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Laser manipulation plays a critical role in precisely tailoring relativistic electron beams through energy
modulation, enabling the generation of coherent, intense, and ultrashort radiation in accelerator-based
light sources such as synchrotron radiation facilities and free-electron lasers (FELs). However, laser-
induced energy modulation inevitably degrades electron beam quality by increasing the energy spread,
thereby limiting high-repetition-rate operation. Here, we investigate energy modulation and demodulation
in a seeded FEL using two modulators separated by a tunable phase shifter. Analytical calculations and
three-dimensional simulations show that a z phase delay can nearly reverse the laser-electron beam
interaction and substantially suppress the residual modulation. Diagnostics based on coherent undulator
radiation and time-resolved measurements are established to characterize weak residual modulation, and a
dedicated demodulation undulator is designed for controlled studies. Preliminary experiments performed
at the Shanghai soft x-ray FEL facility using the existing seeding beamline demonstrate the suppression
of laser-induced energy modulation. Together with the analytical and numerical studies, these results
establish a practical framework for investigating the transition from energy modulation to demodulation
in seeded FELs, with potential applications in high-repetition-rate, fully coherent x-ray sources with

improved preservation of electron beam quality.

DOTI: 10.1103/p15j-3dmy

I. INTRODUCTION

Relativistic electron beams generated by particle accel-
erators underpin large-scale light sources, such as linac-
based free-electron lasers (FELs) and storage-ring-based
synchrotron radiation facilities (SRs), enabling break-
throughs across materials science, biology, chemistry, and
physics [1,2]. SR sources offer broad wavelength cover-
age, multiuser capability, and high stability, while FELs
deliver high peak brightness, ultrashort pulses, and excel-
lent longitudinal coherence [3,4]. The two technologies are
advancing toward convergence, with the shared objective
of realizing fully coherent x-ray sources at high repetition
rates. Photon beam performance improvements in both
FELs and SRs have been driven largely by laser-based
manipulation of relativistic electron beams, which enables
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precise tailoring of the electron beam phase space and thus
control over the emitted radiation [5].

In high-gain FELs, the self-amplified spontaneous
emission scheme is widely adopted but suffers from
limited temporal coherence due to shot noise [6-13].
Seeded FELs overcome this limit by using external lasers
to imprint well-defined energy modulation and induce
microbunching in the electron beam, thereby enabling the
generation of fully coherent and spectrally pure extreme
ultraviolet (EUV) and x-ray pulses [14]. The coherent
harmonic generation (CHG) scheme [15] extends coher-
ence into the ultraviolet regime. A more widely imple-
mented approach, the high-gain harmonic generation
(HGHG) scheme, enhances the harmonic bunching factor
by placing a dispersive section after the modulator undu-
lator [16—18]. Nevertheless, its performance is limited by
the large laser-induced energy spread, which restricts effi-
cient harmonic up-conversion to shorter wavelengths. To
reach the soft x-ray regime, the cascaded HGHG scheme
based on the “fresh bunch” technique was proposed and
experimentally demonstrated, which poses significant
challenges for extending operation below 4 nm [19-21].
Notably, through the laser-beam interaction in an
undulator, the laser heater can suppress microbunching
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instability by increasing the beam’s uncorrelated energy
spread, which is now essential in modern XFELs [22,23]
and beneficial for externally seeded FELs [24].

Several variants of the HGHG scheme, such as two-
stage and multistage energy modulation configurations,
have been investigated to further mitigate energy-spread
growth while extending the output FEL wavelength. In
these schemes, the electron beam interacts with intense
seed lasers in two modulators separated by a phase shifter
[25-27], typically tuned to a z phase delay to enable partial
demodulation between stages. In contrast, the echo-
enabled harmonic generation (EEHG) scheme [28-30]
employs two modulators and two dispersive sections to
manipulate the electron beam’s longitudinal phase space in
multiple dimensions, thereby achieving high harmonic
generation with only modest energy-spread growth. EEHG
and its cascaded implementations have demonstrated the
capability to produce nearly Fourier-transform-limited soft
x-ray FEL pulses [31-38]. Moreover, the phase-merging
enhanced harmonic generation scheme has been proposed
to achieve remarkable harmonic up-conversion efficiency
and reduced energy spread, benefiting from the transverse-
longitudinal coupling of the electron beam phase space
[39,40]. Additionally, the cascaded modulator-chicane
module layout enables enhancement of the high-harmonic
bunching factor in seeded FELs and has been applied in
inverse FEL acceleration experiments [41-44].

To improve the temporal coherence of SR sources, a
series of laser-based electron beam manipulation schemes
has been proposed. Femtosecond laser modulation can
generate ultrashort x-ray pulses, as demonstrated in
laser-slicing experiments, though typically at the cost of
increased energy spread [45-48]. Notably, advances in
seeded FELs have inspired analogous storage-ring-
based schemes for generating coherent EUV and x-ray
pulses, including the CHG-based schemes [49,50], steady-
state microbunching [51,52], EEHG-based schemes
[53-55], and the angular-dispersion-induced microbunch-
ing scheme [56-58]. However, the laser-induced energy
modulation process inevitably increases the energy spread
and simultaneously enhances the vertical emittance due to
the presence of nonzero vertical dispersion. A common
approach to mitigate this effect splits the laser into two
pulses with a z phase difference, generating opposite
modulations [59,60]. Several demodulation schemes
have also been proposed to restore beam quality, thereby
sustaining stable multiturn operation and high average
power [61-63]. Nevertheless, achieving effective modu-
lation cancellation remains crucial for realizing high-
repetition-rate, fully coherent SR-based light sources.

