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Physical design of a high-charge beam injector for the on-axis swap-out
injection scheme in an electron-positron collider
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The Super Tau-Charm Facility (STCF), a next-generation electron-positron collider, adopts an on-axis
swap-out injection scheme that demands high-charge electron bunches with exceptionally low emittance
and minimal energy spread. This work presents a comprehensive and systematic beam dynamics design
for the STCF electron injector. The bunching system, based on subharmonic bunchers and a traveling-
wave buncher, is optimized using the nondominated sorting genetic algorithm III to efficiently explore the
high-dimensional parameter space. Start-to-end simulations incorporating space-charge forces, wakefield
effects, and alignment errors are performed, with beam-based alignment (BBA) applied to correct orbit
deviations. The optimized injector delivers 8.5 nC bunches at 3.5 GeV with a normalized transverse
emittance below 70 mm mrad and an rms energy spread below 0.5%, satisfying the stringent STCF
requirements. The high transport efficiency achieved in simulations alleviates the design pressure on the
electron source, while the excellent beam quality inherently suppresses beam halo effects. By integrating
systematic multiobjective optimization with high-fidelity simulations, the proposed design overcomes the
intrinsic limitations of thermionic cathodes while capitalizing on their proven stability, robustness, and
cost-effectiveness, offering an efficient engineering solution for high-charge beam delivery in next-
generation colliders.
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The particle physics frontiers are to understand the
nature of strong interactions, explore matter-antimatter
asymmetry, and search for new physics beyond the
Standard Model [1,2]. Circular electron-positron colli-
ders at different energy regions represent one of the
most effective methods for conducting particle physics
experiments and investigating the microscopic world of
matter [3-8].

Published by the American Physical Society
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The Super Tau-Charm Facility (STCF) [9], a pro-
posed symmetric electron-positron collider in China, is
tailored for tau-charm physics, operating at center-of-
mass energies from 2 to 7 GeV. Its ambitious goal is to
achieve an unprecedented peak luminosity exceeding
5% 10* cm™2s7!. To attain this performance, STCF
employs a crab-waist collision scheme, characterized
by minuscule vertical beta functions(fy ~ 0.8 mm) and
exceptionally low beam emittances (horizontal ¢, ~
5 nm rad), colliding up to 2 A of beam current. While
these third-generation collider features enable high lumi-
nosity, they also introduce formidable nonlinearities and
beam-dynamics challenges.

The crab-waist collision mode necessitates the use of
crab sextupole magnets to twist the shape of the bunches
near the collision point. When combined with the strong
focusing around the collision area, it results in an unac-
ceptably small dynamic aperture and momentum aperture
of the collision ring. This not only complicates beam
injection but also severely shortens the beam lifetime,
predominantly restricted by the Touschek lifetime, to less
than 300 s [10], significantly shorter compared to other
circular electron accelerators. Consequently, the collision
ring must operate at a constant current, mandating frequent
replenishment of the charge of the circulating bunches.
This extremely short beam lifetime poses substantial
hurdles for both the beam injection into the collision ring
and the design and construction of the injector. Therefore,
compared to the off-axis injection scheme that is widely
used in currently active light source and collider devices
[11-15], STCF has adopted an on-axis swap-out scheme
for multi-nC bunches injection, therein, individual bunches
within the collider are “in place” replaced by freshly
injected bunches [16]. This maintains low emittance and
orbit stability but imposes exacting requirements on the
injector.

Table I compares STCF’s collider-ring injection require-
ments with those of other storage rings. Evidently, STCF is
tasked with injecting multi-nC bunches to achieve
extremely high luminosity, a demand far surpassing the
capabilities of conventional injectors. Meeting these exact-
ing requirements necessitates an innovative linac-based
injector design. The injector must be capable of generating

TABLEI. Main performances of the world’s colliders [18,20].
Charge Beam energy Luminosity
Facility (nC) (GeV) (cm™2s7h)
DAO®ONE 1.5 0.51 2.4 x 103
VEPP-2000 16 1 5% 103!
BEPC II 10 2.47 1 x 107
SLC (terminated) 11.66 50 6 x 103
KEKB 4 8(e7)3.5(e™) 4.1 x 10
STCF (planning) 8-10 35 5 x 103

high-charge, ultra-low-emittance bunches at full energy
with remarkable stability.

