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Preserving the beam quality of a high-brightness electron beam is a noteworthy
issue when delivering the electron bunch through a beam transfer line. In a beam
transfer line with a large deflection angle, e.g., a 180-deg transport arc comprised
of a large amount of dipoles, emission of coherent synchrotron radiation (CSR) can
lead to transverse emittance dilution. In addition, the longitudinal dispersion may
cause undesirable bunch length variation. Both effects can degrade beam quality.
Nevertheless, design and optimization of a 180-deg transport arc that can be well
applied to practical applications is a challenging problem, considering the practical
nonlinear effects of a real lattice and the contributions of transient CSR at the
dipole edges and CSR in the subsequent drifts. In this study, we present the design
and optimization of a compact 180-deg transport arc comprised of multi-triple-
bend achromat (TBA) cells, aiming at suppressing the CSR-induced emittance
growth and avoiding bunch length variation simultaneously. The TBA cells and
optics along the arc are adjusted to suppress the CSR-induced emittance growth
and bunch length variation cell by cell, after which a multi-objective optimization
of the arc is conducted. Practical considerations including lattice nonlinear effects
and a full one-dimensional CSR model (including transient CSR and CSR in drifts)
are taken into account.
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Introduction

Since the development of the high-gain theory of free-electron lasers (FELs) and the
advent of high-gain infrared (IR) and ultraviolet (UV) FELs [1–4], the production of high
average FEL power has received considerable critical attention. As an industrial application,
the need to apply high-power FELs to extreme ultraviolet (EUV) lithography [5] has
obviously made energy recovery linac (ERL)-based FELs an appealing choice. ERLs are
inherently continuous wave (CW) devices and are able to serve multiple FELs. In FEL
spreaders or ERL turnaround arcs, preserving the beam quality can be a critical issue when
delivering a high-brightness beam with typically picosecond (ps) or sub-ps bunch length,
high peak current up to a few kilo-amperes (kA), and micrometer (μm) or sub-μm
normalized horizontal emittance [6, 7]. However, in such an arc comprised of multiple
dipoles, the emission of coherent synchrotron radiation (CSR) can degrade the beam quality
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by causing emittance dilution [8–12], thus decreasing beam
brightness, which may limit FEL output power [13].
Longitudinally, CSR can also give rise to microbunching
instability (MBI) [14–19]. In addition, the longitudinal dynamics
can be affected by longitudinal dispersion functions via the
correlation of the longitudinal bunch coordinate z and
momentum deviation δ of a particle [20–23], resulting in
undesirable bunch length variation. In the high-brightness beam
transport line/arc design, suppression of the CSR-induced emittance
growth is highly desirable, while preserving the bunch length
simultaneously to maintain high beam quality.

To control the impact of CSR on beam emittance, approaches
such as the beam envelope matching method [10] and optical
balance method [11] have been proposed, which are based on
single or multiple double-bend achromats (DBAs). For the sake
of making an isochronous cell, a triple-bend achromat (TBA) cell
might be a promising candidate, as the first-order longitudinal
dispersion function R56 can be easily canceled [22, 23]. As for
suppressing CSR in a TBA cell, it has been reported that [22] a
kind of TBA design could yield both first-order isochronicity,
i.e., R56 = 0, and minimized steady-state CSR (denoted as ss-CSR
hereafter)-induced emittance growth. Moreover, the study in Ref.
[23] has demonstrated that in a TBA cell with periodic optics, the
CSR-induced emittance growth and the longitudinal dispersion up
to high orders can be minimized simultaneously when the
horizontal transfer matrix entries between the first two dipoles in
the TBA follow [m11, m21 (m

