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Abstract

Electron—positron colliders operating in the GeV center-of-mass range, or tau-charm energy region, have been proved to
enable competitive frontier research due to several unique features. With the progress of high-energy physics in the last two
decades, a new-generation Tau-Charm factory, called the Super Tau-Charm Facility (STCF), has been actively promoted by
the particle physics community in China. STCF has the potential to address fundamental questions such as the essence of
color confinement and the matter—antimatter asymmetry within the next decades. The main design goals of the STCF are a
center-of-mass energy ranging from 2 to 7 GeV and a luminosity surpassing 5 x 10** cm™* s~! that is optimized at a center-
of-mass energy of 4 GeV, which is approximately 50 times that of the currently operating Tau-Charm factory—BEPCII. The
STCF accelerator has two main parts: a double-ring collider with a crab-waist collision scheme and an injector that provides
top-up injections for both electron and positron beams. As a typical third-generation electron—positron circular collider, the
STCF accelerator faces many challenges in both accelerator physics and technology. In this paper, the conceptual design of
the STCF accelerator complex is presented, including the ongoing efforts and plans for technological research and develop-
ment, as well as the required infrastructure. The STCF project aims to secure support from the Chinese central government
for its construction during the 15th Five-Year Plan (2026-2030).

Keywords Third-generation electron-positron collider - Super high-luminosity - Tau-charm physics - Crab-waist collision

scheme - Touschek lifetime

1 General overview
1.1 Scientific objectives

The high-brightness frontier is one of the three major
frontiers in contemporary international particle physics
research and holds an indispensable position. Current high-
brightness, cutting-edge experimental facilities collectively
address key scientific problems and are both competitive
and complementary. Operational and on-construction facili-
ties include LHC/LHCb at CERN, SuperKEKB/Belle II at
KEK, BEPCII/BESIII at IHEP, FAIR/PANDA at GSI, and
CEBAF/GlueX at JLab.

This work is jointly supported by the National Key Research and
Development Program of China (No. 2022YFA1602200), the
National Natural Science Foundation of China (Nos. 12341501 and
12405174), and the Hefei Comprehensive National Science Center
for the strong support on the STCF key technology research project.

LHCb and Belle II primarily focus on B physics, producing
large samples of hadrons containing bottom quarks, while also
yielding significant numbers of charm hadrons and tau leptons.
PANDA and GlueX—based on proton—antiproton annihilation
using an antiproton beam on a fixed target and high-energy
photoproduction using polarized photons on a proton target,
respectively—also encompass the tau-charm energy region.
The BESIII experiment has concentrated on charm hadron
and tau lepton physics; however, the current BEPCII accel-
erator cannot be upgraded to meet the demands of particle
physics research in the next 20-30 years. Over the past decade,
Chinese scientists have actively developed a new-generation
tau-charm facility—known as the Super Tau-Charm Facility
(STCF)—and are striving to launch it as a major national sci-
ence infrastructure project during the period of the 15th Five-
Year Plan. The goal of this facility is to sustain China’s global
leadership in tau-charm physics established over the past three
decades. In addition to China, Russia is also pursuing a similar
initiative, known as the SCTF project.
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The STCF aims to collect a substantial and unique dataset
in the tau-charm energy region, with an expected integrated
luminosity of approximately 1 ab™! per year. The primary
physics goals include:

1.1.1 Studies of CP violation and new sources of CPV

Charge—Parity (CP) violation is a key component in explain-
ing the matter—antimatter asymmetry in the universe. STCF
will produce billions of quantum-entangled pairs of neutral
D mesons, tau leptons, and hyperons, offering a unique envi-
ronment for precision CPV studies. In particular, hyperon
CP violation searches at STCF are expected to reach world-
leading sensitivity (better than 10™*), which is sufficient for
testing Standard Model (SM) predictions.

1.1.2 Hadron spectroscopy and exotic states

Just as spectroscopy is central to atomic and molecular phys-
ics, hadron spectroscopy plays a crucial role in understanding
quantum chromodynamics (QCD) confinement. STCF will
yield trillions of (charmonium-like) quark—antiquark states,
enabling precise studies of the light hadron spectrum, char-
monium-like structures, and the systematics of exotic hadrons.

1.1.3 Nucleon structure and formation

Probing the internal structure of nucleons is essential for
uncovering the properties of matter and QCD confinement.
STCF will perform threshold scans of baryonic final states
to measure nucleon electromagnetic form factors, baryon
decay constants, and strong phases, with at least an order-of-
magnitude improvement over existing measurements.

1.1.4 Precision measurements of fundamental parameters
and searches for new physics

STCF will significantly improve the precision of fundamen-
tal quantities such as the tau lepton mass, strong phases in
neutral D meson decays, and the magnetic dipole moments
of baryons and leptons. The sensitivity to potential new
physics will be enhanced by up to two orders of magnitude
compared to current limits.

1.2 Accelerator design objectives
The STCF accelerator complex is designed to fulfill the
above physics goals through high-luminosity operation in

the center-of-mass energy range of 2.0-7.0 GeV. The base-
line accelerator design targets include:

@ Springer

¢ Beam energy range for both electrons and positrons:
Tunable from 1.0 to 3.5 GeV per beam (2.0 to 7.0 GeV
in c.m. energy)

e Luminosity: >5x 10* cm at 2.0 GeV beam energy

e Operational mode: Top-up (constant current) injection
mode

¢ Future upgrade potential: Design provisions for future
luminosity enhancement and other possibilities such as
polarized beam and monochrmonization

-2 S—l

1.3 Accelerator conceptual scheme

The core design objective of a new-generation electron—posi-
tron collider is to largely increase luminosity. Compared to the
currently operating BEPCII, STCF should enhance luminosity
by approximately two orders of magnitude, which requires
both new design concepts and advanced technologies. Since
around 2010, the international community has converged on a
set of key features for the so-called third-generation e*e™ col-
liders: a large crossing angle, a crab-waist collision scheme,
an extremely small vertical beta function (ﬂj), low beam emit-
tance, and high beam currents. As a third-generation low-
energy collider, STCF also adopts this design philosophy
while addressing unique challenges specific to the tau-charm
energy region.

To meet the physics requirements of a center-of-mass
energy ranging from 2 to 7 GeV and luminosity greater
than 5% 10°* cm™2 s~! at the optimized energy of 4 GeV
STCF will adopt the most advanced designs and tech-
niques for third-generation e*e™ colliders. These include a
double-ring configuration with separate storage rings for
electrons and positrons with sufficient circumferences of
above 800 m, a large Piwinski angle (total crossing angle
of 60 mrad) and a crab-waist collision scheme, high stored
beam currents (2 A), low emittance (horizontal emit-
tance of approximately 5 nm-rad, with transverse coupling
below 1%), and extremely small g-functions at the interac-
tion point (IP) ()< 1 mm) that produce vertical beam spot
sizes of approxirhately 100 nm.

