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Abstract

The importance of shaping temporal profiles in acceler-
ator physics is highlighted by a wide range of applications,
such as plasma acceleration and improved performance in
free electron laser applications. In our study, we focus on
controlling the dispersion in a bunch compressor and the
energy chirp of the beam entering the compressor to
achieve diverse temporal profiles. The transmission of
electron beams through dispersive regions, like bunch
compressors and transport lines, can significantly impact
the beam's temporal profile. we propose the application of
a multi-objective genetic algorithm to address this one-to-
many problem. After multiple optimization iterations, we
obtained several feasible solutions for controlling the dis-
persion section and various energy chirps to achieve de-
sired temporal profile.

INTRODUCTION

The development of advanced accelerator applications,
such as free-electron lasers, terahertz radiation sources, and
plasma accelerators, has brought into sharp focus the need
for precise control over the temporal profiles of electron
beams [1]. These applications benefit from tailored current
profiles, which are essential for achieving optimal perfor-
mance.

For instance, for achieving high transformer ratios in
plasma acceleration, specialized electron beam profiles are
crucial. This typically involves using a longitudinally
asymmetric driver beam with a triangular shape, featuring
a gradual increase in density at the head and a sharp de-
crease at the tail to ensure minimal and uniform decelerat-
ing field experienced by the driver beam. Additionally, em-
ploying a longitudinally trapezoidal distribution for the
beam to be accelerated allows for a flatter longitudinal
wakefield at the location of the accelerated beam, enabling
the production of a low-energy-spread beam for high trans-
former ratio acceleration [2]. Moreover, the removal of
current spikes is essential for improving the operation of
free-electron lasers, emphasizing the importance of ad-
vanced beam shaping techniques in accelerator physics to
design optimal current profiles for various FEL applica-
tions. To meet these demands, shaping the temporal pro-
files of electron beams is essential, highlighting the signif-
icance of advanced beam shaping techniques in accelerator
physics.
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Several robust methods have been developed for shaping
the temporal profile of beams. One common approach in-
volves directing an electron beam with a specific energy
distribution through an energy dispersion section, such as
a bunch compressor comprising several bending magnets,
and possibly additional sextupoles and octupoles. By se-
lecting an appropriate combination of dispersion terms in
the compressor and an initial beam with a specific energy
chirp, it is possible to achieve the desired custom temporal
profile.

Research indicates that due to the highly nonlinear na-
ture of this process, multiple combinations of dispersion
terms may result in the same target profile, making tem-
poral shaping inherently a one-to-many problem [3]. Sto-
chastic optimization techniques such as genetic algorithms
(GA), particle swarm optimization (PSO), and extremum
seeking (ES) have been found to offer more effective solu-
tions to these one-to-many problems [4-5]. However, these
algorithms often converge to the first solution found, espe-
cially with insufficient population sizes, potentially over-
looking other more feasible solutions. This limitation has
motivated the search for an algorithm that can maintain so-
lution diversity and avoid premature convergence to local
optima.

The introduction of the NSGA-III algorithm has tackled
these challenges by implementing an enhanced ranking
method for the final rank layer [6]. This advancement fa-
cilitates rapid convergence while maintaining a diverse ar-
ray of solutions, effectively addressing the complexities of
optimization problems. By utilizing NSGA-III, our goal is
to optimize both the temporal profile at the bunch compres-
sor's exit and its focusing performance. Our aim is to
achieve temporal profile shaping without sacrificing the
beam charge, thereby offering a variety of feasible design
choices.

TEMPORAL PROFILE SHAPING

For a bunch compressor, an electron beam with small
emittance and large energy spread, a Taylor map that rep-
resents the final longitudinal coordinate z¢ of a charged par-
ticle as a Taylor series of the initial coordinates can be sim-
plified as [7]:

Z,=zyt+ R6(zy) + Ts%&(zr)y + U56665(Z())3 +.. (1)
5(z)) =hzy+hzo + hzy +... 2
where zo is the initial longitudinal coordinate with respect

to the bunch central, Rse, Tse6, and USee are the first-, sec-
ond- and third-order longitudinal dispersion terms
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respectively, 5 (E-E, Oy represents the energy deviation
= E

0

relative to the nominal beam energy, and h;, h, and hs... are
the first-, second- and third-order energy chirps respec-
tively. It can be observed that by controlling the initial en-
ergy chirps of the beam and the dispersion terms of the
bunch compressor, we can achieve arbitrary temporal pro-
file of beams at the exit of the chicane.

Therefore, we conducted two simulations to validate the
optimization algorithm's ability to solve one-to-many prob-
lems and quickly provide initial information for the beam
bunch and chicane.