Table I compares the core injection parameters of the
STCF collider ring against those of major international
colliders: STCF requires injecting 8.5 nC bunches to
achieve an ultrahigh luminosity which is comparable to
that of KEKB. It should be noted that while STCF adopts a
linac-based injection scheme similar to the architectures
employed by KEKB and SLC, substantial innovations and
improvements are incorporated to address the limitations
of these existing facilities.

Note that, unlike the canceled SLC injector, which only
achieved 60% of its design bunch charge with low capture
efficiency [17], the STCF injector achieves high capture
efficiency at 8.5 nC through in-depth optimization. The
STCEF injector adopts the thermionic-gun architecture with
two SHBs and one TW-buncher—a configuration estab-
lished since SLC [18] and KEKB [19]. While inheriting
this proven architecture, the STCF design is distinguished
by a systematic optimization methodology: nondominated
sorting genetic algorithm III (NSGA-II) efficiently
explores the high-dimensional parameter space, and
modern computing resources enable increased macropar-
ticle statistics for improved simulation fidelity. The opti-
mized design achieves high transport efficiency without
requiring a beam scraper—eliminating the associated
charge loss and radiation hazards—while the excellent
beam quality inherently suppresses beam halo. These
complementary features overcome intrinsic thermionic-
cathode limitations while capitalizing on decades of
operational experience; combined with advanced optimi-
zation algorithms, the full potential of thermionic injectors
can be further realized. The collision luminosity of STCF
is 4 orders of magnitude higher than that of SLC, fully
satisfying the stringent injection specifications for STCF’s
electron beams.

In contrast to other on-axis electron and positron
injector facilities, STCF’s requirements are more stringent
in aspects such as energy stability and emittance control.
For example, the beam energy stability requirements for
STCF are critical to ensure accurate collision events for
tau-charm physics research. In terms of emittance, the
ultralow values demanded by STCF are essential for
achieving the desired high luminosity. These unique and
more demanding requirements drive the innovation in our
injector design, setting it apart from existing facilities and
positioning it as a novel solution in the field of particle
collider injection systems.

The subsequent sections will elaborate on a physical
design for such a high-charge injector, meticulously
crafted to meet the demands of STCF’s on-axis swap-
out injection scheme. The beamline layout and design
parameters of the proposed scheme are introduced initially.
Subsequently, the preliminary design and analysis of
longitudinal bunching and transverse focusing within
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the bunching system are first carried out through analytical
calculations using an in-house one-dimensional (1D)
beam dynamics simulation code developed in MATLAB.
Then, the bunching system’s physical design is imple-
mented via dedicated beam dynamics software, with full
consideration of space-charge forces, wakefields, and
alignment errors. Finally, start-to-end simulations of the
entire linac system are conducted based on this physical
design—incorporating the same realistic effects—to verify
the integrated scheme’s feasibility under practical opera-
tional conditions.

II. OVERVIEW OF THE STCF INJECTOR
LINAC FOR THE SWAP-OUT INJECTION
OF ELECTRON BEAM

Figure 1 illustrates the entire STCF system sketch under
the on-axis swap-out injection scheme, in which the
injector includes the separate acceleration of electron
and positron beams. In this setup, positrons are generated
by directing an 11.6 nC, 90 Hz electron beam onto a target
after it is accelerated to 2.5 GeV. The positrons are
collected by a capture system, accelerated to 1 GeV,
and accumulated in an accumulation ring to form bunches
with a charge of 8.5 nC. One fully damped bunch is
extracted per pulse and accelerated in the main linac,
alternately with the electron beam, to a maximum energy
of 3.5 GeV before injection into the positron ring of the

8.5nC
Thermionic e~ Linac e~/e* Linac
-cathode 1.0 GeV 0~2.5 GeV
11.6 nC Gun 8.5nC/30Hz 30 Hz+30 Hz Collider
Thermionic-cathode Rings
Gun e*Target

e~ Linac
2.5 GeV
11.6 nC/90 Hz

FIG. 1.

e* Linac
1GeV/2.9 nC/
90 Hz

TABLE II. The main electron parameters of the STCF injector
under swap-out scheme [21].

Parameters Value Unit
Energy 35 GeV
Charge ~8.5 nC
Accelerator frequency 2998.2 MHz
Injection frequency 30 Hz
Energy spread <05 %
Normalized emittance <210 mm mrad

collider. In contrast, the electron beam is accelerated to
1.0-3.5 GeV and injected directly into the electron ring of
the collider, which is the primary focus of this study.