FELs and SRs are steadily progressing toward conver-
gence. Laser-driven electron beam energy modulation
has emerged as a transformative technique for achieving
the shared goal of fully coherent x-ray generation at
high repetition rates. However, the energy-spread

growth remains an unavoidable challenge, particularly at
MHz-level repetition rates, where the achievable modu-
lation amplitude in seeded FELs is limited by both the
available seed-laser power and the intrinsic energy spread
of the electron beam [64—68]. Demodulation schemes—
implemented by introducing a 7 phase delay via a phase
shifter—offer a promising approach to suppress residual
energy modulation. Their practical realization, however,
requires a quantitative understanding of the demodulation
process, robust diagnostics for weak residual modulation,
and experimental evidence under realistic seeded-FEL
operating conditions.

In this paper, we investigate energy modulation and
demodulation in seeded FELs using a demodulation
undulator configuration incorporating a phase shifter.
Unlike previous demodulator-based seeded FEL schemes
[25-27] aimed at preserving high-harmonic bunching for
FEL amplification, this work focuses on the modulation-
to-demodulation process itself and on the diagnosis of
weak residual modulation. Analytical estimates and three-
dimensional simulations are performed using representa-
tive parameters of the Shanghai soft x-ray FEL facility
(SXFEL) [69] to quantify the achievable suppression and
identify diagnostic requirements. Complementary meas-
urement methods based on coherent undulator radiation
and dispersion scans are analyzed. A dedicated demodu-
lation undulator is designed as a future platform for
controlled studies, and measurements using the existing
SXFEL seeding beamline are presented to show exper-
imental signatures of energy modulation suppression.

The paper is organized as follows. Section II outlines
the principle of energy modulation and demodulation.
Section III presents numerical studies of the demodulation
process. Section IV discusses diagnostics of residual
energy modulation. Section V describes the demodulation
undulator design. Section VI presents preliminary exper-
imental results at SXFEL. Finally, Sec. VII summarizes
the main conclusions and perspectives.

II. PRINCIPLE OF ENERGY MODULATION
AND DEMODULATION

Figure 1 presents a schematic layout of an energy
modulation-demodulation that closely resembles an exter-
nally seeded FEL, particularly the HGHG scheme [15,70].
The system comprises two modulator undulators config-
ured in tandem to form a demodulator, with a phase shifter
symmetrically positioned between them. In a conventional
HGHG setup, a UV seed laser imparts a sinusoidal energy
modulation onto the electron beam as it passes through the
modulator. This energy modulation is subsequently con-
verted into a longitudinal density modulation (micro-
bunching) via a downstream dispersive section.

In the present configuration, when the phase shifter is
inactive (i.e., introduces no additional phase shift), the
combined pair of undulators effectively functions as a
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FIG. 1. Schematic layout of the energy modulation and
demodulation in a seeded FEL. The demodulation undulator
(demodulator) comprises two identical modulators separated by
a tunable phase shifter. A diagnostic undulator is placed down-
stream of the dispersive section (DS) to amplify the coherent
radiation emitted by the energy-modulated electron beam.

single, extended modulator—thereby replicating the stan-
dard modulation stage of a seeded FEL. The dimensionless
energy modulation amplitude A and the output rms energy
spread of the electron beam ¢, after the modulator can be
expressed as

A= Ay/o, oY)

2)

Thus, the final laser-induced energy modulation at the
exit of the modulator is

- )

As shown in Fig. 2, the amplitude of the laser-induced
energy modulation can be estimated from the final output
rms energy spread. For example, an increase of 1 keV in
the energy spread—from an initial value of 50 keV—
corresponds to an energy modulation amplitude of 0.3.

Generally, assuming a Gaussian external seed laser
interacts with the electron beam in the modulator undu-
lator, we can obtain the amplitude of the energy modu-
lation as (see, e.g., [23])

3)
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Final energy spread (keV)

FIG.2. Energy modulation amplitude versus rms energy spread
relationship.
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where P is the peak power of the external seed laser,
Py = I,mc*/e ~ 8.7 GW, r is the radial position of the
electron beam, and o, is the rms laser spot size in the
modulator undulator. The laser spot size o, should be as
comparable as possible to the electron beam size o, to
obtain the maximum energy modulation Ay(0).
Subsequently, a magnetic chicane is employed to
achieve density modulation of the electron beam, which
can be quantified by the bunching factor. The nth harmonic
bunching factor can be derived as

72
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where J,, is the nth-order Bessel function, A = Ay/c,, and
B = kRs¢0,/y denote the dimensionless energy modula-
tion amplitude and dispersion parameter, respectively.
Here, y is the Lorentz factor, Ay represents the energy
modulation amplitude induced by the seed laser, o, is the
slice energy spread, Rsq is the dispersion strength of
the chicane, and k is the wavenumber of the seed laser.
To achieve a sufficiently strong bunching factor at the
nth harmonic, it is generally desirable that A exceed n.
However, generating lasing at high harmonics presents a
fundamental trade-off: while a large energy modulation
(i.e., large A) is required to drive strong microbunching,
excessive slice energy spread can suppress FEL gain.
Specifically, when the relative energy spread o, /y exceeds
the FEL Pierce parameter, exponential amplification of the
radiation is no longer sustained, leading to a significant
reduction in output peak power [71].

When the diagnostic undulator is tuned to the nth
harmonic, the evolution of the CHG radiation is described
by [70]

Zo(K[JJ),L1b,)?
32n062y?

