2.7 nm, with
adjacent wavelengths separated by 0.3 nm, as shown in
Fig. 6(a). These wavelengths correspond to photon energies
of 688.80, 590.40, 516.60, and 459.20 eV, respectively. The
four-color x-ray pulses achieve peak power levels on the
order of hundreds of megawatts, as illustrated in Fig. 6(b).
Independent generation of each x-ray pulse is enabled by
delay chicanes, which provide a temporal separation of 1 ps
between neighboring pulses, corresponding to the maxi-
mum delay used to clearly separate the four pulses. The
minimum useful delay is constrained by the XFEL pulse
length, below which neighboring pulses would overlap and
become difficult to distinguish. This interpulse delay
defines the accessible temporal sampling points between
successive pulses, but it does not directly determine the
temporal resolution. Instead, the temporal resolution is

TABLE 1. Main electron beam and undulator parameters of
FEL-IL

Parameters Value Unit
Electron beam

Energy 4.5 GeV
Slice energy spread 0.01 %
Normalized emittance 0.15 mm mrad
Bunch charge 100 pC
Peak current 800 A
Undulator line

Period length 55 mm
Undulator length 4 m
Dispersion chicane Rsg 0.2-2 pm
Delay chicane Rsg <600 pm
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FIG. 6. (a) The spectra of the multicolor XFEL pulses at the

undulator module exit. (b) The various FEL power profiles at the
undulator module exit with a time delay of 1 ps. (c) Undulator
parameter setting in the whole beamline.

mainly limited by the XFEL pulse length and is on the
order of 100 fs for the present case, consistent with the
values listed in Table II. To realize this multicolor output
within a single pass, the same electron bunch is reused
across multiple undulator modules. However, the FEL
radiation in the upstream sections induces significant
energy spread in the high-current core of the bunch, thereby
degrading its FEL gain for downstream wavelengths.
Consequently, lasing at subsequent colors is sustained
primarily by the low-energy-spread electrons in the bunch
head and tail. This longitudinal partitioning of lasing
regions leads to temporal pulse splitting in the output.
As demonstrated in the following sections, a precisely
balanced pulse energy configuration across colors effec-
tively suppresses this splitting phenomenon, thereby
improving temporal structure and synchronization.
Figure 7(a) (solid line) shows that the bunching factor in
the first subundulator U, ; remains nearly zero, indicating
the absence of significant microbunching structure in the
electron beam. When optimal dispersive strengths Rl =
1.84 pm, R2, =1.85 pm, R =1.74 pm, and R, =1.15pm
are implemented during the progression through the sub-
undulator U, s, the bunching factor undergoes four sharp
vertical transitions. These transitions result in a dramatic
increase in the bunching factor from the shot-noise level
to approximately 0.54. These distinct jumps, under the

TABLE II. Main output parameters of the four XFEL pulses.
Values in each entry are given as OK-SASE/SASE.

Third
pulse

Peak power (GW) 1.72/0.02 2.55/0.42 0.53/0.14 0.42/0.75
Pulse length (fs) 31.6/44.7 66.5/39.0 71.7/53.1 70.2/48.1
Pulse energy (uJ) 30.4/0.2 256/9.2 19/1.7 29/55

Fourth
pulse

Second
pulse

First
pulse
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FIG. 7. Evolution of the slice-averaged bunching factor (a),
slice-averaged energy spread (b), and FEL pulse energy (c) along
the beamline (z direction), comparing two configurations: (1)
without OK (dot-dashed line, plain SASE); (2) with OK (solid
line), and a configuration based on three-color x-ray pulses that
include OK, with the fourth pulse employing SASE mode (gray
dashed line).

four-stage OK configuration, signify a substantial enhance-
ment in microbunching. The phenomenon highlights the
effectiveness of using four optimized parameters Rsq to
enhance energy modulation and convert it into density
modulation 4 times within the undulator module As.
Consequently, this process significantly enhances the
FEL gain of the radiation at A, = 1.8 nm. Between sub-
undulators U, s and Up;, the bunching factor gradually
decays and stabilizes at lower values due to microbunching
disruption by the delay chicane 1 (delay =1 ps).
Subsequent modules operating in the five-stage OK mode
(Bg, Cg, Dg) display identical behavior: each vertical
transition represents a phase of microbunching enhance-
ment. Notably, the microbunching is disrupted by delay
chicanes 2 and 3, as observed between Up¢ and Uc, as
well as between Ucg and Up ;.