In the crab-waist scheme, sextupole magnets near the IP
rotate the beam-waist orientation, which, combined with
strong focusing optics, significantly reduces the dynamic
and momentum acceptances of the ring. This not only com-
plicates beam injection but also leads to an extremely short
beam lifetime (<300 s), primarily limited by Touschek scat-
tering. This beam lifetime is far shorter than in other elec-
tron storage rings (colliders and synchrotron radiation light
sources) and imposes significant challenges on both collider
ring physics design and technical design.

In addition, STCF is designed to operate in a top-up
mode, requiring frequent beam injection to maintain a
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quasi-constant current. The very short beam lifetime in the
collider rings poses great beam injection and injector design
challenges. Currently, two injection schemes for the collider
rings are under parallel development: a conventional off-
axis injection scheme and a state-of-the-art bunch swap-out
injection scheme. They require very different bunch charges
for beam injection: approximately 1 and 8 nC for the off-axis
and swap-out injection schemes. Accordingly, the injector
should be designed to follow the injection schemes.

STCEF adopts an injector scheme with a full-energy linac,
namely the linacs will accelerate both the electron and posi-
tron beams to the injection energy of the collider rings, from
1.0 to 3.5 GeV, according to the collider operation energy.
This scheme is adopted to realize frequent beam injections in
the collider rings. While an electron beam that is pre-accel-
erated in the linac can be injected into the collider electron
ring, the positron beam is first produced by a high-energy
and high-current electron beam. As a secondary particle, the
positron exhibits low collection efficiency and poor beam
quality. The most challenging aspects of the injector design
are associated with the positron beam. Different injector
designs have been proposed for the off-axis and swap-out
injection schemes in the collider rings:

e Off-Axis Injection Scheme: In this scheme, each injec-
tion introduces a single electron/positron bunch with a
charge of <1.5 nC using traditional methods. The elec-
tron beam is generated by a photocathode (PC) radio fre-
quency (RF) electron gun that provides good beam qual-
ity and is directly accelerated to the injection energy. The
positron beam is generated using a high-charge, high-
energy electron beam on a positron production target.
Here, the electron beam is from a thermionic-cathode
(TC) RF electron gun and accelerated to 1.5 GeV. These
positrons are collected, accelerated to 1.0 GeV, damped
in a damping ring (DR), and reaccelerated to the required
injection energy (see Fig. 1, top).

¢ Bunch Swap-out Injection Scheme: In this scheme, at
each injection, a high-charge (8.5 nC) bunch is required
for both electrons and positrons. The electron beam for
direct injection into the collider electron ring is still gen-
erated by a PC gun, but with a higher bunch charge of
8.5 nC. The electron beam that produces positrons is also
generated from a thermionic gun, but with an even higher
bunch charge of 11.6 nC and accelerated to 2.5 GeV
with a high repetition rate of 90 Hz. Subsequently, the
positrons are collected, captured, accelerated to 1 GeV,
and accumulated in an accumulation ring with strong
damping to achieve low emittance before acceleration in
the main linac (ML) and final injection into the collider
positron ring (see Fig. 1, middle).
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Fig.1 (Color online) STCF accelerator general layouts. Top a: Col-
lider rings with the off-axis injection scheme. Middle b: Collider
rings with the bunch swap-out injection scheme. Bottom ¢: Compat-
ible injector scheme for both the off-axis and bunch swap-out injec-
tions

Regardless of whether the off-axis injection or swap-out
injection is used, the ML should accelerate both the elec-
tron and positron beams alternately at a maximum of 30
Hz each. It will be capable of adjusting the energy of both
electron and positron beams across the 1.0-3.5 GeV range
according to the operating energy of the collider rings.

Based on feasibility studies, a compatible injector scheme
(see Fig. 1, bottom) has been proposed. With this scheme,
the linac tunnel hosts two linacs in two opposite directions.
The off-axis injection mode is chosen as the baseline scheme
since it is a mature and cheaper solution. The electron beam
energy that drives the positron target is reduced to 1 GeV,
which produces positron bunches with a charge of 1 nC. The
bunch charges for both electrons and positrons for the injec-
tion into the collider rings are 1 nC. However, if the future
study and operation find that the bunch swap-out injection
mode is required to address challenges related to the strong
coupling between the injected beam and beam—beam effect,
the injector can be straightforwardly upgraded to the full
bunch swap-out injection mode by increasing the drive elec-
tron beam energy to 2.5 GeV and the repetition rate to 90
Hz. The positron bunch charge is accumulated to 8.5 nC by
adding an accumulation ring to the DR to form a dual-ring
damping system in the same tunnel.

@ Springer
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1.4 Key physics design challenges and technologies

As a new-generation electron—positron collider, the STCF
accelerator complex not only adopts advanced design con-
cepts but also requires the development of new accelera-
tor physics methodologies and enabling novel accelerator
technologies. Based on preliminary studies and international
collaborations, several critical areas that require state-of-
the-art design techniques and technological innovations, or
significantly evolved existing methods, to meet the stringent
specifications of the construction and operation of the STCF
have been identified.

1.4.1 Collider ring physics design

The most challenging aspect of the collider ring design lies
in the interaction region (IR). On the one hand, ultra-strong
focusing is required to achieve extremely small vertical
beta functions (ﬂ;‘ < 1 mm) at the IP. On the other hand, this
strong focusing induces large local chromaticities, which,
along with sextupoles for chromatic correction, fringe fields
from superconducting magnets, and crab sextupoles, signifi-
cantly degrade the dynamic aperture and momentum aper-
ture of both the electron and positron rings. These effects
become particularly critical in the low emittance regime and
for high beam current, where Touschek scattering severely
limits beam lifetime.

This design complexity is shared across multiple third-
generation e*e” collider projects worldwide, each facing
varying degrees of difficulty. The SuperKEKB, the only
third-generation collider currently in operation, has also
struggled to reach its design beam parameters. There is a
growing international consensus that new-generation col-
liders must comprehensively and simultaneously address
a wide set of interdependent physics mechanisms, such as
strong nonlinearities, Touschek effects, collective instabili-
ties, beam—beam interactions, injection dynamics, machine
errors, beam collimation, and radiation damping, through
an integrated design approach. Traditionally, these physical
mechanisms are studied independently. Existing simulation
tools must therefore be upgraded to accommodate such com-
plex, multi-physics studies.

1.4.2 Injector physics design

To accommodate the wide operational energy range (1-3.5
GeV) and short beam lifetime of the collider rings—particu-
larly under the bunch swap-out injection scheme—the injec-
tor system must deliver electron and positron beams with
the following characteristics: variable energy (1-3.5 GeV),
high repetition rate (~ 30 Hz), low emittance (< 30 nm-rad),
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and high bunch charge (8.5 nC). Meeting these requirements
poses significant challenges in the injector design. These
challenges include how to optimize the linac design to mini-
mize emittance growth and energy spread when accelerating
high-charge electron bunches from a thermionic gun, how
to design a positron production and accumulation chain—
including target, capture optics, damping, and acceleration—
to yield high-quality positron bunches with sufficient charge
and low emittance, and how to suppress emittance degrada-
tion in beam transport lines to realize high-intensity electron
and positron bunches during injection.