To achieve the high-brightness requirements of the
STCF swap-out injection scheme, the linear accelerator
system, comprising the bunching and accelerating sec-
tions, must generate high-charge electron bunches char-
acterized by low energy spread and low emittance. The
design specifications for the electron beam injector are
summarized in Table II, while the beamline layout is
illustrated in Fig. 2. It should be noted that the electron-
beam injector is designed to provide a single bunch with a
charge of up to 8.5 nC, allowing for direct on-axis injection
into the collider ring. The generation of such a high-charge
single bunch is challenging for an S-band photocathode
injector. Considering both the overall system cost and

e* Accumulation Ring
1GeV/85nC

The STCF layout under the swap-out injection scheme.

SHB1 SHB2  TW-buncher ACCl1
—
dc Gun . . .
Q-triplet Q-triplet Q-triplet
F Bunching system I ACC2 H ACC3 ~I— ————— —-| ACC68 B ACC69 I»»
——
Coils

FIG. 2. The beamline layout of the STCF electron injector under the swap-out injection.
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operational stability, a thermionic electron gun has been
chosen in this study to emit the initial high-current electron
beam. During the subsequent longitudinal bunching
process with a high compression ratio, nonlinear changes
in the longitudinal phase space of the low-energy high-
current electron beam, along with the effects of strong
space charge, impose significant design challenges on the
injector. Furthermore, to ensure the final output bunch
properties of the injector, the design of the injector,
particularly the bunching system, must carefully consider
the strong coupling between transverse and longitudinal
performances. This constitutes one of the main contribu-
tions of the present study.

As shown in Fig. 2, a long-pulse electron beam
generated by a thermionic electron gun is first captured
and compressed by the bunching system. It is then
accelerated to a maximum energy of 3.5 GeV by a series
of 68 standard SLAC-like linacs [22]. Between each pair
of linacs, a triplet of quadrupole magnets (Q-triplet) is
installed to constrain the transverse dimensions and
emittance of the beam. Additionally, these quadrupole
magnets can be integrated with downstream insertable
detectors to perform emittance measurements based on the
quadrupole scanning method [23].

The bunching system consists of a thermionic electron
gun, two subharmonic cavity bunchers (SHBs) [24], a
traveling-wave buncher (TW-buncher), and a SLAC-like
linac (ACC1) with a length of 3 m. The operating
frequencies of the SHBs are set at 1/18 and 1/6 of the
fundamental frequency used by the TW-buncher and main
accelerators. The beamline is enclosed by solenoid coils to
enhance transverse beam confinement. The SHBs com-
press the initial beam from the gun to approximately 1/4 of
the wavelength of the subsequent TW linacs, ensuring
that the bunch is fully accepted by the TW-buncher. This
TW-buncher employs a variable-phase, variable-gradient
disk-loaded waveguide structure, further compressing the
bunch length to about 10 ps (rms) and increasing its energy
to over 10 MeV. The bunch then enters ACC1, where it is
accelerated to around 62 MeV. To mitigate the effects of
strong space charge and the resulting transverse and
longitudinal coupling under intense bunching conditions,
solenoid coils are also installed around ACCI.

The TW-buncher and all subsequent constant-gradient
TW linacs operate in the 2z/3 mode at a frequency of
2998.2 MHz. The TW-buncher has a total length of 1.2 m,
with a nonuniform structure characterized by variable
phase and variable gradient. Optimization of the phase
velocity and field gradient for each cell enhances bunching
performance, thereby improving capture ratio and system
transmission efficiency. Each subsequent linac comprises
90 optic-velocity cells with an average accelerating gra-
dient of 17 MV/m, resulting in an energy gain of
approximately 51 MeV. In practice, the initial linac, in
conjunction with its upstream TW-buncher, delivers a

beam energy exceeding 60 MeV. The influence of sub-
sequent linacs on bunch length modulation is minimal,
allowing optimal positioning of the bunch around the
maximum acceleration phase for enhanced longitudinal
performance. Additionally, steering coils or correction
magnets will be designed and installed downstream of
the solenoid coils or at the exit of each linac to correct
beam trajectories.