As the beam energy spread increases along the undulator
modules in Fig. 7(b), the condition 65 < p is progressively
violated, leading to declining pulse energies for the differ-
ent x-ray wavelengths: 30.4 pJ (1.8 nm), 25.6 pJ (2.1 nm),
1.9 WJ (2.4 nm), and 2.9 pJ (2.7 nm). This behavior is
consistent with the idealized sensitivity analysis shown in
Fig. 4. In contrast, when OK chicanes are removed, the
corresponding pulse energies drop to 0.2, 4.9, 1.7, and
5.5 pJ. The multistage OK enhancement is most effective
for the first three pulses. For the fourth pulse, the case with
OK does not yield significant FEL improvement due to its

larger initial energy spread, compared to the scenario
without OK (dot-dashed line), which exhibits a more
gradual energy spread growth and thus a relatively smaller
initial energy spread. However, when the first three pulses
are enhanced by OK while the fourth pulse reverts to
normal SASE (gray dashed line), the output performance
deteriorates significantly. This indicates that the OK
mechanism still plays a crucial role in accelerating the
FEL gain process across different wavelengths, thereby
enabling four-color XFEL pulse generation within shorter
undulator modules. The corresponding output parameters,
including peak power, pulse length, and pulse energy, are
summarized in Table II

For each wavelength of the x-ray pulse, the Rsq param-
eters were sequentially scanned to determine their optimal
values by using the differential evolution algorithm.
Figure 8 shows the optimal Rs¢ configuration of dispersive
chicanes in the whole beamline. The optimal Rs4 decreases
progressively for each wavelength. This indicates that the
strength of the dispersion weakens, while the energy
modulation amplitude becomes increasingly larger than
the intrinsic energy spread. This trend is dominated by the
Bessel function, as described in Fig. 3. Minimal variation is
observed in the values of Rsq for the last two radiation
wavelengths. This suggests a diminishing influence
of microbunching effects on the electron beam as the
energy spread increases. These results demonstrate that the
differential evolution algorithm successfully maximizes
the FEL gain, identifying the optimal values Rsq for each
configuration.
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FIG. 8. Parameter scans of the all-stage dispersive chicanes’
Rsq were performed for different radiation wavelengths. The
parameters for the preceding stages were determined sequentially
based on prior optimization results. (a) For a radiation wavelength
of 1.8 nm, a four-stage OK configuration was used. (b)—(d) For
radiation wavelengths of 2.1, 2.4, and 2.7 nm, five-stage OK
configurations were employed.
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IV. MULTIFRAME DIFFRACTION IMAGING

It is necessary to characterize the statistical properties
and main parameters of the generated four-color XFEL
pulses under realistic operating conditions. In particular,
the pulse-energy balance among different colors, the shot-
to-shot stability inherent to the SASE process, and the
transverse radiation properties play a crucial role in
determining the applicability of the source for downstream
experiments.