Pcoh = (6)

where Z, =377 Q is the vacuum impedance, K is the
undulator parameter, [JJ], is the planar undulator Bessel
factor, L is the radiator length, b, is the nth bunching
factor, I is the peak current, and o, refers the transverse
beam size. CHG radiation is strongly coupled with the
transverse beam size, the peak current, and the undulator
length. While the bunching factor is normally associated
with harmonic radiation performance in seeded FELs,
it is used here mainly as a diagnostic observable. The
intensity and/or spectral characteristics of the CHG
radiation provide an indirect but sensitive means for
measuring the slice energy spread and residual modulation
amplitude [72,73].
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Furthermore, the electron beam first interacts with the
seed laser in the initial modulator undulator, acquiring a
sinusoidal energy modulation. After passing through the
phase shifter, the seed laser introduces a z-phase delay,
enabling reverse modulation of the electron beam and
effectively canceling the initial energy modulation. We
assume that laser-induced energy modulation in the
demodulator involves two symmetrical processes and
write the longitudinal phase space variables transformation
for the passage through the demodulation undulators and
phase shifter as follows:

p'=p+Asind+ Asin(0 + ¢), Od=0+p. (7)

Modulation to demodulation: ¢ = 7 + A¢

p'=p—AA¢pcoso, Agp — 0. ®)
Then, the output energy modulation can be equi-
valent to:

A* = AAg. ©)

Dual-modulation: ¢p = 2nz 4+ A¢
A
p' = p—+2Acos (7¢> sin 6, Ag — 0. (10)

Similarly, the energy modulation can be equivalent to:

A* :2Acos<A7¢>. (11)

In the one-dimensional approximation, the phase shift
A¢ arises from the total dispersion Rsq introduced by the
demodulator, which can be expressed as Rsq = 2NA,
[25,74], where N is the number of undulator periods
and /A, is the resonant wavelength. For the electron beam,
the phase variation induced by dispersion within the
demodulator is given by

2 Ay;
Mgy = k(60— 0) =Ry "0 (12)
s 70

where k; = 2x/J is the wavenumber, @, and 0; are the
longitudinal positions of the ith electron before and after
the dispersive section, respectively, Ay; is the energy
modulation of the electron, and y, is the average relativ-
istic Lorentz factor of the beam.

The estimated average phase shift is thus:

A_:—R56—. (]3)

This residual phase offset leads to a remaining energy
modulation after the demodulation process. Notably, this

phase shift is independent of the external seed laser
wavelength. When the seed laser intensity is weak or the
number of modulator periods is sufficiently small, the resi-
dual energy modulation following demodulation Eq. (9)
is likely to approach zero.

III. NUMERICAL STUDIES OF THE
DEMODULATION PROCESS

This section focuses on the numerical investigation of
the electron-beam energy modulation-demodulation proc-
ess. Within a simplified theoretical framework—excluding
the radiation section and neglecting energy spread growth
induced by radiation gain—we explore the fundamental
limits of the demodulation process. As illustrated in Fig. 1,
the basic layout consists of a demodulator composed of
two identical modulator undulators, with a permanent-
magnet phase shifter symmetrically positioned between
them. To accurately examine the demodulation process,
the lengths of the two modulators are restricted to mini-
mize dispersion effects. A UV seed laser is employed for
beam modulation, with parameters such as laser power and
transverse beam size serving as key optimization variables.
Besides, the SXFEL [69] is uniquely capable of generating
fully coherent radiation in the “water window” spectral
range. The facility comprises a linac, two undulator lines,
two beamlines, and six end-station experimental hutches.
Based on these conditions, the main simulation parameters
of the SXFEL employed as a representative example are
summarized in Table 1.

The three-dimensional simulations were performed with
the GENESIS code [75] to investigate the steady-state
interaction between relativistic electron beams and laser
fields. The simulation employed two modulators, each
with a period length of 80 mm and a limited number of
periods (N = 12), driven by a seed laser with a wavelength
of 266 nm. The position of the seed laser’s waist is set
at the geometric center of the demodulator to main-
tain symmetry in the energy modulation-demodulation
process as much as possible. To quantify the modulation-
suppression effect, we denote the residual modulation
amplitude at the demodulator exit as A, The zero-
phase output modulation amplitude is defined as Ay =
Aou(¢ =0). We further define the normalized residual
modulation, or suppression coefficient, as

As shown in Fig. 3, the maximum modulation amplitude
A near the center of the demodulator and the residual
modulation amplitude A, at the exit were systematically
studied by scanning the seed-laser peak power and
Rayleigh length, under the optimal phase-shifter configu-
ration. The modulation-suppression effect is quantified by
the suppression coefficient A,.,/A,. For the case with weak
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TABLE I. Main simulated parameters of the SXFEL used for
the numerical demodulation study.

Parameters Value Unit
Electron beam

Energy 1.4 GeV
Slice energy spread 50 keV
Normalized emittance 1 mm mrad
Bunch charge 500 pC
Bunch length (FWHM) 600 fs
Peak current (Gaussian) 700 A
Demodulator

Period length 80 mm
Period number 12 x2

Phase shifter

Period length 80 cm
Phase shift range 0-4rx rad
Seed laser

Wavelength 266 nm
Pulse duration (FWHM) 0.1-1 ps
Peak power < 200 MW
Rayleigh length <50 m
Diagnostic undulator

Period length 68 mm
Length 4 m
Radiator undulator

Period length 30 mm
Length 3 m
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FIG. 3. Parameter scan of energy modulation and residual
modulation in the demodulator. Panels (a, b) and (c, d) corre-
spond to the weak- and large-modulation cases, respectively.
Panels (a, c) show the maximum modulation amplitude A,,,,, and
panels (b, d) show the residual modulation amplitude A at the
demodulator exit, as functions of seed-laser peak power and
Rayleigh length.

initial energy modulation, the optimal peak power of the
seed laser is 50 kW, with a Rayleigh length of 20 m. In
contrast, for strong initial energy modulation, the optimal
peak power is 50 MW, with a Rayleigh length of 13 m.