1.4.3 Key technologies

While most of the technical systems of the STCF accelerator
will adopt mature and proven accelerator technologies wher-
ever possible to ensure feasible and timely construction, sev-
eral key technologies—though having a certain development
base or being under development—remain immature and
must be developed or advanced in significant undertakings
to meet the facility’s performance goals and ensure techno-
logical advancement. The project team is actively organizing
vigorous research and development (R&D) efforts in these
areas, aiming for critical breakthroughs in the coming years
to ensure the implementation of the engineering construc-
tion. In parallel, backup solutions to those key technologies
are being prepared to guarantee the timely advancement of
the construction project and compliance with final perfor-
mance specifications, even if the R&D of the key technolo-
gies experiences delays or setbacks.

The key enabling technologies required for the STCF
accelerator include:

Twin-Aperture Superconducting Magnets for the
IR: These include the final focus quadrupoles as well as
integrated corrector coils, higher-order field coils, anti-
solenoids, and compensation solenoids.

Collider Ring RF Systems: Room-temperature cavi-
ties designed to support high circulating currents (~ 2
A), with deep higher-order mode (HOM) suppression,
high-power RF couplers, and stable low-level RF (LLRF)
controls.

Beam Diagnostics and Feedback Systems: Fast-
response, low-noise feedback systems and high-precision
3D bunch profiling instrumentation.

Other Advanced Accelerator Technologies: Ultra-fast
kicker magnets with pulse bottom widths smaller than
6 ns; ultra-high vacuum systems with low impedance,
capable of operating under very intense synchrotron
radiation; high bunch-charge (> 8 nC) PC electron guns;
high-power positron production targets; klystrons and
accelerating structures operating at up to a 90 Hz repeti-
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tion rate; and complex mechanical systems for the MDI
(Machine—Detector Interface) region, etc.

2 Collider ring accelerator physics
2.1 Collision scheme and global parameters

The core objective of designing an electron—positron col-
lider is to maximize luminosity. The luminosity, L, can be
expressed as follows [1]:

_ ynyly,

- 2er By & M

where y is the relativistic Lorentz factor, r, is the classical
electron radius, I, is the bunch current, n, is the number of
bunches per ring, ¢, is the vertical beam—beam tune shift
parameter, H is the hourglass reduction factor.

According to the scientific objectives of the STCF [2],
which demand a center-of-mass energy range of 2-7 GeV
and a design luminosity not lower than 0.5 x 10* cm=2 57! at
the optimized energy point of 4 GeV, the STCF accelerator
will adopt the most advanced third-generation design phi-
losophy for circular e*e™ colliders. Specifically, it will fol-
low the double-ring scheme of second-generation colliders
and incorporate a large crossing angle with the crab-waist
collision scheme [3].

This collision scheme is characterized by a flat beam
profile at the IP, with extreme vertical compression (on the
order of hundreds of nanometers) and significant horizontal
compression (on the order of tens of microns). Due to the
large crossing angle, the overlap region of the two bunches
at the IP is very small, which permits the use of relatively
long bunch lengths without experiencing severe luminosity
degradation from the hourglass effect.

To mitigate the transverse and transverse—longitudinal
coupling instabilities induced by the large crossing angle,
crab sextuples are placed at specific phase advance locations
on either side of the IP. These magnets couple the horizontal
and vertical motions of the bunches such that the vertical
focus of particles becomes correlated with their horizontal
position, and all vertical foci fall along the optical axis of the
opposing bunch—this is the so-called crab-waist collision
scheme. Figure 2 illustrates the principle of the crab-waist
collision scheme [3].

In addition, further measures to improve the luminosity
of the STCF include achieving an ultra-small ﬁ;‘, moder-
ately increasing the vertical beam-beam parameter &, and
increasing the beam current. However, meeting these objec-
tives is subject to certain limitations. For example, reducing

Sext P Sext

Ap, =mm Ap, =mm

Ay =Z(2n+1)

Fig.2 (Color online) Illustration of the principle of the crab-waist
scheme [3]

ﬂy* to the sub-millimeter level is constrained by the technol-
ogy of the final focus superconducting magnets at the IP,
and it also results in larger local chromaticity and nonlinear
effects. Increasing the beam—beam parameter £, may lead
to uncontrollable beam dynamics, and it is geflerally not
advisable to exceed 0.1. Raising the beam current can result
in an excessively short Touschek lifetime and excessive syn-
chrotron radiation power. Further, a total circulating current
of 3 A may be a practical limit.

The crab-waist collision scheme requires strong cou-
pling between the X/Y directions of the bunches near the
IP via crab sextupoles. Combined with strong focusing at
the IP, this significantly reduces the dynamic and momen-
tum apertures of the collider rings. In addition to instigating
serious beam injection challenges, it can cause a very short
Touschek lifetime under high bunch currents and low emit-
tances—for example, less than 300 s, which is significantly
shorter than that of other circular electron accelerators. Such
a short Touschek lifetime increases the difficulty of design-
ing and constructing the injector, as it would require signifi-
cantly higher injection repetition rates, and causes severe
beam loss during injection, which in turn negatively impacts
the experimental background. Balancing high-luminosity
collisions with beam dynamics, lifetime, and stability is one
of the major challenges of the physical design of the collider
rings [4]. The physical design of the STCF collider rings
must balance design goals and these critical parameters.

Based on the analysis of the collision scheme proposed
for the STCF, the selection of key parameters for the collider
rings must be guided by detailed physics studies and itera-
tive coordination with major hardware system designs while
referencing results from other third-generation e*e™ collid-
ers and synchrotron light sources. Factors that must be con-
sidered for several key parameter choices are summarized
below:

@ Springer
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e Beam energy range: 1.0-3.5 GeV, with an optimized
energy point at 2 GeV, as determined by the overarching
scientific goals of the project.

e Luminosity: >0.5x10°> cm™s™! @ 2 GeV beam energy,
also defined by the project’s scientific objectives. At the
lower and upper ends of the energy range, lower luminosity
is permitted but must not decrease by more than one order
of magnitude.

e Ring circumference: 800—1000 m based on interna-
tional experience and with future expansion allowances.
A longer circumference provides space for an ideal IR
design and accommodates components that occupy long
straight sections—such as damping wigglers (DWs), col-
limators, injection/extraction elements, and RF cavities. It
also reserves space for future upgrades involving polarized
beams (e.g., spin rotators or Siberian snakes (SSs)). How-
ever, excessively increasing the circumference should be
avoided to contain construction costs.

e Circulating current: ~2 A @ 2 GeV based on interna-
tional experience and preliminary STCF studies. High cur-
rent is essential for achieving high luminosity; however,
further increases will severely shorten the Touschek life-
time. At lower energies, Touschek effects are more pro-
nounced, and moderate reductions in beam current and
luminosity are acceptable. At higher energies, synchrotron
radiation power may impose additional constraints on the
beam current.

