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Abstract

High-photon-energy hard X-ray free-electron laser radia-
tion enables unprecedented opportunities for probing matter
at atomic scales, however, its generation remains challeng-
ing for self-amplified spontaneous emission (SASE)-based
XFELs due to reduced FEL gain, leading to extended undula-
tor requirements and limited radiation efficiency. To address
this issue, we investigate a multi-stage optical-klystron SASE
(OK-SASE) scheme that enhances microbunching through
dispersive sections and shortens the gain length. A multi-
objective Bayesian optimization (MOBO) framework is in-
troduced to systematically optimize the configuration. Using
SHINE as a representative case, steady-state simulations at
15 keV show that the optimized setup reduces the required
undulator length relative to conventional SASE by about
7% to 22%, depending on the electron-beam energy spread.
The optimization indicates that several chicanes can remain
effectively inactive, enabling a more compact beamline lay-
out. The time-dependent simulations also demonstrate the
feasibility of multi-stage OK-SASE for efficient high-energy
XFEL operation.

INTRODUCTION

The generation of hard X-ray free-electron laser pulses
at very high photon energies is highly desirable for prob-
ing matter with atomic-scale spatial and temporal resolu-
tion [1]. However, as XFEL operation is extended toward
higher photon energies, the FEL gain decreases significantly,
leading to substantially increased saturation lengths in the
self-amplified spontaneous emission (SASE) mode and pos-
ing significant challenges for the design of compact hard
X-ray beamlines. This issue is particularly relevant to high-
energy XFEL beamlines, such as FEL-IIT of SHINE, which
covers the photon-energy range of 10-25 keV using supercon-
ducting undulators [2]. Multi-stage optical-klystron [3-5]
(OK) configurations can enhance the FEL gain and shorten
the saturation length, but their performance depends on the
coordinated tuning of multiple dispersive sections. In this
work, we combine the multi-stage OK-SASE scheme with
multi-objective Bayesian optimization (MOBO) framework
to optimize FEL configurations, using FEL-III as a represen-
tative case study. Chicane delays are optimized with satura-
tion length and output performance as two objectives, and a
shorter saturation length is preferred when selecting the rep-
resentative solution. Optimization also reveals an efficient
distribution of dispersive chicanes, indicating that several
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chicanes can remain inactive, enabling a more compact FEL
configuration. Both steady-state and time-dependent simu-
lations confirm the effectiveness of the proposed optimized
scheme.

METHODS

As shown in Fig. 1, the multi-stage OK-SASE layout con-
sists of a series of undulators, with one dispersive chicane
inserted between every two neighboring undulators. In this
configuration, the energy modulation generated in an up-
stream undulator is converted by the following chicane into
density modulation before the electron beam enters the next
undulator. As a result, the microbunching is strengthened
from stage to stage, leading to enhanced FEL gain. Accord-
ing to the one-dimensional theory of OK [3], the maximum
gain is obtained when 27 Rs560° s /4, ~ 1, where A, is the ra-
diation wavelength, Rsg4 is the momentum compaction of the
dispersive chicane, and o is the rms relative energy spread
of the electron beam. The optical-klystron effect becomes
more pronounced when o5 < p, where p is the FEL Pierce
parameter.

Based on the proposed layout described above, Bayesian
optimization (BO) is employed to determine the operating
configuration, as illustrated in Fig. 2. The chicane delays in
the FEL-III beamline are taken as the optimization variables,
denoted by x = (dy, d>, . . .,dn), where d; is the delay of the
ith chicane. Each delay is bounded within d; € [0, d"**],
where the upper bound d;"* is determined from the OK
condition, while the lower bound is set to zero so that a
given chicane can remain inactive. These variables define
an N-dimensional search space for BO. The optimization is
formulated as a bi-objective problem,