Solving One-to-Many Problems

In this study, we used the same initial beam energy chirp
as in Ref [5], with a temporal profile following a standard
Gaussian distribution. We shaped temporal profile at the
exit of the chicane solely by controlling the dispersion
terms. In order to validate that the NSGAIII algorithm we
used can solve such one-to-many problems, we compared
it with the NSGAII, MOPSO, and MOEA-D optimization
algorithms. Figure 1 shows the results for the dispersion
terms Rse, Tses, and Usess for the target temporal profile of
uniform profile and double-horn profile.
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Figure 1: Solving one-to-many problems using NSGAIII,
NSGAIIL, MOPSO and MOEA-D optimization algorithms.

In Figs.1 (a) and (b) show the convergence results of grid
search and four algorithms for optimizing uniform and
double-horn profile, respectively. Contour lines represent
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the negative logarithm of the mean squared difference be-
tween the final profile and the target profile.

It can be observed that directly controlling the dispersion
terms Rse, Tses, and Usees 1s an effective way to achieve
temporal profile shaping of the beam. Since equations (1,2)
are analytical, for different target temporal profile, this
means that we can always find a set of dispersion term
combinations to achieve the desired temporal profile. A
certain degree of symmetry is observed in the negative log-
arithm of the mean squared difference between the final
profile and the target profile obtained through grid scan-
ning in Fig.1. This indicates that even though the same pro-
file is achieved at the chicane exit, different combinations
of chicane parameters can be utilized. This validates that
the problem falls under the category of one-to-many prob-
lems, where for the same target values, there exist multiple
potential optimal solutions corresponding to them. This
also demonstrates the performance of the NSGAIII algo-
rithm we used, as it converges to the global optimal solu-
tion region when solving this one-to-many problem, with
the solution set of dispersion terms exhibiting higher diver-
sity.

Chicane and Initial Energy Chirp Design

When studying the beam dynamics of a beamline, we not
only want to determine the parameters of the chicane but
also obtain more information about the beam, such as the
energy chirp. By combining the known energy chirp with
precisely designed chicane parameters, we can quickly
achieve temporal shaping of the beam. The energy chirp
can be adjusted based on the beamline elements upstream
of the chicane, such as higher harmonic cavities. Below, we
demonstrate using the NSGA-III algorithm to provide mul-
tiple sets of different energy chirp and chicane magnet pa-
rameter combinations. To manipulate the dispersion terms
of the bunch compressor more flexibly, we adopt a struc-
ture similar to that in Ref[7], which consists of dipoles and
sextupoles, with the potential inclusion of quadrupoles and
octupoles. Additionally, the magnets are arranged in mirror
symmetry to ensure that the horizontal dispersion can reach
zero at the end of the compressor.

A part of the results found by the algorithm is shown in
Fig. 2, depicting different initial beam longitudinal phase
space distributions. It can be observed that these distribu-
tions include both linear and nonlinear energy chirp, which
can be controlled by beamline elements upstream of the
chicane. This means that we can adjust different energy
chirps based on different parameters of the chicane to
achieve shaping. Additionally, multiple optimal solutions
can also generate different energy spreads at the chicane
exit to match the requirements of downstream beamline el-
ements. For example, the beam at the entrance to the
plasma desires an energy spread below 1%. Not only the
need for energy spread, but also different qualities of beam
bunches can be provided, such as transverse phase space,
transverse distribution, etc., to meet different experimental
requirements. Of course, the most important thing is to en-
sure the requirement for stable transmission in the subse-
quent beamline.
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Figure 2: Different longitudinal phase space distributions of initial beam.
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Figure 3: Longitudinal phase space distribution and tem-
poral profile. (a) and (b) correspond to the beam at the en-
trance and exit of the chicane.

Figure 3 shows the optimization results of the NSGA-III
algorithm with a target profile of double-horn profile. The
Fig. 3 (a) displays the longitudinal phase space distribution
of the beam at the entrance of the chicane, where the energy
chirp of the bunch is nearly linear, with an energy spread
of approximately 3.5%. The Fig. 3 (b) depicts the beam at
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the exit of the chicane, which exhibits a nonlinear energy
chirp with an energy spread of approximately 2.5%. The
temporal profile closely resembles the double-horn profile
of the target profile, which is a complex example provided
in Ref [7]. The correlation coefficient between the final
profile and the target profile is 0.95, indicating a high de-
gree of similarity between the two profiles.

CONCLUSION

We have demonstrated the process of optimizing energy
chirp of the initial beam and the chicane parameters using
the NSGA-III algorithm to achieve arbitrary temporal pro-
file shaping. We found that controlling the dispersion terms
in the chicane is an effective method to shape in order to
achieve an arbitrary profile. Furthermore, the improved
NSGA optimization algorithm can solve one-to-many
problems and converge to the global optimal solution re-
gion. Lastly, for a specific target profile, we can achieve it
by adjusting the magnet parameters of the bunch compres-
sor and the energy chirp, which led to the design of up-
stream electron guns and pre-injection systems. This
means that for experiments requiring temporal shaping, we
will have a lot of flexibility to meet shaping requirements,
while also providing the possibility of achieving better
beam quality.
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