−1)] ≈ (−2, 0).
As for preserving the bunch emittance in an arc comprised of

multiple cells, the related studies mainly focus on two aspects of
applications: one is arc compressors that are used to compress the
bunch length and bend the beam simultaneously [6, 13, 25–27];
the other is isochronous transport arcs that are not expected to
involve with bunch compression. In isochronous transport arc
designs, the beam envelope matching method is commonly used
to numerically minimize the emittance growth [10, 28].
Nevertheless, the design and optimization of an arc suitable
for transporting a high-brightness beam is worthy of further
studies, considering practical issues like the nonlinear effects of a
real lattice and full 1D CSR effects in addition to ss-CSR, i.e.,
including transient CSR (denoted as tr-CSR) and CSR in the
subsequent drifts (denoted as dr-CSR) [29, 30]. Practically, the
transfer line/arc optics can be related to not only the first-order
transfer map but also the high-order terms, which can produce
nonlinear effects, e.g., chromatic and geometric aberrations [21,
31–33]. As the horizontal coordinate x and longitudinal
coordinate z can be correlated with δ via some of the high-
order terms, e.g., T166, T266, and T566, such nonlinear effects may
also give rise to emittance growth and bunch length variation.
Preservation of bunch emittance and bunch length with such
practical issues taken into account can be a challenging problem,
especially for an arc comprised of multiple cells, which may
require numerical methods to effectively obtain optimized design
schemes.

In this study, we demonstrate the feasibility of designing a
multi-TBA cell-based compact quasi-isochronous 180-deg arc
suitable for transporting high-brightness beams with
minimized CSR-induced emittance growth by applying the
theoretical work in Ref. [23] to multiple cells.

In the following sections, first, the arc design is described. Then,
the numerical scans and optimization processes and the
corresponding simulation results are presented. By comparing
some representative optimization results, the possible correlation
between CSR-induced emittance growth and MBI gain is discussed.
The design strategy and the numerical scans and optimization
processes may be helpful as a starting point for practically
optimized transport arc designs.

Arc design

In this section, we describe the design goal of the transport arc
and introduce the design of the TBA unit cell that forms the arc.

The design goal of the transport arc is to maintain the beam
quality while achieving a large bending angle of 180 deg within a
compact footprint, i.e., the survey length is about 40 m. To maintain
the beam quality of a high-brightness beam, the arc is expected to be
(quasi)-isochronous to avoid undesirable bunch length variation
and CSR-immune for emittance preservation. A TBA cell is used as
the basic unit cell of the transport arc, and we consider a center-
symmetric design with three identical dipoles. With the goal of
designing a compact 180-deg arc, dipole parameters and the length
of the TBA single cell are carefully analyzed. Through a great deal of
tests, the parameters of the dipole magnets are settled, i.e., the dipole
lengths are LB = 0.4 m and the bending angles are θ = 4°. Thus, it
requires a total of 15 cells to form an arc. The length of a single cell is
about 4.2 m to accommodate the survey requirement. The total arc
length is about 63 m.

The TBA unit cell is designed according to the theoretical
CSR-cancellation condition in a quasi-isochronous TBA [23],
which is derived with only ss-CSR and linear transfer map of the
lattice being considered. The dipole parameters are set at the
aforementioned values. Between the dipoles, four families of
quadrupoles are used to match the achromatic condition while
adjusting m11, m21, and Twiss functions simultaneously.
Specifically, in this design, the values of m11 and m21 are set
to be −1.998 and −0.012, respectively, where we have used the
accurate values of these two matrix elements derived using the
accurate first-order transfer matrix of a sector dipole [24].

For the single cell, horizontal Twiss parameters at the TBA
entrance, i.e., initial αx0 and βx0 are scanned in search of an
optimal matching beam envelope for the orientation of a nonzero
net CSR kick for a practical TBA, as mentioned in Ref. [10].

TABLE 1 Input bunch parameters at the entrance of the arc in ELEGANT
simulations.