Based on these conditions, the corresponding phase
dependence of the suppression coefficient is shown in the
lower panels of Fig. 4. This sharp minimum reflects the
optimal demodulation condition, where the residual energy
modulation is minimized. In the low-power seed case,
the maximum energy modulation amplitude within the
demodulator reaches 0.19, while at the exit, it is nearly
zero, indicating successful demodulation. Although the
demodulator introduces some longitudinal dispersion,
the initial energy modulation is sufficiently weak that the
electron beam’s energy modulation profile remains close
to an ideal sinusoidal distribution. In a more realistic sce-
nario involving high-power seeding, the maximum energy
modulation amplitude at the demodulator exit reaches
7.23, and the residual energy modulation at the exit is 0.14,
corresponding to an energy spread of 50.3 keV, consistent
with the value calculated from Eq. (13), achieving approx-
imately a 50-fold suppression in energy modulation
amplitude. It is important to note that the stability of
the seed laser parameters and the precision of the phase
shifter scan significantly influence the demodulation
performance. Moreover, measuring such small residual
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FIG. 4. Evolution and phase dependence of the energy modu-
lation in the demodulator. Panels (a) and (b) show the evolution
of the modulation amplitude along the demodulator for the weak-
and strong-modulation cases, respectively. The dashed and solid
curves correspond to the zero-phase and optimized phase-shift
conditions. Panels (c) and (d) show the suppression coefficient,
A..s/Ap, as a function of the phase shift for the weak- and large-
modulation cases, respectively, where Ay = Ay (¢ = 0) denotes
the output modulation amplitude under the zero-phase condition.
A smaller value of A/A indicates stronger suppression of the
laser-induced energy modulation.
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FIG. 5. Shot-to-shot stability of the residual modulation

amplitude A, in the large-modulation case from 500 simulations
including transverse beam-laser jitter. The dashed line and
shaded region denote the mean value and rms fluctuation range,
respectively.

energy modulation amplitudes (below 0.3) is experimen-
tally challenging. Therefore, we reduced the required
scanning accuracy of the phase shifter. At a phase shift
of ¢ = 0.967, the residual energy modulation amplitude is
around 0.24.

To assess the sensitivity of the residual-modulation
diagnostics to transverse laser-beam fluctuations, we
performed 500-shot statistical simulations for the large-
modulation case, as shown in Fig. 5. The electron beam
has an rms transverse size of 100 pm, with 10% rms size
jitter; its injection position and angle exhibit rms jitters of
20 pm and 10 prad, respectively. The seed laser has a full
width at half maximum (FWHM) spot size of 1.05 mm, a
peak power of 50 MW, and rms fluctuations of 1% in
power and 5% in spot size. Under these conditions, the
residual modulation amplitude at the demodulator exit has
an average value of A, = 0.26 with an rms fluctuation of
17.5%. The corresponding slice energy spread averages
50.8 keV, with an rms fluctuation of 0.6%. These results
indicate that the modulation-suppression effect remains
observable at an experimentally accessible residual-
modulation level under realistic transverse jitter.

The steady-state simulations in this section are intended
to isolate the basic modulation-suppression mechanism
and its diagnostic signatures. Additional longitudinal
effects, such as relative timing jitter and seed-laser phase
stability, can further affect the measurement of very weak
residual modulation, but they do not change the underlying
suppression mechanism. In practice, repeated phase scans,
statistical averaging, improved laser-beam synchroniza-
tion, and cross-checks using coherent undulator radiation
and time-resolved diagnostics can improve the robustness
of the measurement. Within the range of currently feasible
experimental resolution, the following section describes
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g~/
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the diagnostic procedures used to characterize the residual
energy modulation and slice energy spread.

IV. DIAGNOSTICS OF RESIDUAL ENERGY
MODULATION

The diagnostic study is based on the SXFEL seeding
beamline infrastructure and modulator undulators, particu-
larly those developed for the EEHG and cascaded EEHG-
HGHG schemes [37,68,69]. This configuration provides a
realistic basis for evaluating residual energy modulation
after the demodulation process, where the bunching factor
is inferred from the coherent-radiation response of a short
diagnostic undulator combined with dispersion scans
rather than from FEL amplification at a target harmonic
wavelength. A schematic of the complete system layout is
presented in Fig. 6.

The diagnostic strategy is based on two complementary
techniques, whose feasibility is validated through numeri-
cal simulations. Specifically, the coherent undulator radi-
ation method [72] is simulated using the GENESIS code,
while the dispersion-scan method [76] is modeled with
the OCELOT code [77]. Together, these simulations are
employed to assess the resolution and robustness of the
residual-modulation diagnostics. This section focuses
on the high-power seed laser case, where a phase shift
of ¢p = 0.967 yields a residual energy modulation ampli-
tude of approximately 0.24—within the range of current
experimental detectability. These techniques are strategi-
cally deployed in an alternating configuration based on
specific measurement requirements. This dual-diagnostic
approach enables comprehensive cross-validation of
experimental results, yielding both indirect assessment of
modulation fidelity during the FEL amplification process
and direct time-resolved characterization of the electron
beam’s final energy distribution. Notably, this similar
methodology parallels the diagnostic framework imple-
mented at FERMI [73], demonstrating the universality of
this approach for seeded FEL characterization.

A. Determination of initial slice energy spread
and modulation amplitude

Accurate measurement of the energy modulation ampli-
tude requires precise characterization of the electron
beam’s initial slice energy spread. Based on Egs. (5)
and (6), the modulation amplitude A is inferred indirectly

Demodulator

Diagnostic
. PS DS

undulator Radiator

XTDS

Screen

= Dipole
: . FEL
4 E-beam ;

FIG. 6. Schematic illustration of the energy modulation and demodulation implemented at the SXFEL (not to scale).
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from the measured energy modulation Ay and the disper-
sion strength Rsg, via their established relationship. This
section focuses on the high-power seed laser case, where a
phase shift of ¢ = 0.96x yields a residual energy modu-
lation amplitude of approximately 0.24—within the range
of current experimental detectability.