Since the R4 values were fully optimized in the previous
simulation, the first two colors exhibited substantially
higher pulse energies, at the expense of the last two colors,
which became relatively weak. To obtain a more evenly
tailored pulse-energy distribution among the four colors,
additional fine-tuning of the Rsq values of the dispersive
chicanes in the undulator modules was performed. To
account for shot-to-shot fluctuations inherent to SASE,
the pulse energies were evaluated based on 50-shot
simulations. The results, shown in Fig. 9(a), demonstrate
the overall stability of the FEL performance, whereas
Figs. 9(b) and 9(c) present a representative single shot,
illustrating the typical pulse characteristics. Figure 10 dis-
plays the corresponding transverse power density distribu-
tions of the four-color x-ray pulses, from which the rms
transverse spot sizes are extracted. The main FEL proper-
ties of this representative shot are summarized in Table III,
including pulse energy, pulse length (FWHM), spectral
bandwidth (FWHM), transverse spot size (rms), and trans-
verse divergence (rms). These parameters serve as the input
conditions for the subsequent x-ray transport simulations.

To assess the applicability of this radiation for scattering

experiments, its spectroscopic performance is further
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FIG. 9. (a) Pulse energies of the four XFEL pulses from 50-shot
simulations. (b) Spectra and (c) power profiles of the four-color
XFEL pulses at the exit of the undulator modules for a
representative single shot.
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FIG. 10. Transverse intensity profiles of the four-color XFEL
pulses at the exit of the undulator module for a representative
shot: (a) first pulse, (b) second pulse, (c) third pulse, and (d) fourth
pulse.

investigated by analyzing the spectral distribution. In this
analysis, neither the dynamical response of the sample nor
the temporal structure of the multicolor XFEL pulses is
considered, allowing the focus to be placed solely on the
intrinsic spectral properties of the radiation. An x-ray
grating with 2400 lines/mm is employed, with the beam
incident on the grating surface at a grazing angle of 5°. Only
the first diffraction order is taken into account, and a
detector is placed at the image plane corresponding to the
central wavelength of the FEL radiation to characterize the
resulting spectral distribution.

The grating-object distance is set to 5 m, and the image
distance is 2 m. Given that the radiation comprises
four distinct wavelengths—1.8, 2.1, 2.4, and 2.7 nm—
the distances traveled by each wavelength to reach the
grating are 97.07, 66.38, 35.69, and 5 m. Therefore, the
footprint of the radiation incident on the grating surface
corresponding to each wavelength is 1.6 mm for 4;, 1.2 mm
for 4,, 0.7 mm for 45, and 0.1 mm for 4. The corresponding
grating resolution R values were determined to be 3840,
2880, 1680, and 240, with minimum wavelength resolution
Ay, equal to 0.47, 0.73, 1.4, and 11.3 pm, respectively.

TABLE III.  FEL performance parameters for pulses at different
wavelengths.

First Second Third Fourth

pulse pulse pulse pulse
Pulse energy (nJ) 11.3 8.3 9.0 9.2
Pulse length (fs) 349 46.3 66.6 63.3
Bandwidth (nm) 0.009 0.015 0.024 0.026
o, (pm) 25.48 34.65 31.59 44.84
o, (um) 22.42 24.46 26.50 29.55
o', (prad) 7.66 8.06 8.72 9.59
oy (prad) 6.45 7.65 7.64 8.84
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FIG. 11. Distinct diffraction images were clearly resolved in the
simulated image plane, centered on 4, with wavelengths of 1.8,
2.1, 2.4, and 2.7 nm arranged from bottom to top.

The theoretical resolution limit of the grating for each
wavelength is significantly smaller than the FWHM band-
width of each wavelength. Under ideal conditions, the
grating is theoretically capable of resolving four-color
XFEL pulses with wavelength differences of 0.3 nm.

The Shadow 4 [53] optical tracing code framework was
employed for optical tracing simulations of the aforemen-
tioned grating system. This framework is commonly used
in the field of synchrotron radiation optics. Consequently,
the relative diffraction angle differences from the central
wavelength (1, = 2.25 nm) are 0.471°, 0.154°, 0.151°, and
0.444°. The distances of these wavelengths from 4, are
16.45, 5.37,5.27, and 15.52 mm, respectively, as shown in
Fig. 11. These results can be recorded using a large-area
x-ray CCD detector [54] (4096 x 4096 pixels, pixel size
15 x 15 pm?). Thus, this simulation process of x-ray
transport design validates the feasibility of the multicolor
x-ray pulse diffraction imaging scheme. More importantly,
realizing such single-shot, multiframe probing within the
SHINE relies on the introduction of a multistage OK
configuration, which substantially reduces the effective
undulator length required for each color. If repeated
pump-probe delay scans are needed, the high repetition
rate of SHINE can support this requirement by providing
sufficient photon statistics.