Parameter Value (unit)

Beam energy 1 GeV

Bunch charge 200 pC

Bunch length 15 μm

Transverse normalized emittance 1 μm rad

Relative rms energy spread 0.05%

Peak current ~1.5 kA
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Although the theoretical condition in Ref. [23] reports a TBA
with periodic optics, we further scan to find the optimal Twiss
parameters for better CSR minimization in a practical cell instead
of directly adopting the periodic optics solution. The TBA cell is
tested using ELEGANT [34], employing the initial bunch
parameters of a high-brightness beam listed in Table 1. For
the case with ss-CSR and the first-order transfer map being
considered, the relative normalized horizontal emittance
growth Δεn/εn is as low as 0.67% for a single TBA cell with
periodic Twiss parameters of αx0 = 0 and βx0 = 4.96 m, whereas it
is found that Δεn/εn can be further suppressed to 0.61% for a
single TBA cell with the initial Twiss parameters of αx0 = 0.3 and
βx0 = 1.3 m, which are deviated from the periodic Twiss
parameters. The TBA unit cell design is also tested with a
transfer map up to the third order, with tr-CSR and dr-CSR
included. The simulation results show that Δεn/εn is suppressed
to 1.52% with the aforementioned periodic Twiss parameters.
And Δεn/εn can be further suppressed to 1.38% with the initial
Twiss parameters of αx0 = 0.4 and βx0 = 1 m, which are also
deviated from the periodic Twiss parameters and are different
from the optimal Twiss parameters with ss-CSR and the first-
order transfer map being considered.

Although the differences in Δεn/εn seem tiny and the TBA
single cell design is physically CSR-immune using all the
abovementioned sets of Twiss parameters, the results
somewhat indicate the dependence of the CSR-induced
emittance growth on the lattice optic, as mentioned in Refs
[10, 12, 26]. Moreover, the results indicate that Δεn/εn is
generally larger when the lattice nonlinear effects and tr-CSR
and dr-CSR are included.

An arc design is obtained based on the TBA unit cell. The
resulting schematic of the arc is shown in Figure 1. Considering
the optics dependence of CSR-induced emittance suppression, in
the following, we consider a practical single-pass transfer arc with
non-periodic optics. To flexibly control the arc optics, for the in-
between sections of the unit cells, two quadrupoles are used from
cell-1~3 and three quadrupoles are used from cell-3~15.
Moreover, two families of sextupoles are inserted between the
dipoles in cell-2~15 the dipoles, which will not influence the
linear lattice optics but will affect the high-order terms of the
transfer map (e.g., T166, T266, and T566) [31]. Such an arc will be

adjusted and optimized in the following section with the full 1D
CSR model and lattice nonlinear effects taken into account.

Optimization and results

For the sake of practical consideration, in this section,
adjustments based on numerical scans and optimization of the
TBA-based transport arc are performed considering full 1D CSR
and the lattice transfer map up to the third order. Cell-by-cell
adjustments based on numerical scans are first conducted and
then multi-objective particle swarm optimization (MOPSO) of
the adjusted arc design is performed.

First, the design setting of each TBA cell, i.e., m11,i and m21,i

(where i represents the ith cell), and the corresponding optimal
Twiss parameters are scanned based on the ELEGANT simulation
results using the parameters listed in Table 1. In this step, the impact
of lattice nonlinear effects together with tr-CSR and dr-CSR on
linear optics settings is considered in the scans, while the high-order
terms of the transfer map are not specially controlled. Only the
quadrupoles and drifts are adjusted to change m11 and m21. The
sextupole strengths are coarsely tuned. Considering the impact of
the aforementioned lattice nonlinear effects and tr-CSR and dr-CSR,
the optimal design settings of the TBA cells might deviate from the
theoretical result of a single unit cell. Moreover, the optimal Twiss
parameters for each cell can be different considering that the bunch
phase space distributions might have been changed under the
influence of CSR and lattice nonlinear effects. Thus, the
adjustments are conducted cell by cell. Specifically, we vary the
settings of m11 and m21 for a certain cell in the vicinity of the
theoretical result. For a specific setting of m11 and m21, the optimal
Twiss parameters are also scanned in search of the minimal Δεn/εn
value and relative bunch length variation |Δσz/σz| (both values are
obtained with ELEGANT simulations) that can be achieved for this
setting of the cell.