The procedure involves varying the seed laser intensity,
scanning the dispersion strength Rsq, and recording the
corresponding intensity changes of the coherent undulator
radiation at the target wavelength. The relationship
between the optimal Rsg value and the energy modulation
amplitude is then used to determine the energy spread and
modulation characteristics [72].

We utilize a diagnostic undulator with a period length of
68 mm and a total length of 4 m to characterize the electron
beam’s slice energy spread and energy modulation. The
phase shifter is first tuned to maximize the fundamental
coherent radiation intensity at the undulator exit; this
condition corresponds to peak energy modulation and
defines the zero-phase reference (¢ = 0). With the phase
shifter fixed at this optimum, the dispersion strength Rsg is
scanned to record the variation of the coherent radiation
signal intensity. By performing measurements with multi-
ple seed laser power settings that differ significantly, and
ensuring that at least one case corresponds to a relatively
low-power seed laser inducing an energy modulation
amplitude of approximately one, a higher accuracy in the
determination of the energy spread can be achieved. From
the resulting curves, both the initial slice energy spread and
the maximum energy modulation amplitude at zero phase
are extracted.

As shown in Figs. 7(a) and 7(b), four seed laser powers
are employed: 50, 25, 10, and 1 MW, which are grouped
into two sets for analysis. In Figs. 7(b) and 7(d), each set
yields three intersection points among the Rsq-scan curves
at the known optimal dispersion strength, corresponding to
three independent estimates of the slice energy spread. For
the first group, the inferred values are 70.3, 49.1, and
39.9 keV, yielding an average of 53.0 keV—deviating by
3 keV from the true value of 50 ke V. In contrast, the second
group gives 50.2, 50.1, and 49.1 keV, with an average
of 49.8 keV, deviating by only 0.2 keV from the true
slice energy spread. The corresponding estimate of the
maximum energy modulation amplitude induced by
the seed laser is 7.40, in excellent agreement with the
true value of 7.23.

B. Signatures of the demodulation process

Variations in the energy modulation can be reflected by
changes in the optimal dispersive strength Rss and can
therefore be used for indirect measurements. In addition,
the evolution of the coherent radiation intensity measured
downstream of the diagnostic undulator provides a fast and
qualitative description of the coherent energy modulation-
demodulation process.

—— Pseeq = 50 MW, Rsg = 0.29 mm 200 —— Rsg = 0.29 mm
03 ) \\‘ === Pseeq = 25 MW, Rsg = 0.39 mm === Rsg =0.39 mm
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FIG. 7. Simulated bunching factor squared as a function of
dispersion strength under different seed laser power (a) and (c),
and calculation results of slice energy spread and energy
modulation amplitude (b) and (d).

At the initial working point (¢ =0, Rs¢ = 0), the
electron beam is already modulated by a 50 MW seed
laser, corresponding to a true energy modulation ampli-
tude of 7.23. As shown in Fig. 8(a), without introducing

¢ = 0.00m and Rsg = 0.00 mm ¢ =0.00m and Rsg = 0.31 mm

 E
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FIG. 8. Coherent radiation intensity downstream of the diag-
nostic undulator as a function of the phase-shift ¢ and the Rsq
value of the dispersive section, used to diagnose weak residual
energy modulation. Panels (a)—(d) correspond to (¢, Rsg) =
(0.00z,0.00 mm), (0.007z,0.31 mm), (0.827,0.98 mm), and
(0.967, 1.10 mm), respectively. The white dashed lines indicate
the positions at which the corresponding profiles shown above
and to the right are extracted.
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additional dispersion, the modulated electron beam
directly enters the diagnostic undulator, where the coher-
ent radiation signal is amplified by the intrinsic Rs¢ of the
undulator itself. When the phase shifter is scanned over a
47 range, the radiation intensity exhibits a pronounced
sinusoidal-like dependence on the phase shift ¢, which
directly indicates the occurrence of the energy modulation-
demodulation process. As Rsq is varied, the coherent
radiation intensity exhibits pronounced sharp spikes near
odd multiples of z, as shown in Fig. 8(b). The inverted
spike observed in the phase-shift-Rsq scan corresponds to a
sharp local minimum in the coherent radiation intensity
downstream of the diagnostic undulator. Figure 8 shows
that this feature arises from the strong sensitivity of the
projected observable to the longitudinal phase-space evo-
lution near the optimal demodulation condition. At this
point, the residual energy modulation is minimized, lead-
ing to nearly complete destructive interference in the
coherent radiation process.

Notably, during the phase-shift ¢ scan, a well-defined
minimum persists, whose location directly identifies the
optimal demodulation phase. As a result, even a small
deviation in either the phase shift or the Rsq value produces
a rapid increase in the radiation intensity, giving rise to a
cusp-like minimum in the projected intensity distribution.
Such inverted spikes therefore provide a sensitive signa-
ture of the optimal demodulation condition and enable
precise diagnostics of weak residual energy modulation.

C. Determination of residual energy modulation

The weak residual energy modulation amplitude is then
indirectly inferred from the corresponding optimal Rsg.
Nevertheless, a theoretical lower limit, determined by the
intrinsic relationship between Ay and Rsg, still exists, as
discussed in Sec. II. The coherent undulator radiation
method remains effective. The optimal Rs4 obtained
without a phase shifter is first taken as a reference, and
the optimal Rsq values are subsequently scanned under
different phase-shift conditions.

