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Evolutionary genetic optimization of the injector beam
dynamics for the ERL test facility at IHEP
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Abstract: The energy recovery linac test facility (ERL-TF), a compact ERL-FEL (free electron laser) two-purpose

machine, has been proposed at the Institute of High Energy Physics, Beijing. As one important component of

the ERL-TF, the photo-injector was designed and preliminarily optimized. In this paper an evolutionary genetic

method, non-dominated sorting genetic algorithm II, is applied to optimize the injector beam dynamics, especially

in the high-charge operation mode. Study shows that using an incident laser with rms transverse size of 1-1.2 mm,

the normalized emittance of the electron beam can be kept below 1 mm-mrad at the end of the injector.

This

work, together with the previous optimization of the low-charge operation mode by using the iterative scan method,

provides guidance and confidence for future construction and commissioning of the ERL-TF injector.
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1 Introduction

The energy recovery linac (ERL) and free electron
laser (FEL) are considered to be candidates for fourth
generation light sources, and have received much atten-
tion worldwide. Since both are based on linac technolo-
gies, it is possible to combine FEL into an ERL facil-
ity, resulting in a compact two-purpose light source. A
test facility, named the energy recovery linac test facility
(ERL-TF), was proposed at the Institute of High Energy
Physics, Beijing, to verify this principle [1]. Physical de-
sign of the ERL-TF started a few years ago and is well in
progress [2-5]. The layout and main parameters of the
facility are presented in Fig. 1 and Table 1, respectively.
Among the components of the test facility, one extremely
important device which dominates the machine perfor-
mance is the photo-injector. The injector, including a
500 kV photocathode direct-current (DC) gun equipped
with a GaAs cathode, a 1.3 GHz normal conducting RF
buncher, two solenoids, and two 2-cell superconducting
RF cavities, was designed for the ERL-TF [2], with the
layout shown in Fig. 2. Using an incident laser with rms
transverse size 0y, Of 1.2 mm, the designed injector in
high-charge operation mode (bunch charge 77 pC, rep.
rate 130 MHz) was simulated with the ASTRA program,
and finally an electron beam, with kinetic energy E) of
5 MeV, normalized emittance €, ,(,) of 1.49 mm-mrad,
rms bunch length o, of 0.67 mm and rms energy spread
os of 0.72%, was achieved at the end of the injector.
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Recently, continuous efforts have been made to fur-
ther optimize the injector beam dynamics, based on
simulations with the Impact-T program [6], a fully 3D
program to track relativistic particles taking into ac-
count space charge force and short-range longitudinal
and transverse wake-fields. The beam dynamics of
the injector in the low-charge operation mode (bunch
charge 7.7 pC, rep. rate 1.3 GHz) was optimized with
the iterative scan method. The beam parameters af-
ter optimization were F,=5 MeV, €,, ,(,)=0.4 mm-mrad,
0,=0.74 mm and 05=0.33% by using an incident laser
with 015 0f 0.5 mm. In addition, it was found that
the optimized result had rather high tolerance to the pa-
rameter fluctuation, magnetic and alignment errors (For
more detail, see Ref. [5]).

However, when applying the iterative scan method to
the optimization for the high-charge operation mode, it
turns to be difficult to achieve a promising beam qual-
ity in a moderate period of time, due to higher elec-
tron density and stronger space charge effect. Note that
injector beam dynamics optimization is a highly con-
strained multi-objective optimization problem, and one
can use an evolutionary genetic algorithm to find glob-
ally optimal solutions for such a problem (see, e.g., [7—
10]). Therefore, in this paper a genetic algorithm, non-
dominated sorting genetic algorithm II (NSGA-1I [11]),
is applied to optimize the injector beam dynamics in both
the low-charge and high-charge operation modes. In this
study a total of twelve parameters are varied and three
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Fig. 1. Layout of the ERL test facility at IHEP.

Fig. 2.

Layout of the ERL-TF injector, consisting
of, from left to right, DC-gun, the first solenoid,
RF buncher, the second solenoid, and two 2-cell
RF cavities.