In search of optimal m11,i and m21,i for each TBA cell, we scan
the setting of m11 and m21 in the vicinity of the theoretical setting
(denoted as m11* and m21* hereafter). Through a large number of
tests, it is found that the optimal βx function seems to be very
sensitive to the variation in m11,i; thus, a scan of optimal m11,i is
conducted within a small range close tom11* . The scanning range of
m11,i/m11* is set to be [0.99, 1.01] and the range ofm21,i/m21* is [0.95,
1.3], with the scanning steps all being 0.01. To find the optimal Twiss
parameters (αxi and βxi) for each cell, for each setting ofm11 andm21,
the scan of the initial Twiss parameters is conducted with αxi ranging
from 10 to 30 and βxi ranging from 1 m to 20 m.

After the numerical scan of cell-1, the real bunch distribution
can be obtained with ELEGANT. To proceed, using this distribution,
the numerical scan of cell-2 is conducted. Similar processes are
performed for the 15 cells. After such scans, an arc design is obtained
(denoted as Solution-Scan hereafter). The ELEGANT simulation
results of this design show that the final emittance at the arc exit is
approximately 7.64 μm rad and the final bunch length is
approximately 12.96 μm, i.e., Δεn/εn and |Δσz/σz| are
approximately 6.64% and 13.6%, respectively. The scanning
results show that the optimal m11,i for each cell is exactly the
theoretical value m11* . The optimal m21,i settings of the cells are
different. For some cells, the scanned optimal m21,i deviates from

FIGURE 1
Schematic diagram of a multi-TBA-based 180-deg transport arc.
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m21* , with the largest deviation being about 24%. It is noted that the
obtained arc with the adjusted m11,i and m21,i may not yield a
minimum total R56. This is because the theoretical conditions of
Δεn = 0 and R56 = 0 can be conflicting to some extent, as mentioned
in Ref. [23]. Moreover, when the value of R56 is close to zero, the
contributions of high-order longitudinal dispersion functions, e.g.,
T566 and U5666, can become dominant. Thus, in the following
optimization, |Δσz/σz| is considered as a whole with first- and
high-order longitudinal dispersion functions up to the third
order being taken into account instead of simply pursuing R56 = 0.

It is found that the emittance growth of Solution-Scan is still
large with a relatively large bunch length variation. This may result
from the contributions of the lattice nonlinear effects, which can also
give rise to emittance growth and bunch length variation [21,
31–33]. Moreover, CSR-induced energy spread can be
distribution-dependent [28], which indicates that it might be very
hard to suppress the emittance growth in the last few cells of the arc
where the bunch distributions are distorted under the influence of
CSR and lattice nonlinear effects. For example, Δεn/εn of each cell is
controlled below 1% for cell-1~5 and below 10% for cell-5~8.
However, in the last seven cells, Δεn/εn for each cell is generally
close to 30%. So it seems that to obtain a minimum emittance
growth of an arc comprised of multiple cells, it might be better to
optimize the arc design as a whole compared to scanning and
adjusting the arc cell by cell.

Second, to explore the possibility of finding an arc design scheme
with minimized CSR-induced emittance growth, we adopted the widely
used MOPSO [35] method to perform a global optimization of the arc.
The MOPSO method is suitable for handling multi-objective
optimization problems in the accelerator design (see, e.g., [36–39]).
It provides a way to optimize a problem by iteratively improving the
candidate solutions according to a criterion of the solution quality
quantized as the “fitness value,” which is also referred to as the
“objective function”. Each candidate is referred to as a particle that
possesses a position in the n-dimensional space defined by n variables.
Each particle moves randomly but is influenced by “pbest” and “gbest”.
“Pbest” represents the best fitness value the individual has hitherto
achieved, and “gbest” represents the best fitness value that the whole
group has experienced. The solutions are ranked in accordance with
their fitness values. By adjusting the variables to a certain bounded
range, the candidate solutions are updated iteratively while searching for
optima [40–42].