For each setting of the phase shifter, the dispersive
strength Rsq of the chicane is scanned, and the coherent
radiation intensity downstream of the diagnostic undulator
is recorded. As illustrated in Figs. 8(a) and 8(b), a coarse
scan following the procedure described above allows
the optimal demodulation phase to be identified. Taking
three representative phase-shift settings, ¢ = Oz, 0.82x,
and 0.967z, as examples, the optimal dispersive strengths
are found to be 0.31 mm, 0.98 mm, and 1.10 mm,
respectively, corresponding to true energy modulation
amplitudes of 7.23, 1.35, and 0.24.

To further improve the accuracy in evaluating weak
residual energy modulation, time-dependent simulations
are performed. In these simulations, the electron beam is
modulated by a 50 MW seed laser with a pulse duration
of 200 fs (FWHM). Figure 9 shows the evolution of the

Ag =0.96, Rss = 1.166 mm
----A¢ = 0.82m, Rsg = 0.974 mm
—— ¢ =0.007, Rs = 0.289 mm

0.3

0.2
(':lQ.—l
0.1
0.0
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()
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0.0 /\/\M\
1 2 3
Rsg (mm)
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FIG. 9. Simulated (a) and calculated (b) bunching factor
squared as a function of dispersion strength under various phase
shift values.

fundamental bunching factor at the entrance of the diag-
nostic undulator as a function of Rs4. The corresponding
optimal Rsq values are 0.29 mm, 0.97 mm, and 1.17 mm,
respectively. The observed differences in the optimal Rsg
values are largely attributed to the fact that the seed laser
pulse length is shorter than the electron bunch length [78].
Using the relationship between Ay and Rsq introduced
earlier, the estimated energy modulation amplitudes are
7.38, 1.35, and 0.37, respectively.

It is evident that as the residual energy modulation
amplitude decreases, its precise determination becomes
increasingly sensitive to both the resolution of the Rs¢ scan
and the accessible scanning range. In addition, the phase
resolution of the phase shifter around odd multiples of z
directly affects the demodulation efficiency. To mitigate
these effects, repeated scans can be performed in the
vicinity of the optimal demodulation phase, and the above
procedure can be iterated to reduce statistical uncertainties.

Two additional approaches are employed to indirectly
evaluate the demodulation performance. First, the spec-
trum of the fundamental coherent radiation can be diag-
nosed using a downstream spectrometer. A weaker residual
energy modulation leads to a pronounced reduction in the
spectral intensity; for example, when the phase shift is
varied from 0.827 to 0.967, the spectral intensity decreases
by more than an order of magnitude. Moreover, in the
weak-modulation regime, the residual energy modulation
can be regarded as being induced by an effectively very
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FIG. 10. Downstream XTDS images of the electron beam
corresponding to various phase shifter settings. The final slice
energy spread decreases progressively from top to bottom,
leading to visibly distinct beam profiles.

weak seed laser, resulting in a significantly shortened
radiation pulse duration and a correspondingly increased
bandwidth. Second, the demodulated electron beam can
be directly characterized using a transverse deflecting
cavity combined with a dipole magnet downstream of
the radiator, which enables slice energy spread measure-
ments. By applying Eq. (3), the residual energy modula-
tion amplitude can be quantitatively estimated, and the
detailed procedure is described in the next subsection. As
shown in Fig. 10, as the phase shift is varied from Oz
through 0.827 to 0.96z, approaching the optimal demodu-
lation value, the beam spot size on the downstream profile
monitor screen gradually decreases from top to bottom,
reflecting the progressive suppression of the energy modu-
lation. The bottom image corresponds to a case obtained
through a refined phase scan, for which the true residual
energy modulation amplitude is 0.14, and the true slice
energy spread is 50.3 keV.

D. Time-resolved measurements of slice energy spread

The energy spread represents a critical parameter
for accelerator commissioning and operation, typically
measured using a TDS in combination with an energy-
dispersive dipole magnet. This technique maps the elec-
tron beam’s longitudinal phase space onto a diagnostic
screen positioned within the dispersive section. The mea-
sured slice energy spread encompasses multiple contri-
butions, including TDS-induced energy spread, beam

RQ1 Q1 Q2 PRF1 XTDS PRF2 Q3 Q4 Q5 PRF3 DlPol

- Dy Qs
66 Py o,

R/
19m

I ]
F 1

%,y

FIG. 11. Schematic beamline for slice energy spread meas-
urement at the SXFEL (element positions are not in proportion).

betatron effects, screen resolution limitations, and the
intrinsic energy spread, as expressed in Refs. [76,79,80]:

€ o,\? o 2
Clotal = Oer +—“1f oy <D 7y> + (D —”;DS) . (14)

Conventional methods for measuring slice energy
spread involve scanning the TDS cavity voltage and
varying beam parameters to separate the different con-
tributions to the total measured energy spread on the
screen, thereby extracting the intrinsic slice energy spread.
The dispersion-scan method implemented at the SXFEL
seeding beamline achieves a measurement accuracy of
5% @0.06% (accuracy @relative energy spread). The sche-
matic layout of the beamline at the radiator exit is shown
in Fig. 11.

Prior to energy spread measurement, precise calibration
of the quadrupoles, the X-band transverse deflecting struc-
ture (XTDS), and the analysis dipole along the diagnostic
line is essential. Quadrupoles RQ1 and profile monitor
screen PRF1 are employed to determine the beam’s Twiss
parameters. As is well established, the beam size observed
in the dispersion direction at the profile monitor screen
PRF4 results from a combination of the beam’s intrinsic
energy spread, its transverse quality (betatron), the XTDS
kick, and the finite spatial resolution of the screen—30 pm
in this case. The XTDS contribution can be isolated
through voltage scanning, while the uncorrelated intrinsic
energy spread is extracted via dispersion scans. The most
challenging aspect involves decoupling the contributions
from beam emittance and energy spread, which requires
maintaining identical S-functions at PRF4 across different
dispersion settings. In practice, this is accomplished by
using quadrupoles Q4 and Q5 to match the beam optics,
with only minimal adjustments to their strengths to reduce
measurement errors.