III. PRELIMINARY DESIGN OF BUNCHING
SYSTEM UNDER SINGLE-PARTICLE MODEL

As previously noted, the electron injector for STCF
swap-out injection requires high-quality electron bunches.
The nanosecond-scale pulses generated by the thermionic
gun must be compressed to the picosecond range via the
bunching system—an essential step for achieving high-
charge bunches while maintaining acceptable energy
spread and transverse emittance. Common in high-charge
injectors, such bunching schemes typically integrate com-
ponents including SHBs and TW-bunchers [25].

This section introduces the fundamental principles of
the STCF bunching system (comprising SHB1, SHB2, a
TW-buncher, and ACCI1) and presents its preliminary
design using a single-particle model. The primary objec-
tive is to theoretically analyze the system’s longitudinal
bunching performance, thereby preliminarily determining
the beamline layout and key component parameters to
inform subsequent beam dynamics-based physical design.
Given that the bunching system incorporates various rf
components (SHBs and a TW-buncher), both their struc-
tural and rf parameters exert a decisive influence on
longitudinal bunching efficiency. To address this typical
multiobjective optimization challenge, the NSGA-III algo-
rithm using analytical methods is adopted instead of
parameter scanning, ensuring optimal parameter configu-
rations while enhancing optimization efficiency.

A. Fundamental theory and preliminary design of SHB

When a long pulse beam enters an SHB, electrons at
different longitudinal positions acquire varying energies
due to the harmonic effects of the rf fields, resulting in
velocity modulations along the beam. During the drift
process following the SHB, these velocity differences
induce phase modulations. By adjusting the rf phase of
the SHB such that the field strength experienced by the
head electrons is weaker than that encountered by the tail
electrons, longitudinal bunching can be achieved, as the
tail electrons catch up with the head. This effect is
particularly pronounced when the bunch head is subjected
to a decelerating field while the tail experiences an
accelerating field, a phenomenon referred to as ballistic
bunching or velocity bunching [26]. By optimizing the
SHB structure with a drift tube and then adjusting the
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SHB’s accelerating voltage and phase, the desired pre-
bunching result can be achieved.

The aforementioned theories can be conveniently illus-
trated using analytical formulas. Consider two electrons,
each with an initial velocity v, encountering rf phases ¢,
and ¢, upon entering the SHB. Their energy gains are
represented as eV, sin @ and eV sin ¢,, respectively [27].
Consequently, the velocities of the two electrons after
traversing the SHB, denoted as v, and v,, can be expressed
as follows:

_ _ (moC2>2
v = C\/l (mocz+eVa+eVg sing;)?

9
— (mgc?)?
by = C\/l (moc®+eV,+eV,sing,)?

where V, represents the maximum voltage amplitude of
the SHB, while eV, denotes the initial kinetic energy of
the electrons, corresponding to v,. Note that, the rest
energy of the electron is expressed as mqc? with mg and ¢
denoting the electron mass and light speed, respectively.

If the two electrons drift downstream of the SHB by a
distance of L, the phase difference between them will
evolve from Agp(0) = |, — ¢4] to,

1 1
@2 — @1 +0)L0<———>
Uy U

ey

Ap(Ly) = , )

where  is the rf angular frequency. It is clear that when
@, # @1, U # Uy, indicating that electrons entering the
SHB at different phases will exit with different velocities.
Then, by adjusting the SHB phase, velocity bunching can
be observed. Note that, the actual bunching effect depends
on the drift length L, as well.

As outlined in Sec. II and detailed in Table II, the
proposed bunching system comprises two SHBs and one
TW-buncher, utilizing current technologies in thermionic-
cathode guns [28,29] to achieve an adequate compres-
sion ratio.

For the preliminary beamline design incorporating these
bunching elements, the third-generation multiobjective
genetic algorithm, NSGA-III [30,31], is employed in
conjunction with a single-particle model. The primary
design objective is to utilize the two SHBs to achieve a
high bunching ratio while minimizing energy spread. Key
optimization parameters include the acceleration voltages
and rf phases of the SHBs, as well as the drift distances
between them. Constraints are determined by the operating
frequencies of the SHBs and the input bunch length of
1.3 ns—which corresponds to the output distribution from
the High Energy Photon Source (HEPS) electron gun, and
is assumed to be a uniform distribution in our in-house 1D
simulation code [32].