V. CONCLUSION AND DISCUSSION

A novel single-shot multiframe x-ray diffraction imaging
scheme is proposed by theoretical analysis and start-to-end
simulation. The scheme employs the whole electron bunch
in a multistage OK-SASE configuration with split undu-
lators to generate four-color XFEL pulses featuring inde-
pendently tunable wavelength separations and controllable
interpulse delays, while reducing the required undulator
length. Delay chicanes placed in the gaps between undu-
lator modules operating at different resonant wavelengths
enable time delays on the order of 100 fs, extendable into
the picosecond regime. The feasibility of the imaging

process is confirmed by x-ray transport simulations, which
demonstrate that the resulting diffraction signals from
distinct probe pulses can be spatially resolved and recorded
simultaneously, thereby validating the scheme’s capability
for capturing ultrafast dynamics in a single shot.

Furthermore, the capability to flexibly generate wave-
lengths of interest, such as 1.8, 2.1, 2.4, and 2.7 nm, with a
tunable separation (e.g., 0.3 nm) plays an important role in
optimizing both the contrast and spatial resolution of
diffraction imaging. This flexibility is particularly advanta-
geous for probing elemental absorption edges, for example,
the oxygen K-edge at 529 eV. Moreover, extending the
scheme to other soft x-ray regions, such as around 6 nm
covering the carbon K-edge at 284 eV, further broadens its
applicability to a wide range of scientific problems. In
addition, the achievable temporal resolution is on the order
of 100 fs, mainly limited by the XFEL pulse length, which
can be adjusted through accelerator operating modes.
Under more advanced short-pulse operating conditions,
it could be reduced to several tens of femtoseconds or even
approach the 10 fs level, thereby further improving the
temporal resolution. The pulse energy of each color can be
effectively controlled by precisely adjusting the Rss values
of the dispersive chicanes. Balanced pulse energy is about
10 pJ per color, which remains very low compared with
standard single-color operation at existing XFEL facilities.
Despite this limitation, such tunability may still be useful
for distributing the available photon flux among different
colors according to experimental needs and for reducing
radiation damage to fragile samples. Since all pulses are
generated from a single electron bunch, independent
control of their temporal profiles is inherently limited,
and residual energy modulation may induce pulse splitting
in subsequent undulator modules. This effect may be
mitigated by reducing the radiation intensity in upstream
stages while gradually increasing it in downstream stages
or by enlarging the wavelength separation between adjacent
pulses. In addition, the residual beam energy chirp of about
0.22% remains smaller than the FEL gain bandwidth of
0.34%, so no significant spectral broadening is observed.
The implementation of a dechirper would allow more
precise manipulation of the longitudinal phase space of
the electron beam, offering further flexibility in tailoring
pulse characteristics.

The multistage OK configuration can also be extended to
other multicolor approaches, such as fresh-slice operation,
where it can further enhance FEL gain and enable higher
peak power or shorter pulses. In particular, under low-
charge operation, where fresh-slice manipulation becomes
challenging, the full-beam scheme combined with OK may
still provide a practical route to two-color FEL generation.
Overall, the proposed scheme is expected to provide
a better foundation for designing sample-specific light
sources tailored to dynamic imaging experiments for
XFEL users, with its multicolor x-ray pulses enabling
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applications such as multicolor pump-probe experiments,
nonlinear x-ray spectroscopy, multiwavelength anomalous
diffraction, and other multiwavelength techniques.
Collectively, these capabilities provide a robust framework
for exploring microscopic mechanisms in ultrafast science.
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