Further error analysis demonstrates that the measure-
ment uncertainty of the slice energy spread increases
substantially as the absolute energy spread decreases,
resulting in progressive deviation from the true value.
As shown in Fig. 12(a), when considering only a 5% rms
jitter in beam spot size on PRF4, the measured energy
spread values rapidly diverge from actual values below
30 keV. Specifically, at a nominal energy spread of 50 keV,
a deviation of approximately 0.6 keV 1is observed.
Figure 12(b) further indicates that under the current beam
conditions, reducing the rms jitter of the beam spot size on
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FIG. 12. Simulations of the slice energy spread measurement:
(a) deviation of the measured slice energy spread from the true
value as a function of the absolute energy spread, assuming a 5%
rms jitter in the beam spot size on the profile monitor screen;
(b) dependence of the measurement accuracy on various rms
jitter levels of the beam spot size.

PRF4 yields measurements approaching the true energy
spread value. Nevertheless, achieving such minimal spot
size fluctuations under experimental conditions remains
challenging, making it difficult to satisfy the ideal require-
ments for precise low-energy-spread measurements.

V. DEMODULATION UNDULATOR DESIGN

To support future dedicated demodulation experiments,
a compact demodulation undulator has been designed
with an 80 mm period length, comprising two identical
modulator segments (12 periods each) separated by a
tunable phase shifter. The complete mechanical layout
is shown in Fig. 13. Using the OPERA electromagnetic
simulation code [81], we systematically optimized the
undulator’s effective magnetic field while minimizing

FIG. 13. Mechanical layout of the proposed demodulation
undulator, comprising two identical planar undulators separated
by a tunable phase shifter.
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FIG. 14. Calculated on-axis magnetic field and optimized
electron trajectory through the demodulation undulator.

demagnetization and fringe field effects. Figure 14
presents the optimized on-axis magnetic field distribution
and corresponding electron trajectories at a resonant
radiation wavelength of 266 nm.

The demodulator’s period count is intentionally limited
to enable clear observation of the energy modulation-
demodulation process and facilitate online validation of
energy spread suppression. The phase shifter provides full
0—4r phase-shifting capability for a 1.4 GeV electron beam
at 266 nm wavelength.

The demodulator employs permanent-magnet materials
in an antisymmetric configuration, with identical period
lengths and periods in both modulator segments. Careful
optimization of the spacing between segments and their
end-field distributions minimizes electromagnetic inter-
ference among components and reduces susceptibility to
the geomagnetic field. This design maintains a stable beam
orbit and transverse size across a wide operating range
without requiring additional focusing elements between
sections.

The U8O planar undulator utilizes an antisymmetric
Halbach magnetic array of high-grade NdFeB permanent
magnets and CoVFe soft magnetic poles, producing a
near-ideal sinusoidal field profile with optimized strength,
uniformity, and minimal phase error [82]. Its mechanical
structure consists of a high-stiffness base girder and
C-shaped support frame, with symmetrically arranged ball
screws and linear guides that suppress gap deformation
from magnetic attraction forces and enable precise batch
assembly [83]. Multiaxis servo systems and linear absolute
encoders provide precise control of gap adjustment, taper
control, and center shifting with micrometer-level accu-
racy and repeatability [84].

The PS80 phase shifter features a compact magnetic
structure with a high-precision linear motion mechanism,
introducing controlled phase delays through minimal
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mechanical displacements. Its control interface is fully
compatible with the U80, enabling seamless integration
into a unified operational framework.

The complete system integrates two identical U80
undulators in series with the PS80 phase shifter positioned
centrally between them. All three components share a
common mechanical support, vacuum chamber, and align-
ment reference, forming a compact, functionally integrated
unit. This configuration allows the electron beam to
traverse the front U80, PS80, and rear U80 sequentially,
with the U80 segments providing primary radiation gain,
while PS80 ensures optimal phase matching for enhanced
output radiation intensity, coherence, and spectral proper-
ties. The three-segment architecture exhibits high modu-
larity in mechanical design, magnetic configuration, and
control logic, enabling repeated deployment along the
beamline with consistent performance, unified control, and
simplified maintenance.

VI. PRELIMINARY EXPERIMENTS AT SXFEL

Preliminary experimental studies of energy modulation
suppression were carried out at SXFEL using the existing
seeding beamline. These measurements were not per-
formed with the dedicated U880 demodulation undulator
discussed in Sec. V; instead, we used the latest available
SXFEL layout, whose basic configuration is similar to the
modulation-demodulation scheme considered in this work.
The electron beam energy was 890 MeV, and the peak
current was around 500 A. Two 68 mm-period undulators,
each with an effective magnetic length of about 4 m, were
used as the two modulation sections, with a phase shifter
installed between them. A 50 mm-period undulator was
used as the diagnostic undulator.

First, the coherent undulator radiation method was
applied to determine the slice energy spread and modu-
lation amplitude. With both modulation sections tuned to
the seed-laser resonance and the phase shifter optimized,
the electron beam was modulated by an ultraviolet seed
laser at 266 nm with a pulse duration of approximately
200 fs. Coherent-radiation measurements were then per-
formed at two seed-laser pulse energies, 39.1 and 15.1 pJ.
The diagnostic undulator was tuned to the second har-
monic of the seed laser, and the dispersive strength was
scanned to measure the coherent radiation intensity.
The measured coherent radiation intensity and the fitted
curves exhibit distinct optimal dispersion strengths for
the two seed-laser energies. By combining the optimal
dispersion values with the analytical relation between
the slice energy spread and the modulation amplitude,
the slice energy spread was estimated to be approxi-
mately 87 keV.