For instance, by selecting appropriate structural and rf
parameters, a solution can be attained with a bunch length

120F

g T
a
100f ‘ @ 0.8
80t 0.6
< | 03=T43%

0.3

0.2F

0.1f

02 , , : , . : :
2800 -600 -400 200 0 200 400 600 800
o —0s(°)

FIG. 3. (a) Pareto front generated by NSGA-III. (b) Longi-
tudinal phase spaces at the exit of the dc gun, SHB1, and SHB2.

of 26.72° (in terms of phase width refers to the funda-
mental frequency of the TW accelerating structures, which
1s 2998.2 MHz as listed in Table III). and an energy spread
of 7.43%, as illustrated in Fig. 3(a). The corresponding
longitudinal phase spaces (LPSs) at various positions
along the beamline are shown in Fig. 3(b). The optimi-
zation process using the NSGA-III algorithm ensures that
all particles are bunched into the same rf period, resulting
in a 100% particle capture rate.

B. Preliminary design of TW-buncher

According to the above simulation results, the bunch
length reaches 26.72° after prebunching with SHB1 and
SHB2. At this stage, the beam energy is only a few
hundred keV, while the peak current exceeds 300 A,
leading to significant space charge effects. Conse-
quently, an additional TW-buncher is required to rapidly
increase the beam energy and further reduce the bunch
length. In designing the TW accelerating structure utilizing

TABLE III. The design parameters of the injector system.
Frequency Energy gain Length
(MHz) (MeV) (m)
SHB1 166.57 0.12 0.80
SHB2 499.70 0.25 0.30
TW-buncher 2998.20 11 1.20
ACC 2998.20 51 3
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an iris-loaded waveguide, it is essential to establish the
relationship between the electric field strength E and the rf
power P as a function of the longitudinal position z.
Considering the beam loading effect, the relevant theo-
retical equations can be expressed as follows [33]:

2aZ,P(z)

E(z) =
{ Y — —2ap(z) — 1E(:)’ (3)

where a and Z; represent the attenuation factor and shunt
impedance, respectively, and I denotes the average beam
current. The distribution of E(z) must be designed to meet
the quality requirements for the output beam, and corre-
sponding longitudinal motions of the electrons can be
solved by [33]:

d E -

= hang
do _ 2n (L 7 ) : @
dz 2 \b» \/}H

where y is the relative energy of the electron. ¢, 4, and 3,
represent the rf phase, rf wavelength, and phase velocity of
the TW-buncher cell, respectively.

The phase oscillations within the TW-buncher obtained
from the single-particle simulations are illustrated in
Fig. 4(a). Notably, variable phase velocities and accelerat-
ing gradients are employed to the first 9 cells, enabling
further compression of the bunch as it traverses the

0.2 r T T
0O Before TW-buncher ()
O After TW-buncher o
0.1 1
000000 Qg g
o 0 1
O 0Doopop
o
-0.1
o

02 4 " " " L
-120 -90 -60 -30 0 30 60 90 120

FIG. 4. (a) Phase oscillations along the longitudinal position in
the TW-buncher. (b) LPSs before and after the TW-Buncher.

TW-buncher. The remaining 27 cells are configured as
light-speed structures, divided into two groups based on
different acceleration gradients, enabling rapid energy
boost to mitigate space charge effects. For comparative
analysis, the LPSs before and after the TW-buncher are
presented in Fig. 4(b).

It is important to note that the swap-out injection of the
STCEF is characterized by high current and large charge,
resulting in significant space charge effects within the
bunching system. Particularly at the entrance of the
TW-buncher, the phase width of the 8.5 nC bunch occupied
is expected to compress to approximately 6°, referring to
2998.2 MHz. Thus, strong phase oscillations are inevi-
table, as illustrated in Fig. 4(b). Since the beam energy is
below 1 MeV at this stage, strong focusing magnetic fields
must be applied to mitigate transverse expansion induced
by the pronounced space charge effects.

IV. TRANSVERSE OPTIMIZATION AND BEAM
DYNAMICS SIMULATIONS

The single-particle simulations discussed earlier focus
only on the longitudinal bunching characteristics. There-
fore, it is crucial to conduct beam dynamics simulations
that comprehensively assess the evolution of both trans-
verse and longitudinal performances, while adequately
accounting for the effects of space charge in the actual
design.