Table 1. Main parameters of the ERL-TF at IHEP.
parameter value
beam energy/MeV 35
beam current/mA 10
bunch charge/pC 77 (or 7.7)
normalized emittance/(mm-mrad) <2.0 (or < 1.0)
RMS bunch length/ps 2.0-4.0
RMS energy spread (%) 0.2-1.0

bunch frequency/MHz 130 (or 1300)
RF frequency/MHz 1300

objectives, Ex, €, 4(y) and o, are optimized. The goal
is to obtain an electron beam with E\ of 5 MeV, o, of
2-4 ps (i.e., 0.6-1.2 mm), and ¢, ,(,) as low as possible
at the end of the injector. For the low-charge operation
mode with oy, of 0.5 mm, the algorithm has a fast
convergence within evolution over 50 generations; more-
over, it shows that the result obtained with the iterative
scan method is very close to the so-called Pareto opti-
mal front of the objectives. However, for the high-charge
operation mode the convergence rate of the algorithm is
relatively slow. This explains why it is difficult to find
a satisfying result for the high-charge operation mode
by iteratively scanning the parameters. As a result, the
random seeds are evolved over more generations. In ad-
dition, the dependency between the available minimum
Ena(y) A Olaer is investigated for the high-charge op-
eration mode. It is found that using a driven laser with
Olaser Of 1-1.2 mm helps to achieve an electron beam with
En,a(y) below 1 mm-mrad at the end of the injector.

In the following, the NSGA- I algorithm will be de-
scribed in Section 2, and the application of this algorithm
in the injector beam dynamics optimization is shown in
Section 3. Conclusions are given in Section 4.

2 NSGA-II algorithm and its concrete
implementation

In a multi-objective optimization problem, a num-
ber of parameters with specific variable ranges usually
need to be determined, the objectives may be in conflict,
and in the objective space the solutions may be discon-
tinuous. Therefore it is not always possible to find a
single solution that optimizes all the objectives simul-
taneously. To dealing with this challenge, evolutionary
genetic methods are usually used to find the so-called
Pareto optimal front that represents the set of solutions
showing all the possible tradeoffs between the different
objectives. The NSGA-II algorithm is such a genetic
method. It was demonstrated that the Pareto optimal
front obtained by this algorithm converges to the real
optimal front for some test problems [11].

The NSGA-II algorithm mimics natural selection.
At first, a random population with N individuals is gen-
erated and evaluated. The parents are then chosen from
the population according to the rank and crowding dis-
tance, where the rank represents the non-dominance of
one individual by others and the crowding distance gives
a measure of how close an individual is to its neighbors.
An individual with less rank or greater crowding dis-
tance than others has priority to be selected. The se-
lected parents generate offspring from crossover and mu-
tation. The objective functions are evaluated on current
offspring, the offspring together with parents are sorted
again based on their ranks and crowding distances, and
only the best N individuals are selected. This proce-
dure repeats generation by generation, until reaching a
generation with the desired convergence to the Pareto
optimal set. More details of the NSGA-II algorithm can
be found in Ref. [11].

In this study the NSGA-II algorithm program runs in
Matlab on a single PC with multi-threading processors,
which makes it able to start several runs of Impact-T
simulations simultaneously. The population size of each
generation is chosen as N=350, as a compromise between
the comprehensiveness of the solutions and the comput-
ing time, which increases with the population size. It
takes about three hours to finish the simulations for
one generation. A total of twelve parameters, includ-
ing the positions, strengths, and RF phases (if any) of
the injector elements, are varied to investigate the opti-
mal tradeoffs between the different beam parameters at
the end of the injector. Three objectives are set, €, .(y),
|Ex—5 MeV]|, and |o,—0.85 mm| with the goal to obtain
an electron beam with FEy close to 5 MeV, o, close to
0.85 mm, and €, ,(,) as low as possible. To avoid loss of
possible optimal parameter settings, the variable range of
each parameter is set as large as possible, e.g., —180° to
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179° for the RF phase. For each parameter setting, the
input file for Impact-T is generated automatically, and
is then put into simulation to evaluate the objectives.