¥(x) = (=Zsat(X), Osat(x)),

where zg, is the saturation length and Qg,; denotes the FEL
output at saturation. The saturation length is defined us-
ing the accumulated beamline length, including the physi-
cal lengths of both undulators and chicanes, regardless of
whether the chicane delay is zero. In the steady-state simula-
tions, Qgat = Psat, While in the time-dependent simulations,
QOsat = Ega, with E(2) = f P(t,z) dt, where P(t, z) is the
temporal power profile at the longitudinal position z. The
minus sign converts the minimization of zg, into a maxi-
mization form. Each BO trial starts from an initial set of
valid training samples. When no predefined initial dataset
is available, the initial points are generated by Sobol sam-
pling to provide a more uniform coverage of the search space.
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Figure 1: Schematic of the multi-stage OK-SASE layout for FEL-III. The dashed lines indicate that several repeated

undulator—chicane stages are omitted for clarity.
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Figure 2: Schematic workflow of the bi-objective BO for the
multi-stage OK-SASE configuration.

Based on these samples, separate Gaussian-process surro-
gate models are trained for the two objectives [6], and new
candidate points are selected through the qLogEHVI acqui-
sition function [7,8]. The reference point is defined from the
SASE baseline asr = (—zi{?SE - Az, QE;?SE — AQ), where
Az and AQ are small offsets introduced in the two objec-
tive directions. Since qLogEHVI is used in a batch setting,
multiple candidate points can be proposed and evaluated in
parallel at each iteration. For each candidate setting x, a
Genesis simulation [9] is performed. The saturation point
is determined from the corresponding growth curve G(z),
where G(z) = P(z) for the steady-state simulations and
G (z) = E(z) for the time-dependent simulations. The loga-
rithmic gain is defined as g(z) = dl%f(z) , and the threshold
is taken as g = 0.1 gmax, Where gmax is the maximum log-
arithmic gain evaluated over the downstream 80% of the
undulator. The first position at which g(z) falls below g,
is identified as zg,, and the corresponding output G (zgsy) is
taken as Q. The newly evaluated results are then appended
to the training data to update the surrogate models, and the
optimization proceeds iteratively. The resulting trade-off
solutions are characterized by the Pareto front.

SIMULATION RESULTS

In this section, we present the steady-state optimization re-
sults for the multi-stage OK-SASE configuration of FEL-III
at 15 keV. The main electron beam and undulator param-
eters are listed in Table 1. In the present layout, adjacent
undulator segments are separated by 0.5 m, and this spac-
ing increases to 1.5 m when a chicane is inserted. As a
baseline, the standard SASE configuration yields a satura-
tion length of z§£SE = 118.57 m and a saturation power of
PSASE = 1.87 GW, which are taken as reference for compar-
ison with the optimized configurations.

BO is then performed for the 16 chicane delays in the
multi-stage OK-SASE layout, defining a 16-dimensional
search space. The delay range is determined from the OK
condition, and the upper bound is set to 6.6 x 1078 m. To

Table 1: Main Electron Beam and Undulator Parameters of

FEL-III
Parameter Value Unit
Electron Beam
Energy 8 GeV
Bunch charge 100 pC
Peak current 1500 A
Slice energy spread 0.01 %o
Normalized emittance  0.45 mm-mrad
Undulator Line
Period length 16.5 mm
Undulator length 3 m
Segment gap 0.5 m
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Figure 3: (a) Pareto front obtained from all evaluated so-
lutions. (b) Comparison of the power evolution along the
undulator between the selected OK-SASE solution and the
SASE baseline at 15 keV.

improve robustness, the optimization is repeated in five in-
dependent trials, each initialized with 12 valid samples and
followed by 120 BO iterations with a batch size of g = 2,
giving 600 newly evaluated candidate points in total. The
Pareto front in Fig. 3(a) shows a clear trade-off between
saturation length and saturation power. Shorter saturation
lengths generally come with some loss of saturation power,
while higher-power solutions tend to saturate later. A repre-
sentative OK-SASE solution is selected from this front and
compared with SASE in Fig. 3(b). The saturation point is
shifted upstream from 118.57 m to 110.58 m, corresponding
to a 6.7% reduction in the required undulator length, i.e.
two undulators in the present layout. The saturation power
decreases only from 1.87 GW to 1.78 GW, or by about 4.8%,
showing that improved compactness can be achieved with
only a limited performance penalty.
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Figure 4: Comparison of the power evolution for optimized
OK-SASE and SASE configurations at 15 keV for electron
beam energy spreads of 0.005% and 0.001%.