A. Transverse optimization using solenoid coils

As previously noted, to maintain the transverse perfor-
mance of the beam, it is necessary to install focusing coils
surrounding the bunching system. The equation governing
the transverse motions of electrons in the rf section can be
expressed as follows:

e &

+ m0C2 Q(Z)R = W s

where f represents the electron relative velocity, R and R’
denote the beam radius and its first derivative, respectively,
Q signifies the radial focusing force coefficient, and ¢,
indicates the normalized radial emittance, defined as fy
times the geometric emittance. For a group of electrons
with identical longitudinal conditions, by assuming ¢, that
characterizes their collective transverse properties remains
constant, Eq. (5) can also be rewritten as follows:

d /
& (ByR') (5)

d’R 1 dydR eR &

& = T Praed om0 R

(6)

During the drift process, the first term on the right side
of the equation is zero owing to the invariance of y,
enabling a straightforward solution for the transverse
envelope of the beam. In contrast, within the rf section,
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FIG. 5. (a) Beam transverse motions in the TW-buncher.
(b) Axial magnetic field distribution in the bunching system.

both f and y vary with z, necessitating the incorporation of
the longitudinal motion equations to determine the beam
envelope. Taking the TW-buncher as an example, the beam
envelope can be derived by combining Egs. (4) and (6).
The solutions are illustrated in Fig. 5(a), where different
colors and line styles represent particles with varying
initial phases. The corresponding axial magnetic field dis-
tribution used in the calculations is displayed in Fig. 5(b).

Throughout the bunching system, the maximum
magnetic field reaches 0.3 T, located at the front of the
TW-buncher. The initial phases and energies assigned
to the electrons in the calculations are sourced from the
outputs of SHB2, as shown in Fig. 3(b). For clarity,
Fig. 5(a) presents only five particles that span the range
of phases, each with an initial transverse deviation of
1 mm. It can be observed that the transverse deviations of
the electrons entering the TW-buncher under different
initial conditions are constrained within 0.75 mm.

B. Beam dynamics simulations for bunching system

The single-particle simulations effectively simplify the
adjustment and optimization of the injector beamline,
thereby facilitating the rapid development of the prelimi-
nary layout design. Therein, the longitudinal bunching and
transverse focusing characteristics are analyzed independ-
ently. However, for designing a high-current, large-charge
bunching system, it is imperative to conduct comprehen-
sive beam dynamics simulations, considering space charge

effects and the interactions between transverse and longi-
tudinal behaviors. In this section, the physical design of the
STCF injector will be performed using the multiparticle
simulation software Parmela [34], which employs space
charge forces in cylindrical meshes. The initial beam
parameter distribution is from the HEPS thermionic
gun, which includes 300,000 particles with a full-width
at half-maximum (FWHM) pulse length of 1.3 ns and a
total charge of 8.5 nC. The longitudinal and transverse
phase spaces are shown in Figs. 10(a) and 10(d).

For the bunching system, beam dynamics simulations
are conducted based on the system setup from the
above preliminary design. The evolutions of longitudinal
and transverse performances are illustrated in Figs. 7(a)
and 7(b). Key parameters for the rf sections are summa-
rized in Table IIL

Significant variations of the beam performances occur
primarily in the preceding segment of the TW-buncher
and the sections before it, while the changes after it are
relatively gradual. This observation is consistent with the
analysis presented in Sec. III. Furthermore, after entering
SHB1, the energy spread increases significantly and
exhibits fluctuations, but once the bunching process is
completed at the front of the TW-buncher, the energy
spread begins to decrease steadily. Note that, to achieve
better compression in the TW-buncher, the beam is in the
decelerating phase within the first few cells, where phase
velocity matching is sacrificed to realize high capture
efficiency. Figure 6(c) illustrates such variations in energy
and LPSs within the TW-buncher. At several marked
positions in the figure, the energy first increases and then
decreases, which corresponds to the initial reduction
followed by an increase in bunch length shown in Fig. 6(a).