For the optimization variables, considering the basic need for
isochronicity and CSR-induced emittance suppression, them11,i and
m21,i are fixed to the scanned optimal values and only the in-between
sections of the 15 cells are optimized. Specifically, the strengths of
quadrupoles and lengths of drifts of the in-between sections are
considered to be variables. The lengths of all quadrupoles are fixed to
be 0.15 m. Apart from these, the strengths of the sextupoles inside
the TBA cells are set to be variables with the lengths being fixed to
0.1 m. In addition, the initial Twiss parameters at the arc entrance,
i.e., αx0, βx0 and αy0, βy0 are set to be variables. Totally, there are 126
variables, including 40 quadrupoles strengths, 28 sextupoles
strengths, 54 drift lengths and four Twiss parameters. The
corresponding setting is regarded as a seed in the optimization.
All the 126 variables are adjusted within the preset ranges, e.g., the
drift lengths range from 0.01 to 0.5 m, the strengths of quadrupoles
vary within ±60 m−2, and the strengths of the sextupoles vary within

±3 × 103 m−3. The initial Twiss parameters vary in the range of [−50,
50] for αx,y0 and [0.1 m, 100 m] for βx,y0.

The two objective functions are set to be the absolute values of
the following: the weighted relative CSR-induced emittance growth
Δεn/εn and the weighted relative bunch length variation Δσz/σz
obtained with ELEGANT using the initial bunch parameters
listed in Table 1. By imposing constraints, the optimization is
conducted with practical considerations. For example, the
transverse βx,y functions along the arc are controlled to a
reasonable range of 0.1–1,000 m, and the survey length of the arc
is constrained to be approximately 40 m. If any of the constraints is
violated during the optimization, the objective functions are
multiplied by a factor larger than 1, which is referred to as the
“weight factor.” These weight factors are used to measure the degree
that a specific variable setting accommodates for the optimization
constraints [36–39].

By adding fluctuations to Solution-Scan, 600 initial seeds are
generated and optimized. After evolving over 200 generations, the
optimization results have become convergent, especially for those
solutions with small relative emittance growths, e.g., Δεn/εn < 2.4.
The last 70 generations are presented in Figure 2.

The figure shows that in the selected variable ranges, |Δσz/σz| can
be optimized to the order of 10–6, while it seems that |Δεn/εn| can
only be minimized to approximately 1.8. As an illustration, three
representative frontier solutions in the optimization are selected and
compared in detail. The related comparisons and discussions are
presented in the following section.

Comparison of the optimized ARC
designs

In this section, we further look into the corresponding arc designs
of several representative frontier solutions of the MOPSOwith full 1D

FIGURE 2
Convergence trend of the objective functions (weighted |Δεn/εn|
and weighted |Δσz/σz| obtained with ELEGANT using the initial beam
parameters of a high-brightness beam listed in Table 1) in the
optimization of a 180-deg transport arc with tr-CSR, dr-CSR, and
the lattice transfer map up to the third order being considered. Only
the last 70 generations are shown in this figure. The solutions are
marked using a green diamond, a triangle, and a square corresponding
to Solution-OPT-I~III.
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CSR and high-order terms of the lattice transfer map being
considered. To clearly show the advancement of the optimized arc
designs, the specific horizontal and longitudinal dispersion functions
and parameters of the quadrupoles and sextupoles of the selected
representative designs in MOPSO are compared with the design
Solution-Scan. Then, MBI gains of the designs are compared,
while the contribution of tr-CSR and dr-CSR is also discussed.

Three frontier solutions in the MOPSO results are selected
(marked in Figure 2): one has a relatively small Δεn/εn value
which is approximately 1.8 (marked using a green diamond,
denoted by Solution-OPT-I), one has a relatively small |Δσz/σz|
value (marked using a green square, denoted by Solution-OPT-III),
and one is located between the two previous solutions (marked using
a green triangle, denoted by Solution-OPT-II). In the following
section, the corresponding arc designs of the three solutions are
carefully compared with Solution-Scan.

Comparison of the horizontal and
longitudinal dispersion functions

The related horizontal and longitudinal dispersion functions of
Solution-Scan and Solution-OPT-I~III are listed in Table 2. The R56

values of these designs are all same, i.e., 2.923 × 10−3 m. Thus, they
are not specifically listed in the table.