° ﬁ;: 0.6-1.0 mm based on international experience. Smaller
values are better for luminosity; however, excessively small
values can lead to significant local chromaticity, higher-
order dynamic effects, and reduced momentum aperture,
all of which severely reduce Touschek lifetime. A working
value of 0.8 mm is currently adopted but subject to further
optimization.

¢ Transverse emittance: Horizontal emittance is approxi-
mately 5 nm-rad at 2 GeV, which is comparable to third-
generation synchrotron light sources. The transverse cou-
pling is limited to 1%, corresponding to a vertical emittance
of approximately 50 pm-rad, sufficient to achieve a vertical
beam size of approximately 100 nm at the IP. Emittance is
allowed to vary within a reasonable range at other energies
(lower at low energies, higher at high energies). At 1 GeV
and 1.5 GeV, the coupling ratio remains at 1%; at 3.5 GeV,
it is set to 0.5%. At low energy, vertical dispersion can be
increased to boost vertical emittance and thereby improve
Touschek lifetime.

As the optimization of the collider ring physics design pro-
gresses, the overall parameter table for the collider rings will
also be periodically updated. Table 1 shows the latest version
of the current global design parameters.

@ Springer

2.2 Lattice design
2.2.1 Baseline scheme (twofold symmetry)

The STCEF collider rings adopt a double-ring layout, consist-
ing of an electron ring and a positron ring. Both rings lie
in the same horizontal plane and intersect at the IP in the
collision region and the crossing point in the region oppo-
site the IP. The layout is symmetric along the line connect-
ing these two points. Each collider ring features a twofold
symmetric structure. Owing to the crossing geometry of
the double-ring configuration, the drift sections in the arc
regions on opposite sides of the same ring differ slightly in
length, forming inner and outer rings with an approximate
spacing of 2 m. Space is reserved on both sides of the IR
for the future installation of spin rotators to enable beam
polarization upgrades.

Each ring consists of one collision region, four large arc
sections (each bending by 60°), two small arc sections (each
bending by 30°), one crossing region, and several straight
sections. The straight sections serve different functions,
including beam injection and extraction, housing DWs,
beam collimation, accommodating RF cavities, and match-
ing the working point. The total circumference of the ring
is 860.321 m.

The main features of this lattice design include:

e A symmetric lattice layout that preserves the option of
upgrading to a second IP;

e Flexibility in the type and length of DWs—currently
adopting a well-established room-temperature DW
scheme, with adjustments in the DW section not affect-
ing the rest of the layout;

e A relatively small injection deflection angle where both
electron and positron beams require a 60° bend to enter
the collider rings;

e Reserved space for future upgrades, such as spin rotators
required in potential beam polarization;

¢ A medium-scale arc section with a maximum arc bend-
ing of 60°, which improves local chromaticity correction
and allows for the better optimization of the dynamic and
momentum apertures.

Figure 3 shows the layout of the collider rings, and Fig. 4
presents the optical functions. This section introduces the
optical design of the arcs, straight sections, and crossing
region in the twofold symmetric lattice; the design of the IR
optics is presented in Sect. 2.2.3.

2.2.1.1 Arc optics design The large and small arc sections
adopt the same standard FODO cell design. Each FODO
cell is 4.7 m in length, providing a bending angle of 6°, a
phase advance of 90°, and a momentum compaction factor
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Table 1 Preliminary STCF

it i Parameter Value
collider ring global parameters

Beam energy, E (GeV) 2 1 1.5 35

Circumference, C (m) 860.321

Crossing angle, 26 (mrad) 60

L" (m) 0.9

Relativistic factor, y 3913.9 1956.9 29354 6849.3

Revolution period, 7}, (ps) 2.87

Revolution frequency, f;, (kHz) 348.47

Ratio, €, /¢, 1% 15% 10% 0.5%

Horizontal emittance (SR/DW, IBS), €, 8.79/4.63 2.20/5.42 4.94/3.82 26.9/26.91
(nm)

Vertical emittance (SR/DW, IBS), ¢, (pm) ~ 87.9/46.3 330/813 494/382 134.5/134.55

p functions at IP, #,/f, (mm) 60/0.8

Beam size at IP, 6,/0, (4m) 16.67/0.19  18.03/0.81 15.14/0.55 40.18/0.33

Betatron tunes, v/, 30.54/34.58 30.555/34.57  30.555/34.57  30.555/34.57

Momentum compaction factor, a, (X 10%  13.49 12.63 13.24 13.73

Energy spread (SR/DW, IBS), 6, (x 10 5.72/7.82 2.86/6.18 4.29/6.93 10.01/10.02

Beam current, 7/ (A) 2 1.1 1.7 2

Bunch filling factor 48%

Number of bunches, ny, 688

Bunch spacing, 7, (ns) 4

Single bunch current, f, (mA) 2.91 1.6 2.47 2.91

Particles per bunch, Ny (X 109 5.20 2.86 4.42 5.20

Total particles per beam (x 10'%) 3.58 1.97 3.05 3.58

Charge per bunch (nC) 8.34 4.59 7.09 8.34

Energy loss per turn (SR/Total), U 159/543 10/106 50/267 1494/1494
(keV)

Synchrotron radiation power loss per beam 0.32/1.09  0.01/0.12 0.085/0.453 2.988/2.988
(SR/Total), Pgg (MW)

Damping times, 7,/7,/7, (ms) 21/21/11 54/54/127 32/32/16 14/14/6.7

RF Frequency, frr (MHz) 499.7

Harmonic number, h 1434

RF voltage, Vgr (MV) 2.5 0.75 1.2 6

Longitudinal phase, @, (deg) 167 172 167 166

Synchrotron tune, v, 0.0194 0.0146 0.0154 0.0228

Natural bunch length, ¢, (mm) 7.21 6.62 7.89 8.26

Bunch length (0.1 Q, IBS), o, ;,; (mm) 8.7 9.46 10.01 8.79

RF energy acceptance, (AE/E),,. (%) 1.68 1.44 1.35 1.88

Piwinski angle, @y, (rad) 15.66 15.74 19.84 6.56

Beam-beam parameters, &/, 0.005/0.095 0.005/0.023  0.004/0.033 0.003/0.032

Hourglass factor, F), 0.915 0.905 0.927 0.750

Luminosity, L (cm™2s™!) 9.42x10*  6.19%x10®  2.09x10%* 4.48x10%

Touschek lifetime (SAD/Elegant) (s) 252/304 195/264 215/294 5400/3479

of 4.9 107, Each cell includes four 0.8 m drift sections for
hosting sextupole magnets and beam collimators. Figure 5
shows the optical functions of a FODO cell. The ends of
each arc section contain dispersion suppressor sections and
optics matching sections. The large arc section consists of
9 FODO cells plus the dispersion suppression and match-