In the case of transverse performances, both horizontal
and vertical sizes remain relatively stable at around
1.5 mm due to the confinement provided by the focusing
coils; the normalized transverse emittance shows only a
slight increase, reaching just above 60 mm mrad. This
indicates that the transverse expansion caused by signifi-
cant space charge forces can be mitigated, reducing the
strong coupling between longitudinal and transverse per-
formances. Simulation results at the exit of the bunching
system are detailed in Table IV. Since the quality of the
bunch head containing the vast majority of particles plays a
decisive role in injection efficiency, an energy spectrum
truncation is implemented at +365 in subsequent calcu-
lations. This approach retains about 95% of electrons,
while the residual low-energy tail particles can be effi-
ciently removed using collimators in the downstream
transport line of the main linacs. So that, the design and
simulation results listed in the Tables IV and V, such
as the normalized (Nor.) emittance, energy spread, bunch
length, and transverse sizes represent the root mean
square (rms) values of the bunch head containing 95%
of electrons.
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C. Beam dynamics simulations for main accelerators

As discussed in the previous section, through the
optimization of the bunching system design, the bunch
length is compressed to approximately 6 ps (rms), at which
point the electron relative velocity f reaches 0.999.
Consequently, the bunch length remains nearly constant
in the subsequent acceleration sections. Since the primary
function of the light-speed linacs is to rapidly boost the
energy up to 3.5 GeV for the collider rings, the bunch is
typically positioned at the maximum acceleration phase in

TABLE IV. The beam parameters at the bunching system and
main linac outlet.

Beam dynamics results

Parameters Bunching system  Main linac
Charge, Q 8.5 nC 8.5 nC
Energy, E; 61.97 MeV 3.51 GeV
Normalized emittance, ¢,, 61.18 mmmrad 65.63 mm mrad
rms energy spread, o 0.9% 0.41%
rms bunch length, o, 6.13 ps 6.13 ps
rms {ransverse sizes, oy, 1.53 mm 0.78 mm

TABLE V. Main beam parameters of STCF injector.

Simulation results
(after error

Parameters Design targets corrections)
Charge, Q 8.5 nC 8.5 nC
Energy, E; 3.5 GeV 3.51 GeV
Normalized emittance, &,, <210 mm mrad 68.39 mm mrad
rms energy spread, os <0.5% 0.46%

rms bunch length, o, <10 ps 6.13 ps
rms transverse size, oy, <1 mm 0.78 mm

most linac sections, which may lead to an increase in
energy spread. To mitigate this deterioration, it is crucial to
adjust the rf phases of several linacs to minimize energy
spread, albeit at a slight cost to the energy gain of those
linacs. This loss can be compensated by increasing the
feed-in power of the terminal linacs.

Moreover, to meet the specifications for the STCF
swap-out injection, further constraints on beam transverse
emittance and dimensions are necessary. At high-energy
stages, the adjustment capabilities of the solenoid coils
regarding transverse performances are significantly
limited. Therefore, a Q-triplet is positioned between
each pair of linacs, which serves a dual purpose: con-
straining the transverse dimensions to below 1 mm and
facilitating the matching of both horizontal and vertical
beam sizes.

To validate the designed performance of the injector,
comprehensive beam dynamics simulations for the light-
speed linacs are conducted using Parmela. The calculated
evolutions of the main beam parameters are illustrated in
Fig. 8. As shown in Fig. 8(a), optimizing the rf phases
allows the bunch length to be maintained at approximately
6.13 ps throughout the entire light-speed linac sections,
with the energy spread remaining around 0.41% by the end
of the process. Furthermore, the transverse performance
variation curves presented in Fig. 8(b) indicate that both
horizontal and vertical dimensions do not exceed 0.8 mm
at the exit. Although a slight difference in normalized
emittance between the two directions is noted, both remain
below 66 mm mrad.

V. MISALIGNMENT-INDUCED WAKEFIELDS
IN THE MAIN LINACS

In general, when a high-current, short bunch passes
through varying structures such as a traveling-wave
accelerator, both long-range and short-range wakefields
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are excited within the structure. The short-range wakefield,
or self-field, acts back on the bunch itself, degrading its
internal uniformity. In practice, beamline components—
including accelerating structures and magnets—inevitably
experience small alignment errors during fabrication
and installation. If the beam centroid deviates from the
electric or magnetic field center, the resulting transverse
wakefields further displace the beam, thereby amplifying
downstream wakefield effects and causing significant
deterioration in both transverse and longitudinal beam
quality. Therefore, it is essential to analyze the combined
impact of wakefields and alignment errors and to implement
the BBA [35] in order to mitigate beam performance
degradation.
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FIG. 8. Longitudinal and transverse parameters at the injector
outlet: (a) beam length and energy spread, (b) beam size and
normalized emittance.