The optimized arc designs of Solution-OPT-I~III generally
yield smaller Δεn/εn and |Δσz/σz| values than those of Solution-
Scan, which may be the result of the mitigation of the high-order
dispersion effects. Table 2 shows that compared with Solution-
Scan, the optimized arc designs of Solution-OPT-I~III yield
relatively small second-order horizontal and longitudinal
dispersion functions, i.e., T166, T266, and T566. As mentioned
previously, the aberrations caused by leaking of transverse
dispersion can lead to emittance growth [21, 31–33].
Furthermore, high-order longitudinal dispersions can result in
bunch length variation [21, 23].

Then, we focus on Solution I~III. Table 2 indicates that the
emittance growth of a certain design is related to second-order
horizontal dispersion functions, while the bunch length
variation is related to high-order longitudinal dispersion
functions. For Solution-OPT-I with the smallest Δεn/εn value
among the three solutions, T166 and T266 are lower than the
other two solutions, especially for T266, which is two orders of
magnitude lower. For Solution-OPT-II and -III with smaller
|Δσz/σz| values, T566 and U5666 values are smaller than those of
Solution-OPT-I.

TABLE 2 Horizontal and longitudinal dispersion functions of TBA arc designs.

Parameter (unit) Solution-Scan Solution-OPT-I Solution-OPT-II Solution-OPT-III

Δεn/εn 6.644 1.798 2.158 2.341

|Δσz/σz| (%) 13.59 5.04 0.34 2.67 × 10−4

R16 (m) −1.151 × 10−7 −2.570 × 10−8 −3.435 × 10−8 −3.654 × 10−8

R26 (rad) 1.179 × 10−7 −7.955 × 10−8 −1.055 × 10−7 −1.132 × 10−7

T166 (m) −0.039 −0.151 −0.156 0.137

T266 (rad) −1.146 6.642 × 10−3 0.158 0.160

T566 (m) 0.0998 0.0321 0.0109 0.0136

U5666 (m) −0.508 −2.115 −1.675 −1.688

FIGURE 3
Simulation results of the related parameters along the corresponding arc of Solution-OPT-I considering full 1D CSR model and the lattice transfer
map up to the third order: (A) optics functions; (B) bunch length; (C) normalized horizontal emittance. The results are obtained with ELEGANT using the
high-brightness beam parameters listed in Table 1.
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In Figure 3, the ELEGANT simulation results of optics
functions, bunch lengths, and the normalized horizontal
emittance along the corresponding arc of Solution-OPT-I are
presented as an example.

Comparison of lattice element parameters

For Solution-Scan and Solution-OPT-I~III, we compare the
strengths of 40 quadrupoles in the in-between sections and the
strengths of 28 sextupoles in the TBA cells. For Solution-Scan,
the sextupoles are not specially adjusted; thus, they are not
included in the comparison. The results are shown in Figures 4,
5, respectively.

It appears that the strengths of 40 quadrupoles are not notably
different except for Qm-16 (in the section between cell-5 and cell-6) and
Qm-33 (in the section between cell-11 and cell-12), which indicates that
first-order transfer maps of the four solutions are close to each other.

However, it seems that the strengths of 28 sextupoles of Solution-OPT-
I~III are different. Specifically, the sextupole strengths in Solution-OPT-I
are remarkably different from those in Solution-OPT-II and -III. Some of
the sextupoles in Solution-OPT-I even have opposite signs compared
with those in Solution-OPT-II and -III, which are as follows: S-1 (in cell-
2), S-11 and S-12 (in cell-7), S-13 and S-14 (in cell-8), and S-25 (in cell-14)
(six of 28 sextupoles). This means that some of the focusing sextupoles
change to defocusing sextupoles (or vice versa) in Solution-OPT-I
compared with Solution-OPT-II and -III, which may result in
differences between horizontal and longitudinal dispersion functions,
as listed in Table 2.

Comparison of the MBI gains

The MBI gains of Solution-Scan and Solution-OPT-I~III are
compared using the semi-analytical tool Volterra [17, 19], and the
results are shown in Figure 6. The results indicate that the CSR-

FIGURE 4
Comparison of the strengths of 40 quadrupoles in the in-between section of Solution-Scan and Solution-OPT-I ~III.
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induced emittance growth at the exit of the arc might be correlated with
the MBI gain. This can be understood through the CSR suppression
condition proposed in Ref. [23], which is based on the assumption of the
Gaussian bunch distribution. If the bunch distribution is no longer
Gaussian, such a condition may not correspond to the minimized
CSR-induced emittance growth and even lose efficacy. This suggests

that the MBI gain might serve as an indicator that shows the degree of
longitudinal phase space distortion [18, 19].