ing sections, totaling 57.184 m in length and providing a
total bending angle of 60°; the small arc section contains
4 FODO cells plus the dispersion suppression and match-
ing sections, with a total length of 33.684 m and a bending
angle of 30°.
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Chromaticity correction and nonlinear optimization in the
arc sections are achieved using sextupole magnets. These 0 I | | |
sextupoles are placed in pairs with a phase advance of 180°, 0.3 1 S
satisfying the — I transformation condition, which effectively = 02
cancels first-order geometric resonance terms. The large arc % '
section contains 8 groups of sextupoles (4 defocusing sextu- S o014
pole (SD) pairs +4 focusing sextupole (SF) pairs), and the 00

small arc section contains 4 groups (2 SD pairs +2 SF pairs).
The field strength of each group of sextupole magnets can be
adjusted independently. Figure 6 shows the optical functions
of the large and small arc sections.
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Fig.6 (Color online) Optical functions of the large arc section (top)
and small arc section (bottom)
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2.2.1.2 Crossing region optics The crossing region employs
two groups of dipole magnets to achieve the crossing and
separation of the two beamlines. To achieve achromaticity,
a triplet structure with a phase advance of = is used between
the dipole magnets in each set. Additionally, two doublet
structures are placed in the middle of the crossing region. To
reduce the collision probabilities at the crossing point, the f3
functions in this section are designed to be relatively large,
resulting in correspondingly larger beam sizes. The total
length of the crossing region is 35 m, and the separation
distance between the two rings ranges is approximately 2 m.
Figure 7 shows the optical functions of the crossing region.

2.2.1.3 General straight section optics In addition to gen-
erally designed straight sections that are only for connect-
ing the arc sections, most of the straight sections in the
collider rings are dedicated segments, such as the injection
and extraction section, the DW sections, the RF section, and
the beam collimation section, depending on their specific
functions. Here, it describes only the design of the general
straight section.

The general straight section adopts a standard FODO
structure. Each FODO cell is 5 m long with a phase advance
of 30° and contains two drift spaces that are 2.2 m long.
Figure 8 shows the optical functions of the general straight
section consisting of eight FODO cells.

2.2.1.4 Damping wiggler section optics Each of the STCF
collider rings includes two DW sections, which are used to
reduce the damping time and adjust the beam emittance at
different beam energies. Each DW section contains eight
DWs that are 4.8 m long. To ensure the relatively gentle
variation of the B-function within the wigglers, the lattice
design incorporates a specially optimized structure for the
wiggler sections.

204 T\'Aﬂy

10 A

—
0.002

—0.002

—0.004 1 L

Fig.9 (Color online) Lattice functions of two triplet units and long drifts in the damping wiggler section
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Table 2 Key parameters of the damping wiggler section (per ring)

Parameter Value

Total wiggler section length (m) 2x70

Triplet unit length (m) 7.5

Wiggler unit length (m) 4.8

Number of wigglers per ring 16

Average B-functions at wiggler, §,/f, (m) 5.08/3.78
e "ﬁggs \a\‘ﬁe

C :885519m

No. of bucket: 1476
et : positron ring

e~ :electron ring
DW: damping wiggler
SS : Siberian snake

%,%" <
”"mumuﬂ””’

DW XCROSS DW
At

DW SS d¢mmmmIpjection Injection Dw

Fig. 10 (Color online) Layout of the STCF collider ring lattice for
Scheme II

A triplet configuration is chosen as the primary lattice
structure for this section because of its flexibility. This con-
figuration allows for long drift spaces to accommodate the
wigglers while ensuring slow variation of the pB-function at
the wiggler locations. Since commonly used lattice design
codes such as MADX and SAD do not include built-in DW
models, the typical approach is to model the wigglers using
a series of bending magnets and drift spaces that achieve
equivalent radiation damping effects. Figure 9 shows the lat-
tice functions of two focusing cells and the long drift section
within the DW region.

Because DWs influence the optical functions of the lat-
tice, it is necessary to place several quadrupole magnets at
both ends of each DW section. These are used to compensate
for the optical distortions introduced by the wigglers and
to match the Twiss parameters at the transition to adjacent
straight sections. Table 2 lists the key parameters of the lat-
tice design for the DW section.

2.2.2 Scheme I (singlefold symmetry)

In conjunction with developing the above scheme, we have
also studied an alternative scheme called Scheme II. This
scheme has a reserved space for the installation of SSs and
a multifunctional long straight section.

The electron ring of this scheme has four arc sections,
three SSs, four DWs, one IR, and one multifunctional
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Fig. 11 (Color online) Full-ring lattice and linear optics of Scheme II

Table 3 Key parameters of the STCF collider ring for the Scheme II

lattice

Parameter Value
Optimal beam energy, E (GeV) 2
Circumference, C (m) 885.519
Crossing angle, 20 (mrad) 60
Revolution period, T (ps) 2.953
Horizontal/Vertical emittance, & x/ey (nm) 6.368/0.0318
Coupling factor, K 0.5%
p-functions at IP, §,/f, (mm) 40/0.6

Beam sizes at IP, 0, /o, (pm) 15.96/0.138
Betatron tunes, vx/vy 33.554/33.571
Momentum compaction factor, a, 12.433 x 10~
Energy spread, o, 9.908 x 10
Beam current, 7 (A) 2

Number of bunches, ny, 738

Particles per bunch, N}, 5.00 x 10'°
Bunch charge (nC) 8.0

SR energy loss, U, (keV) 383.77
Damping times, 7, /7,/7, (ms) 30.77/30.77/15.39
RF frequency, frr (MHz) 499.7
Harmonic number, A 1476

RF voltage, Vi (MV) 2
Longitudinal tune, v, 0.0169
Bunch length, 6, (mm) 10.25

RF acceptance, gy (%) 1.58

Piwinski angle, ¢, (rad) 19.26
Beam-beam parameters, fxlrfy 0.0024/0.081
Hourglass factor, F;, 0.8804
Luminosity, L (cm™2s~") 1.03x10%
Touschek lifetime, Tqyqcpex (8) >250
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Fig. 13 (Color online) IR lattice functions

section. The geometric layout of the dual ring and distribu-
tion of different units are shown in Fig. 10. This layout is
realized by employing dipole magnets with different bending
angles on both sides of the IR and arc dipole magnets with
a bending radius difference of 2.14 m between the inner and
outer half-rings.

Figure 11 illustrates the full-ring lattice and its linear
optical functions. Table 3 presents the main collider ring
parameters of Scheme II considering intra-beam scattering
(IBS), synchrotron radiation, and DWs. These parameters
are for the optimal energy of 2 GeV.

— INx

ety gl

0 25 50 75 100 125
s(m)

2.2.2.1 IR optics—scheme Il The IR adopts the crab-waist
collision scheme, and its lattice structure is similar to that in
Scheme I (see Sect. 2.2.3). The linear optics system of the
right half (the left half has the same functional partitioning but
with different parameters) consists sequentially of the final tel-
escope (FT), the local chromaticity correction system (LCCS),
the crab sextupole (CS) section, and the Matching Transport
(MT) section, covering a total bending angle of 60°. At the IP,
the  functions are 7 = 40 mm and ﬁ;‘ = 0.6 mm.