After establishing the slice-energy-spread and modula-
tion-amplitude reference, the phase dependence of the
modulation suppression was examined by scanning the
phase shifter between the two modulation sections.

A complete phase scan was performed by continuously
varying the phase-shifter gap while keeping both modu-
lation sections resonant and the seed laser energy fixed at
15.1 pJ. During the measurement, only the relative phase
between the two modulation sections was varied through
the phase shifter, while all other experimental conditions
remained unchanged. The coherent radiation signal from
the diagnostic undulator exhibited a reproducible phase-
dependent evolution energy modulation. To search for the
demodulation condition with sufficient signal-to-noise
ratio, the dispersive strength was set to 0.086 mm, slightly
away from the theoretical optimum. Based on the phase
scan, two representative operating points were selected for
further characterization. A phase-shifter gap of 24 mm
corresponds to the zero-phase condition, where the elec-
tron beam undergoes standard energy modulation. When
the gap was increased to about 33 mm, corresponding to a
demodulation phase close to 0.9z, the coherent radiation
intensity was clearly reduced. This reduction of the
coherent radiation near the latter operating point indicates
that the induced energy modulation was suppressed
relative to its maximum value, consistent with the expected
modulation-demodulation process.

The residual modulation amplitude was further esti-
mated from coherent radiation measurements using an
80 mm-period diagnostic undulator operated at the funda-
mental wavelength. As shown in Fig. 15, the coherent
radiation signal was measured as a function of the disper-
sion strength under three representative conditions. For the
zero-phase condition, shown in Fig. 15(a), the optimal
dispersion strength was approximately 0.165 mm. When
the phase shifter was tuned close to the demodulation
phase, as shown in Fig. 15(b), the optimal dispersion
strength increased to approximately 0.328 mm, indicating
a reduced residual modulation amplitude. To provide a
reference corresponding to a single modulation section, the
second 68 mm-period undulator was detuned so that only
the first modulation section contributed to the laser-beam
interaction. Although the coherent radiation intensity was
significantly reduced in this case, the optimal disper-
sion strength could still be identified as approximately
0.333 mm, as shown in Fig. 15(c), which is close to that
obtained under the demodulation-phase condition.

Using the analytical relation introduced in Sec. III, the
estimated modulation amplitudes for the zero-phase con-
dition, the demodulation-phase condition, and the single-
modulator reference case are approximately 4.1, 1.3, and
1.3, respectively. These results show that the energy
modulation amplitude was reduced by about a factor of
three relative to its maximum value and recovered close to
the single-modulator level. Although the present experi-
ment was performed with the existing SXFEL configura-
tion rather than a dedicated demodulator optimized for
complete cancellation, the observation provides experi-
mental evidence of energy modulation suppression in a
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FIG. 15.

Estimation of residual energy modulation from coherent radiation measurements. The coherent radiation signal is shown as

a function of the dispersion strength for (a) the zero-phase condition, (b) the demodulation-phase condition, and (c) the single-
modulator reference case obtained by detuning the second modulator. The red curves represent the fitted profiles, and the gray shaded
regions indicate the 95% confidence intervals. The optimal dispersion strengths extracted from the fits are Rss = 0.165 mm, 0.328 mm,
and 0.333 mm for panels (a), (b), and (c), respectively. The larger optimal Rsq values in (b) and (c) indicate reduced energy modulation

amplitudes compared with the zero-phase condition in (a).

seeded FEL and supports systematic demodulation studies
on a dedicated platform.

For weak residual modulation, the measurement accu-
racy is sensitive to the Rsq scan resolution, the accessible
scan range, and shot-to-shot fluctuations. Repeated scans
around the optimal demodulation phase, combined with
statistical fitting, can reduce the resulting uncertainty. Two
complementary diagnostics provide additional cross-
checks: spectral measurements of the coherent fundamen-
tal radiation downstream of the diagnostic undulator,
and time-resolved slice-energy-spread measurements.
Combining these measurements enables quantitative
evaluation of the demodulation efficiency and the asso-
ciated suppression of the slice energy spread.

VII. CONCLUSIONS AND PERSPECTIVES

We have investigated energy modulation and demodu-
lation in seeded FELs using a demodulation undulator
configuration consisting of two modulators separated by a
tunable phase shifter. Analytical analysis shows that a #
phase delay enables the laser-beam interaction to nearly
reverse the initial modulation, thereby suppressing the
residual energy modulation. Three-dimensional simula-
tions based on representative SXFEL parameters confirm
that substantial suppression can be achieved under opti-
mized conditions, reaching the weak-modulation regime in
which accurate characterization becomes experimentally
demanding.

To support quantitative characterization of this process,
we studied complementary diagnostics based on coherent
undulator radiation and dispersion-scan measurements.
These methods provide both indirect and direct routes for
evaluating the residual energy modulation and the asso-
ciated energy-spread growth. A compact demodulation

undulator was also designed as a future dedicated platform
for controlled demodulation experiments.

Preliminary experiments performed at SXFEL using the
existing seeding beamline reveal clear signatures of energy
modulation suppression. Under the available experimental
configuration, the modulation amplitude was reduced by
approximately a factor of three and recovered close to the
single-modulator level. Although this configuration was
not optimized for complete demodulation, the results
provide experimental evidence of energy modulation sup-
pression associated with the modulation-to-demodulation
process in a seeded FEL and validate the main diagnostic
workflow.

Precise control of laser-induced energy modulation will
become increasingly important as seeded FEL facilities
advance toward high repetition rates and short wave-
lengths, where stringent constraints are imposed on the
induced energy spread in the modulator [65,68]. The
framework developed here provides a basis for systematic
demodulation studies at SXFEL and can be adapted to
other seeded FEL facilities employing similar laser-beam
manipulation and diagnostic schemes, such as FERMI [73]
and DCLS [85].
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