The electron beam is created at the GaAs cathode
driven by a 532-nm laser, with round cross section and
longitudinal beer-can profile. It is assumed that the ini-
tial electron beam has the same profile as the laser in the
transverse planes and in the z dimension (with a flat top
of 20 ps, rise and fall time of 2 ps), and has a uniform
kinetic energy distribution between 0 and 0.4 eV, with
an average of 0.2 eV. The initial normalized emittance
or thermal emittance is given by

keT\
En,a(y) = Tu(y) m.c2’

where 0,(y) =01aser, MeC? s the electron rest energy, and
ksT, is the transverse beam thermal energy that de-
pends mainly on the incident laser wavelength [12],

(1)

kT, (MeV)=309.2—0.3617A(nm). (2)

In our case A=532 nm and kg1 =116.8 MeV.

3 Injector beam dynamics optimization
with NSGA-II

In the optimization for the low-charge operation
mode, only the case with 0., of 0.5 mm is consid-
ered. The population with 350 random seeds evolves
over 100 generations and converges to the Pareto front.
For the solutions in each generation, we count the mini-
mum emittances under three conditions: (1) without any
limitation on Ey and o; (2) with |o,—0.85|<0.4 mm; (3)
with |o,—0.85] <0.4 mm and |E,—5|< 0.1 MeV. Fig. 3
shows the variation of the minimum emittances with the
generation index. The minimum emittance under con-
dition (3) becomes very close to that under condition
(1) after 50 generations, with the difference less than
0.03 mm-mrad. The results of the 100th generation in
the objective space are shown in Fig. 4. One can see
that the solution space is not continuous. This disconti-
nuity makes it impossible to use traditional linear scan
methods to get the whole Pareto front. Nevertheless the
results in the region labeled ‘B’ in Fig. 4 all have o, larger
than 4 ps, thus they will not be considered as candidates
for satisfactory results in this study. We show only the
results satisfying condition (3) in the last 10 generations
as well as the result obtained by iterative scanning in
Fig. 5. It shows that the optimized result with the iter-
ative scan method is close to the Pareto front.

In the optimization for the high-charge operation
mode, the population converges relatively slowly to the
Pareto front. Taking the case with 0,5, of 0.75 mm as
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example, the evolution of the minimum emittances un-
der the above three conditions is shown in Fig. 6. The
difference between the minimum emittance under con-
dition (1) and that under conditions (2) and (3) is
still large even with evolution over 200 generations,
~0.5 mm-mrad. This large difference can be understood
from the view of the results of the 200th generation in
the objective space (Fig. 7). There are three distinct re-
gions in the figure labeled ‘A’, ‘B’ and ‘C’. The solutions
in regions ‘B’ and ‘C’ predict smaller emittances than
those in region ‘A’. However, in region ‘B’ most of the
solutions have bunch lengths larger than 1.2 mm, and
in region ‘C’ solutions have kinetic energies away from
5 MeV. Three typical results from these three regions are
listed in Table 2. The evident difference among these
three parameter settings is the phase of the first RF cav-
ity. Compared to the ‘Region A’ parameters in Table 2,
a smaller RF phase results in lower emittance but at the
price of lower beam energy; a larger RF phase leads to
an increase in the final bunch length. It appears that
the objectives are in conflict in presence of the strong
space charge effect. As a result, one should choose a
tradeoff between different objectives. Furthermore, the
beam distribution in phase space should be optimized
to avoid a folding structure in the z dimension and to
make the transverse density profile as close to Gaus-
sian as possible. As a compromise, the chosen result
is Bx=5.04 MeV, ¢, (,)=2.35 mm-mrad, ¢,=1.16 mm
and 05=0.56%, with the parameters listed in Table 2
as ‘Optimal-0.75’ and with the final beam distribution
shown in Fig. 8.