In addition to sextupoles for correcting first- and third-
order chromaticities [5], the IR is also equipped with weak
sextupole magnets [6] to optimize nonlinear performance.
The geometric layout of the IR is shown in Fig. 12, and its
linear optics functions are shown in Fig. 13.

2.2.2.2 Arc optics—scheme Il To implement the dual-ring
layout, the arc sections are divided into inner and outer arcs,
each consisting of a long arc section with a 120° bend and
a short arc section with a 30° bend. Both are constructed
using FODO structures with horizontal and vertical phase
advances of 90° and a bending angle of 5°. In the FODO
structures of the inner and outer arcs, the bending magnets
have a curvature radius difference of 2.14 m, while the quad-
rupoles, sextupoles, and drift sections have equal lengths.

Figure 14 shows the lattice functions of the long and short
arc sections in the outer half-ring. In the short arc, non-
interleaved sextupole pairs with a —I transfer are used for
chromaticity correction. In the FODO cells of the long arc,
a focusing sextupole follows each focusing quadrupole, and
a defocusing sextupole follows each defocusing quadrupole.
A sequence of four identical FODO structures forms one
HOA (Higher-Order Achromat) unit, effectively canceling
the first- and second-order geometric driving terms [7].

-1 Bx
— By
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<
—
0.0" I I i i i
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Fig. 14 (Color online) Lattice functions of the long (left) and short (right) arc sections
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Fig. 15 (Color online) Lattice functions for the SS (left) and DW (right) sections
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Fig.16 (Color online) Lattice functions for the multifunctional
straight section

2.2.2.3 Straight section optics—scheme Il The straight
sections include medium straight sections dedicated to the
installation of SSs and DWs, as well as the multifunctional
region for hosting the injection system, RF cavities, dual-
ring crossing, and phase adjustment. Their corresponding
linear optical functions are shown in Figs. 15 and 16.

SS refers to the space reserved for Siberian Snakes, which
has an azimuthal angle of 120° between each pair. To regu-
late the damping time, two DWs are installed in both the
inner and outer half-rings. Each wiggler is positioned at the
center of its respective DW section, where a nonzero dis-
persion function is present. The dispersion function can be
tuned by adjusting the magnetic field strength of the bending
magnets, which enables control over the damping time and
emittance. Six quadrupole magnets are arranged to ensure
that the working point remains constant with varying wig-
gler field strength.
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Scheme 11

2.2.2.4 Dynamic aperture and Touschek lifetime—Scheme
Il Placing phase tuners and sextupoles at the IP mirror
position [8] enables the independent optimization of sec-
ond- and third-order chromaticity, the W-function, and
momentum acceptance. This optimization results in a large
off-momentum dynamic aperture and momentum aperture.
At a design luminosity of 1.03 x 10> cm™2s~!, the off-
momentum dynamic aperture reaches 126, , X 130, and the
Touschek lifetime exceeds 250 s (as rigorously evaluated by
SAD [9]). The target Touschek lifetime has been prelimi-
narily achieved. However, the transverse dynamic aperture
remains insufficiently large, and the machine errors and
corresponding orbit corrections have not been considered.
Consequently, the actual Touschek lifetime may be further
reduced (Fig. 17).
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Fig. 19 (Color online) Optical functions of the right half of the IR

2.2.3 Interaction region optics design

The key objective of the lattice design of the STCF IR is
compressing the p function at the IP to enhance luminos-
ity while maintaining sufficient momentum acceptance
and dynamic aperture for an adequate Touschek lifetime.
This requires the careful optimization of both the linear
lattice and nonlinear optics corrections in the IR. The fun-
damental design principle is to coordinate the linear optics
with the phase advances required for nonlinear cancelation
and the minimization of the effects of nonlinear sextupole
fields.

Following the design philosophy of other new-generation
electron—positron colliders [1, 4, 10-12], the STCF IR lattice
adopts the modular structure illustrated in Fig. 18. It con-
sists of a final focusing telescope (FFT) that minimizes the
p functions at the IP, a matching section (MCY) between the
FFT and the vertical chromatic correction section (CCY),
local vertical/horizontal chromaticity correction sections
(CCY/CCX), a matching section (YMX) from the CCY to
the CCX, a dispersion suppressor (XMC), a CS section, and
an MS connecting the IR to the long straight section. The
linear optics functions of the STCF IR are shown in Fig. 19.

The FFT section adopts a focusing structure composed
of two groups of quadrupole magnets: one superconducting

S$1X

CS MS

HI—1J 1

Crab! sext

XMC

SiX

CeX

and one room-temperature. The superconducting quadrupole
doublet is used to achieve an extremely low ﬁ;‘ at the IP,
which is essential for enhancing luminosity in new-gener-
ation colliders. The room-temperature quadrupole doublet
forms the mirror point of the IP. At this mirror point, both a,
and a, are zero, and the phase advances to the IP in both the
horizontal and vertical planes are xt [13]. The key advantage
of the FFT is its ability to adjust the optical functions at
the IP by only tuning the optics at the mirror point without
modifying the FFT components.

A bending magnet (BO) is inserted into the FFT to gener-
ate the dispersion required for local chromaticity correction.
Given its proximity to the IP, the strength of this bending
magnet should remain minimal to reduce the amount of syn-
chrotron radiation background entering the detector.

The MCY section adopts a FODO-like cell starting with
a defocusing quadrupole, making §, > f, at the vertical
chromaticity-correction sextupole S1Y. Additionally, the
phase advance from S1Y to the final focusing (FF) quad-
rupoles (QDO and QF1) is designed to be approximately
n [14], with fine tuning required to correct second-order
chromaticity. Two dipole magnets, B1 and B2, are included
to increase dispersion at S1Y, which reduces the required
sextupole strength.

The local vertical chromaticity correction section (CCY)
must implement —I transformation between sextupole pairs
to cancel their nonlinearities. This can be realized using two
center-symmetric FODO cells with horizontal and vertical
phase advances of n/2. Two identical dipole magnets, B3 and
B4, are used to create symmetric dispersion.

The YMX section converts the p-function condition of
B, > P, at the vertical chromaticity-correction sextupole
STY to that of g, > f, at the horizontal chromaticity-cor-
rection sextupole S1X. Additionally, the phase advance from
S1X to the FF quadrupoles (QDO0 and QF1) must be approxi-
mately 3z, and fine-tuning is required to correct second-
order chromaticity. At this section’s midpoint, where a, = 0,
a second approximate IP mirror point is formed. Two dipole
magnets, BS and B6, are included to increase dispersion at
S1X, thereby reducing sextupole strength.

The local horizontal chromaticity correction section
(CCX) is designed similarly to the CCY section, requiring
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a I transfer transformation between sextupole pairs to can-
cel nonlinearities. Two identical dipole magnets, B7 and B8,
are used to form symmetric dispersion. The XMC section
cancels dispersion in the collision region, ensuring zero dis-
persion at the crab sextupoles.