Since the bunch parameters fluctuate most significantly
in the bunching system, where the effect of wakefields is
relatively small, this study primarily focuses on the main
accelerating section downstream. In typical beamlines,
mechanical alignment techniques—such as optical-
telescope methods or laser trackers—are employed to
constrain component center errors to within 0.1 mm and
tilt errors to within 1 mrad [36]. Furthermore, by equipping
each triplet in the layout, as shown in Fig. 2, with a beam
position monitor and a set of steering magnets, a BBA
scheme can be implemented.

To simulate the effects of alignment errors and wake-
fields, random center offsets with an rms value of 0.1 mm
and tilt errors with an rms value of 1 mrad are assigned to
each beamline element. Additionally, a random jitter of up
to £0.1% is applied to both the accelerating and magnetic
fields’ amplitude, and an rms 0.2° phase jitter is applied to
the bunching system and ACCs. The wakefield distribu-
tions in the linacs are computed using ECHO [37]. Since
the STCF electron injector operates at 30 Hz and only
injects one bunch at a time, the interval between successive
bunches far exceeds the wakefield decay time, and thus,
only the short-range self-field is considered. ELEGANT [38]
simulations are then used to calculate the beam orbits
under the combined influence of wakefields and alignment
errors, as shown in Fig. 9(a). The beam orbit deviation
grows steadily during transport, reaching nearly 10 mm at
the injector exit, leading to a doubling or greater of the
transverse emittance, as indicated by the red and black
curves in Fig. 10(b). Meanwhile the bunch length and
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FIG. 9. Beam orbits affected by wakefield effects and align-

ment errors (a), and those after corrections via the BBA
algorithm (b).

energy spread slightly increase to 6.136 ps and 0.49%,
respectively, as shown by the blue and red dash-dotted
lines in Fig. 10(a).

The application of the BBA algorithm in ELEGANT can
reduce the orbit offsets to within 0.1 mm (rms), as seen in
Fig. 9(b). The transverse and longitudinal phase spaces of
the injector output beam are shown in Figs. 6(c) and 6(f),
while the phase spaces without wakefields and alignment
errors are also provided in Figs. 6(b) and 6(e) for
comparisons. Additionally, it is obvious from Fig. 10 that
although the corrected longitudinal and transverse phase
spaces exhibit significant deviations compared to the error-
free case, both the transverse and longitudinal beam
parameters are similarly well-controlled via BBA algo-
rithm with error considered.

To fulfill the swap-out injection requirements at the
STCF collider rings, comprehensive theoretical analysis
and beam dynamics simulations are performed to deliver
the physical design for the electron injector. Space-charge
forces, wakefield interactions, and misalignment-induced
perturbations are fully considered.

The NSGA-III algorithm integrated with single-particle
models efficiently optimizes the bunching system, whose
multiple rf components possess interdependent parame-
ters. In the main accelerating section, the BBA algorithm
corrects orbit deviations induced by wakefield effects and
alignment errors. Start-to-end simulations incorporating
realistic error budgets demonstrate that the proposed
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FIG. 10. Beam parameters variations after BBA correcting the
wakefield effects and alignment errors: (a) beam length and
energy spread, (b) transverse normalized emittance.

design meets the STCF swap-out injection requirements,
with final beam parameters summarized in Table V.

In summary, this work demonstrates that a systematic,
comprehensive optimization methodology—integrating
NSGA-III multiobjective algorithms, full considera-
tion of space-charge and wakefield effects—enables a
thermionic-gun injector without a beam scraper to deliver
high-charge bunches with excellent beam quality. The
design overcomes traditional thermionic-cathode limita-
tions while leveraging their proven stability, robustness,
and cost-effectiveness. The methodology provides trans-
ferable insights for similar high-charge linac injectors.
Note that, although the transmission efficiency of 100% is
a result obtained from beam dynamics simulations, high-
precision detailed simulations can also, to a large extent,
directly reflect the performance indicators that the system
design can achieve.

The present study is limited to the beam physics design
stage, vacuum chamber engineering, diagnostic integra-
tion, rf structure tolerances, and comprehensive beam
halo analysis are deferred to the subsequent engineering
design phase. However, the proposed design and optimi-
zation methodology for high-charge injectors not only
addresses STCF-specific requirements but also pro-
vides transferable insights for similar linear accelerator
configurations in advanced light sources or collider
applications.
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