Due to the fact that different 0,4, results in different
thermal emittance and different electron density (and
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Table 2. Some representative results for high-charge operation mode.
result Region A Region B Region C Optimal-0.75 Optimal-1.0
laser RMS Tran. size/mm 0.75 0.75 0.75 0.75 1.0
final tran. emittance/(mm-mrad) 2.46 2.22 1.57 2.35 0.75
final RMS tran. size/mm 2.31 1.37 5.76 1.54 1.60
final RMS bunch length/mm 0.85 1.50 0.61 1.16 1.10
final beam kinetic energy/MeV 5.01 5.03 4.80 5.04 4.98
final RMS energy spread (%) 0.54 0.77 0.21 0.56 0.45
1st solenoid position/m 0.24 0.24 0.24 0.24 0.24
1st solenoid peak field/Gs 372.8 361.4 390.5 362.0 355.0
buncher position/m 0.816 0.816 0.803 0.814 0.80
buncher peak field/(MV/m) 4.96 4.91 5.04 4.95 4.61
buncher phase/(°) —160.0 —160.0 —160.0 —160.0 —138.0
2nd solenoid position/m 1.23 1.25 1.22 1.25 1.17
2nd solenoid peak field/Gs 719.7 729.7 722.2 729.4 354.0
1st cavity position/m 1.80 1.82 1.78 1.82 1.79
1st cavity peak field/(MV/m) 19.4 19.4 19.4 17.4 67.4
1st cavity phase/(°) 6.55 16.3 0.92 19.4 21.3
2nd cavity position/m 2.65 2.67 2.63 2.67 2.64
2nd cavity peak field/(MV/m) 20.7 20.7 20.7 20.7 19.5
2nd cavity phase/(°) 122.7 122.9 123.0 122.8 131.0

different space charge effect), it is necessary to inves-
tigate the dependency between the available minimum
emittance and the laser beam size. Thus, genetic opti-
mizations for the cases with oj,e, from 0.3 mm to 1.5 mm
are performed. In each case we select the optimal solu-
tion that predicts the minimum emittance among those
satisfying the condition (3) and results in a promising
distribution in phase space. The variation of the avail-
able minimum emittance and the thermal emittance with
Olaser 18 Presented in Fig. 9. It appears that using an inci-
dent laser with 0., of 1-1.2 mm, it is feasible to achieve
an electron beam with emittance below 1 mm-mrad for
the high-charge operation mode. During optimization
we find that in the cases with too small a laser beam
size (e.g. <0.5 mm), due to high electron intensity and
very strong space charge effect, all the solutions in the
Pareto front predict relatively large emittance and fold-
ing structure in the z dimension. On the other hand, too
large a laser beam size (e.g. >1.5 mm) implies a rela-
tively large thermal emittance, which sets the limit of the
available minimum emittance. This will cancel out the
benefits provided by the low beam intensity and weak
space charge effect. In addition, the active area on the
cathode should be off-axis to avoid the damage due to ion
back-bombardment [13]. A larger initial laser beam size
requires a larger active area with a larger offset, which
will also lead to a greater emittance growth (This has
been demonstrated in the beam dynamics study for the

low-charge operation mode in Ref. [5]). Also note that
the available minimum emittance increases quickly as
Oiaser decreases from 1 mm. Based on the above con-
siderations, an incident laser with 0., slightly above
1 mm (e.g., 1.1 mm) seems to be the best choice for the
high-charge operation mode. Nevertheless, the optimal
parameter settings in the case of 0,4, =1.0 mm are listed
in Table 2 as ‘Optimal-1.0’, and the final beam distribu-
tion is shown in Fig. 10.
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Fig. 9. Variation of the available minimum emit-
tance and the thermal emittance with the laser
beam size Ojaser for the high-charge operation
mode.
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parameters in Table 2.

4 Conclusions

Based on the beam dynamics study for the ERL-TF
injector in low-charge operation mode which is presented
in Ref. [5], in this paper an evolutionary genetic method,
non-dominated sorting genetic algorithm II, is applied
to optimize the injector beam dynamics, especially in
the high-charge operation mode. It appears feasible to
achieve an electron beam with kinetic energy of 5 MeV,
bunch length of 2-4 ps, and emittance below 1 mm-mrad
at the end of the injector, by using an incident laser with
RMS transverse size of 1-1.2 mm. It is also found that
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