The CS section consists of six quadrupole magnets sat-
isfying the phase advance constraint between the crab sex-
tupole and the IP and the alpha function constraint at the
crab sextupole: u, = 6, Hy = 5.5m, a, = 0, and a, = 0. Addi-
tionally, f, > f, at the crab sextupoles, which significantly
reduces their required strength and associated nonlinearities
[15]. The MS consists of several quadrupole magnets that
are used to match the p/a functions required at the end of
the long straight section and tune the phase advance between
the IR and arc.

The dipole magnets in the IR have a total bending angle
of 60°, and they are 1 m long. Apart from BO, which has a
fixed bending angle of 1°, the strength of all dipoles must
be chosen to adjust the dispersion function and keep the
dispersion invariant H, below 0.02 m. To create a 60 mrad
crossing angle at the IP between the two rings, the dipole
magnets on the inner ring (beam outgoing direction) are
designed to bend 30 mrad less, while those on the outer
ring (beam incoming direction) bend 30 mrad more. This
approach facilitates a reasonable spacing (1.5-2 m) between
the two rings but produces an asymmetry in the dispersion
function about the IP, as shown in Fig. 20.

2.3 Transverse beam dynamics

The design goal of the transverse beam dynamics in the col-
lider rings is achieving a sufficiently large dynamic aper-
ture and momentum acceptance to ensure high injection
efficiency and long beam lifetime.

In the arc sections of the collider rings, strong quadrupole
focusing is required to realize a low emittance that is com-
parable to that of third-generation synchrotron light sources.
A non-interleaved sextupole configuration was initially used
to correct chromaticity in the arcs; however, owing to the
limited number of sextupole pairs, the required sextupole
strength was relatively high, resulting in significant nonlin-
ear effects. Therefore, based on the concept of second-order
achromats proposed by K.L. Brown [13], an interleaved —I
transformation scheme was adopted for placing sextupoles in
the arcs. This configuration cancels the first-order geometric
terms generated by the sextupoles, although it cannot cancel
higher-order geometric terms. Nevertheless, the use of more
sextupole pairs allows for lower individual magnet strengths,
leading to weaker residual higher-order terms. The increased
number of sextupoles also aids in the global nonlinear opti-
mization of the collider rings.

However, the dynamic aperture and momentum accept-
ance of the collider rings are primarily limited by the IR,
which produces most of the ring’s nonlinearities [16, 17]:

e The IR must incorporate ultra-strong FF quadrupoles
in a compact space to achieve extremely small ﬂ;‘ at IP.
This results in very high natural chromaticity and strong
high-order kinematic and fringe field effects. A series
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Fig.20 (Color online) Optical functions of the entire STCF IR
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of strong sextupoles must be installed in the IR for local
chromaticity correction.

The crab-waist mechanism imposes strict requirements
on the phase advance between the crab sextupoles and
the IP. Any lattice nonlinearity or imperfection can dis-
rupt these phase constraints.

Using compensation solenoids to cancel the detec-
tor solenoid field directly affects IR performance. For
instance, solenoid and quadrupole field overlaps must be
avoided, as they increase vertical emittance.

All of these nonlinear and high-order effects degrade
the dynamic and momentum apertures of the collider rings,
severely reducing beam injection efficiency and beam
lifetime.

The IR optimization goal is to maximally compensate
for the nonlinearities between the crab sextupole pairs. To
achieve this, local horizontal and vertical chromatic sextu-
pole pairs in the IR are designed to satisfy the —I transfer
condition, which allows for the correction of first-order
chromaticity while minimizing the nonlinear effects they
introduce. The phase advance between the chromatic sex-
tupoles and the FF quadrupoles is finely tuned to correct
second-order chromaticity and the Montague function at the
crab sextupole locations. Sextupoles are placed at the first
and second IP mirror points to correct third-order chroma-
ticity [6]. Since the p-functions at these mirror points are
small, the geometric aberrations they contribute are rela-
tively minor.

Since the STCEF collider rings have numerous components
and effects that create significant nonlinearities—such as
the fringe fields of the FF quadrupoles, higher-order kin-
ematic terms in IP drifts, chromatic sextupoles, and crab
sextupoles—comprehensively analyzing these nonlinearities
becomes intractable. Consequently, deriving the dynamic
aperture through traditional analytical or perturbative meth-
ods is impractical.

Instead, a common approach is to first construct sim-
plified models to individually assess the influence of each
nonlinear or high-order effect and propose targeted optimi-
zation strategies. Subsequently, professional software tools
such as MADX, SAD, and Elegant are employed to perform
4D/5D/6D tracking and optimize the dynamic aperture.

To optimize the dynamic aperture and momentum accept-
ance, advanced techniques such as multi-objective optimi-
zation algorithms are used for the global nonlinear optimi-
zation of the collider rings, where the crab sextupoles are
always enabled during the process. A total of 48 chromatic
sextupole pairs per ring are used as optimization variables (6
in the IR and 40 in the arcs). First, a program called PAM-
KIT [8], developed by members of this project, is employed
in conjunction with intelligent multi-objective optimiza-
tion algorithms to optimize sextupole strengths. First-order
chromaticity and key resonance driving terms are used as
constraints, while the dynamic and momentum apertures are
treated as direct optimization objectives to determine the
best sextupole configuration.
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Subsequently, the software SAD is used to precisely eval-
uate the dynamic aperture of the collider rings because it
accurately models the nonlinear effects mentioned above and
has been successfully applied to KEKB and SuperKEKB.
In SAD, six-dimensional canonical variables (x, p,, y, Py
z, and ) describe particle motion, where p, and py are nor-
malized transverse canonical momenta with respect to the
design momentum p, and § is the relative momentum devia-
tion. Tracking simulations include longitudinal oscillations,
synchrotron radiation in all magnets, high-order kinematic
effects, finite-length effects of sextupoles, and crab sextu-
poles. Quantum excitation and Maxwellian fringe fields in
quadrupoles are disabled. The number of tracked turns cor-
responds to one synchrotron radiation damping time.

After optimization, the dynamic apertures with the crab
sextupoles turned off and on are shown in Fig. 21. As the
figure shows, when the crab sextupoles are turned off, the
horizontal dynamic aperture reaches nearly 360,, and at a
momentum deviation of 10c;, it still maintains a dynamic
aperture of approximately 20c,. When the crab sextupoles
are turned on, the horizontal dynamic aperture reaches
340, and at 10c;, the aperture remains at 17c,. The vari-
ation of the collider ring's working point (fractional part)
with respect to momentum deviation after optimization is
shown in Fig. 22, which shows that the momentum accept-
ance bandwidth exceeds +1.5%.

Fringe fields are present in all magnets and create non-
linearities that contribute to the reduction in the dynamic
aperture. Analyzing the influence of Maxwellian fringe
fields in dipole, quadrupole, and sextupole magnets using
SAD showed that the fringe fields of the superconducting FF
quadrupole magnets are dominant. Its effect on the dynamic
aperture is shown in Fig. 23.