As can be seen from Figure 6A, compared with Solution-Scan, CSR-
induced MBI gains are suppressed for Solution-OPT-I~III, which
indicates the mitigation of the MBI effects. Moreover, Figure 6C and
Figure 6D show that the MBI effect becomes more significant as the

FIGURE 5
Comparison of the strengths of 28 sextupoles in Solution-OPT-I ~III.

FIGURE 6
MBI gains of Solution-Scan and Solution-OPT-I ~III under different conditions (A) all-CSR considered; (B) only ss-CSR considered (the results with
all-CSR considered are shown together, but light colored); (C) TheMBI gains of cell-1~cell-3, cell-3~cell-8 and the total arc of Solution-Scanwith all-CSR
considered; (D) The MBI gains of cell-1~cell-3, cell-3~cell-8 and the total arc of Solution-OPT-I with all-CSR considered.
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bunch passes through more cells, which indicates that the longitudinal
phase space distribution is distorted more significantly. Thus, in the last
few cells in the arc, it might bemore difficult to preserve the emittance for
such a distorted bunch.

We further look into the MBI gains of the designs with only ss-CSR
included. It is found that tr-CSR and dr-CSR significantly contribute to
MBI gain for a certain arc design, as mentioned in Ref. [18]. As can be
seen from Figure 6B, MBI gains for Solution-Scan and Solution-OPT-

FIGURE 7
Results of the sensitivity tests of the dependence of σzf, εnxf, and Δεn/εn and the peak current on the initial bunch parameters of the corresponding arc
of Solution-OPT-I.
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I~III are very close to each other with only ss-CSR being considered
[which are overlapped in Figure 6B], and they are notably lower than the
case with tr-CSR and dr-CSR being included.

Initial bunch parameter sensitivity tests

To identify the range of parameters that allows feasibility of such an
arc for transporting a high-brightness beam, in this section, the sensitivity
tests on the initial bunch parameters are conducted for the corresponding
arc designs of Solution-OPT-I as an example. The initial bunch
parameters vary in the ranges close to the parameters listed in
Table 1. The test results show that the emittance growth of this
design is not sensitive to the initial uncorrelated energy spread or
energy chirp. Nevertheless, the emittance growth is closely related to
the initial bunch length, bunch charge, and initial bunch emittance.

The results of univariate tests on the relevant input beam parameters
(i.e., initial bunch length σzi, bunch chargeQ, initial horizontal emittance
εnxi, initial uncorrelated energy spread σδi, and energy chirp hi) are shown
in Figure 7.

As can be seen from the figures, σzf and εnxf are not sensitive to
σδi or hi, with the largest difference of Δεn/εn being below 40% when
varying σδi in the range of [0, 1 × 10−3] and hi in the range of
[-15 m−1, 15 m−1]. It is noted that insensitivity to hi is important, as a
compressed bunch typically has an energy chirp. If isochronicity is
not satisfactorily guaranteed, the bunch length of a chirped bunch
will have a significant variation, which might couple with the CSR
effect and result in severe bunch quality degradation [6, 23].

Nevertheless, it appears that the emittance growth of this design
changes significantly with the varying σzi, Q, and εnxi values. Specifically,
the Δεn/εn value becomes larger when the σzi value is smaller, Q value is
larger, and εnxi value is smaller. The reason is that the CSR-induced rms
energy spread σCSR has scale relationships with σzi andQ as σCSR ∝ σ−4/3zi

and σCSR∝Q [8, 29, 30]. Thus, the σCSR value becomes largerwhen the σzi
value becomes smaller and the Q value becomes larger, which also
indicatesmore significant CSR effects. In addition, a bunchwith a smaller
εnxi value indicates that the horizontal bunch size is smaller for the same
initial Twiss parameters, which might give rise to stronger CSR effects.