The selected solution shows a sparse and non-uniform
delay distribution. Several chicanes remain effectively inac-
tive, while only a few require relatively large delays. This
indicates that the performance improvement does not require
all dispersive sections to be activated, which favors a simpler
FEL-III chicane configuration.

The same optimization procedure is applied to cases with
different electron beam energy spreads. As shown in Fig. 4,
the optimized OK-SASE configurations shift the power-
growth curve upstream relative to conventional SASE. For
an energy spread of 0.005%, the saturation length is re-
duced from 110.57 m to 86.57 m, while the saturation power
increases from 2.50 GW to 2.60 GW. For 0.001%, the im-
provement is more pronounced, with the saturation length
reduced from 107.58 m to 62.55 m and the saturation power
increased from 2.55 GW to 3.24 GW. These results show
that a smaller energy spread markedly enhances the effec-
tiveness of the optimized multi-stage OK-SASE scheme and
suggests a favorable direction for the beam-parameter setting
of FEL-IIL

To assess the optimized scheme, the time-dependent simu-
lations are also performed for the case with an electron beam
energy spread of 0.005%. The optimization is carried out
for the 16 chicane delays with five independent trials, 120
BO iterations in each trial, and a batch size of ¢ = 1, using
the pulse energy E(z) as the growth curve. As shown in
Fig. 5, a representative MOBO-optimized OK-SASE shifts
the pulse-energy growth curve upstream and gives a higher
peak power than SASE. Furthermore, the multi-shot be-
havior of the MOBO-optimized setup is evaluated against
conventional SASE under shot-to-shot fluctuations. The
averaged saturation lengths and pulse energies of 50 inde-
pendent shots are 104.22 + 2.65 m and 55.47 + 4.78 uJ for
SASE, and 95.00+0.13 m and 73.40+2.10 uJ for OK-SASE,
respectively. The relative fluctuation of the saturation pulse
energy, defined as the standard deviation divided by the mean
value, is 8.61% for SASE and 2.87% for OK-SASE. The av-
erage saturation pulse energy obtained with the optimized
OK-SASE setup is 32% higher than that of SASE, which is
well above the intrinsic shot-to-shot fluctuation level. These
multi-shot results indicate that, with the aid of MOBO, an
effective chicane configuration can be identified for multi-
stage OK-SASE operation, leading to a clear enhancement
of the pulse energy in time-dependent simulations. This sup-
ports the effectiveness of the proposed optimization strategy
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Figure 5: The representative time-dependent optimization
results for FEL-III. (a) Pulse-energy evolution along the
undulator for the optimized OK-SASE and SASE configura-
tions. (b) Temporal power profiles of the two configurations.

for searching favorable OK-SASE setups for efficient XFEL
operation.

CONCLUSION

This work develops an optimization method that com-
bines multi-stage OK-SASE scheme with multi-objective
Bayesian optimization framework to reduce the required
undulator length while preserving competitive FEL perfor-
mance. Using FEL-III as a representative case, the optimized
OK-SASE configuration at 15 keV reduces the required undu-
lator length by about 7%—-22% relative to SASE, depending
on the electron beam energy spread. The optimized chicane-
delay distributions show that near-optimal performance can
be achieved with only a subset of chicanes, providing practi-
cal guidance for a more compact FEL-III beamline configu-
ration. In addition, a smaller electron beam energy spread
further strengthens the OK effect and improves the optimiza-
tion performance. Representative time-dependent simula-
tions further show that the optimized OK-SASE scheme
remains advantageous. In the present study, only chicane de-
lays are included as optimization variables. Future work will
consider more complex FEL configurations by incorporating
additional variables, such as taper profiles and quadrupole
settings, together with time-dependent start-to-end simula-
tions.
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