Conclusion and discussion

In this study, based on the theoretical CSR-cancellation condition of a
quasi-isochronous TBA cell proposed in Ref. [23], the design and
optimization of a TBA-based 180-deg transport arc is presented. The
optimal design setting ofm11,i andm21,i for each cell is first scanned, and
the optics along the arc are adjusted. The scanning results indicate that the
optimal m11,i values are close to the theoretical value in Ref. [23], while
m21,i values show relatively large deviations when a full 1D CSR model
and a high-order lattice transfer map are considered. The optimal Twiss
parameters of each cell are different and deviated from the periodic optics
functions.

Then, the arc is optimized by adopting the MOPSOmethod, aiming
at suppressing the CSR-induced emittance growth and avoiding bunch
length variation simultaneously. The optimization results show that in the
selected variable ranges, for a high-brightness beam with parameters of
1 GeV, 200 pC, 15 μm, and 1 μm rad, the final emittance can be
controlled to approximately 2.8 μm rad (Δεn/εn ~ 1.8) and |Δσz/σz|

can be suppressed to about 5%. Moreover, it has been tested that the
obtained arc design is not sensitive to the initial uncorrelated energy
spread or energy chirp, which is suitable for transporting a high-
brightness beam that typically has an energy chirp. In addition, such
a TBA-based 180-deg transport arc can serve as a turnaround arc in ERL-
based facilities. It has been tested that for a typical initial beam with
parameters of 100 pC, 600 μm, and 0.5 μm rad, the Δεn/εn value is below
1% and the bunch length remains almost unchanged. In addition, the
obtained arc has a compact footprint, with the survey length being
approximately 40 m.

It is found that in our tests, the CSR-induced emittance growth and
MBI gain are correlated to some extent. Particularly, for the last few cells
in the arc, an exploded MBI gain often indicates a severely distorted
longitudinal phase space distribution of the bunch [18, 19]. The
theoretical CSR-cancellation condition may not work well or even
lose efficacy for such a distorted bunch, and hence, the arc design
may yield an imperfectly canceled or even uncontrollable emittance
growth. This gives us a hint that simply pursuing CSR-induced emittance
growth suppression might not be an effective way to obtain optimal
design schemes. Instead, emittance growth and MBI gain suppression
should be considered comprehensively. For example, MBI gain can be
adopted as a weight factor in theMOPSO of the CSR-induced emittance
growth.

The design strategy and numerical scans and optimization
processes presented in this paper may hopefully serve as a
starting point for designing a compact transport arc. Future
research could continue to explore the possibility of further
global optimization, with the CSR-induced emittance growth and
MBI gain suppression being considered comprehensively.

Also, it is noted that the suppression conditions of the CSR-induced
emittance growth and MBI effects can be different, i.e., a certain design
with suppressed MBI gain does not definitely ensure a suppressed CSR-
induced emittance growth and vice versa [18]. It can be a rather complex
problem to take both issues into account. And such problemmay only be
optimized through numerical optimizations. First, high-order
longitudinal dispersion functions can make a contribution to the MBI
gain [18, 19]. Apart from R56, z can be correlated with δ through high-
order longitudinal dispersion functions, which can also distort the bunch
longitudinal phase space distribution [18, 21, 23]. Moreover, the MBI
suppression condition can be related to the Twiss parameters (see, e.g.,
Ref. [18]). This means that the requirements of suppressing the CSR-
induced emittance growth and MBI gain might conflict with each other.
In addition, as illustrated previously, tr-CSR and dr-CSR can have a
significant impact on the MBI gain [18].

Apart from this, optimized design schemes can be further explored to
mitigate the lattice nonlinear effects. For example, multi-poles can be
adopted in cells (e.g., sextupoles [21] and octupoles [43]). Moreover,
further global optimizations based on the parameter ranges of actual
hardware and start-to-end simulations are worthy of being studied
further. Following similar designs and numerical scans and
optimization processes as presented in this paper, it would be feasible
to achieve optimized practical arc design schemes.
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