The second term in the Hamiltonian of the quadrupole
fringe field resembles the form of the Hamiltonian of a thin
octupole magnet. Therefore, octupole coils can be installed
outside the FF quadrupole magnets to compensate for the

nY ¥ Ml
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momentum aperture [%]

: LM ) “WWM%W Mk
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Fig.24 (Color online) Local momentum acceptance along the ring
for the cases with/without the FF quadrupole fringe field and with/
without octupole compensation

fringe field effects of the FF quadrupoles. Figure 23 shows
that the off-momentum and on-momentum dynamic aper-
tures for the cases with and without the FF quadrupole fringe
fields and with and without octupole compensation. All the
cases have the crab sextupole switched on. The dynamic
aperture with the FF quadrupole fringe fields decreases sig-
nificantly compared to the case without the fringe fields;
however, it can recover to some extent with the compen-
sation of additional octupole coils. The optimization of
the octupole coils remains ongoing to further recover the
dynamic aperture.

To further analyze dynamic aperture limitations, the
Elegant program was utilized to track the local momen-
tum acceptance (LMA) profiles around the entire ring with
and without the FF quadrupole fringe fields and with and
without octupole compensation. The results, as depicted in
Fig. 24, indicate that the integration of the FF quadrupole
fringe fields significantly degrades the LMA performance
compared to the idealized fringe-field-free scenario. With
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Fig. 23 (Color online) Dynamics aperture for the cases with/without the FF quadrupole fringe fields and with/without octupole compensation
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octupole compensation, the LMA demonstrates remarkable
recovery. The minimum LMAs under positive and negative
momentum deviation are approximately 0.7% and 0.6%,
respectively. The IR (between 300 and 450 m in the figure)
remains the critical bottleneck for the ring’s global momen-
tum acceptance.

The solenoid field of the detector contributes to the ver-
tical emittance growth in two main ways: the longitudinal
B, field directly induces horizontal x—y coupling, while the
fringe radial field B, introduces vertical dispersion. Con-
sequently, careful compensation is required. The general
principles for compensation are as follows: (1) the inte-
gral of the longitudinal B, field must be zero; (2) within
the region of the superconducting quadrupole magnets, the
B, field must vanish; (3) the integral of the radial fringe
field of the solenoid should be maximally compensated.
The focusing effect of the solenoid on the IR optics can be
compensated by adjusting the strength of the FF quadruples.
Preliminary studies show that the dynamic aperture can be
fully recovered when the detector solenoid field is perfectly
compensated.

At the beam energy of 2 GeV and luminosity of
1 x10% cm™2 s™! (with crab sextupoles activated), simu-
lations using SAD and Elegant programs yield Touschek
lifetimes of 325 s and 304 s, respectively, when the fringe
field effects are neglected. Both values meet the design
goal of exceeding 200 s lifetime at the target luminos-
ity of 5x 10* c¢cm~2 s~!. When incorporating FF quad-
rupole fringe field effects, which typically introduce
nonlinear distortions that reduce dynamic aperture, the
uncompensated Touschek lifetime drops to approximately
150 s. However, after implementing compensation with
octupoles, the lifetime recovers to approximately 250
s, maintaining compliance with the 200 s operational
requirement.

To further improve the Touschek lifetime, additional
nonlinear optimization strategies are required to enlarge
the LMA. These include further optimization of non-
linearities in the collision region, the adoption of new
nonlinear optimization strategies (such as those based on
resonance driving terms and their fluctuations), and the
inclusion of phase advances between different regions
(such as between the IR and arc sections or between adja-
cent arc sections) as tuning variables.

2.4 Longitudinal beam dynamics

Challenges of longitudinal beam dynamics of electron
storage rings with ampere-order target beam currents,
such as the STCF collider rings, stem from longitudinal
coupled-bunch instabilities due to the fundamental and
parasitic modes of RF cavities [18]. The RF cavity scheme

Table 4 Longitudinal beam dynamics and RF parameters for STCF

Parameter Value
Beam energy, E (GeV) 2 1 3.5
Momentum compaction factor, a;, (X 1074 1349 12,63 13.73
Energy spread, o, (x 107 7.8 6.18 10.02
Beam current, 7 (A) 2 1.1 2
Bunch filling factor 48%
Energy loss per turn, U, g, (keV) 543 106 1494
Power loss per turn, P (kW) 1086 117 2988
Longitudinal damping time, 7, (ms) 10.57 27.07 6.72
RF frequency, frr (MHz) 499.7
Harmonic number, & 1434
Total RF voltage, Vi (MV) 2.5 1 7.5
Number of RF cavities 5 2 15
Voltage per cavity (kV) 500
Power per cavity (kW) 217 58.5 199.2
Coupling factor 4.71 2.33 5.5
Detuning frequency (kHz) -64.1 =576 -99.0
Table 5 TMO020 cavity Parameter Value
fundamental mode parameters
Frequency (MHz) 499.7
RIQ=V?/(2P) 475
[ON 60,000
R (MQ) 2.85
O Bop=5.5) 9230

must meet both specific voltage and power requirements
and effectively suppress these coupled-bunch instabili-
ties. STCF is designed to adopt 500 MHz TM020-type
room-temperature main RF cavities. Compared to conven-
tional TMO10 cavities, TM020 cavities feature relatively
higher quality factors (Q) and lower R/Q values. There-
fore, for the same cavity voltage and power requirements,
the total R/Q can be reduced by approximately half [19],
effectively mitigating coupled-bunch instabilities driven
by the fundamental mode. This makes it feasible to sup-
press such instabilities through relatively simple means,
avoiding overly complex LLRF feedback system designs.

Table 4 presents the longitudinal beam dynamics
parameters and corresponding RF parameters of STCF
at three beam energies. For beams of 1 GeV & 1.1 A,
2 GeV & 2 A, and 3.5 GeV & 2 A, 2, 6, and 15 cavi-
ties, respectively, are required to meet both voltage and
power demands, with some safety margins. Table 5 lists
the fundamental mode parameters of the STCF TM020
cavity. These parameters are primarily used to evaluate
the coupled-bunch instabilities induced by the accelerat-
ing mode.
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Fig. 25 (Color online) Growth rates of low-order coupled-bunch instabilities caused by the accelerating mode. Solid lines are from analytical

methods; discrete points are from tracking simulations

2.4.1 TMO020 accelerating mode stability analysis

To analyze coupled-bunch instabilities due to the fundamen-
tal modes of RF cavities, the influence of low-level feedback
must be considered since it modifies the impedance experi-
enced by the beam [20]. Two common methods are used for
evaluation: analytical calculations based on closed-loop cav-
ity impedance and particle tracking simulations [21]. For the
LLRF feedback, we only consider PI (proportional—integral)
feedback based on I/Q signals. The closed-loop impedance
of the cavity can be expressed as:

Z. ()

Lo =
k —iAwr, ' (2)
1+ R—ie AotaZ (w)

clo

where Z_ () is the open-loop cavity impedance, R; is the
load impedance, k;, is the proportional gain of the PI feed-
back, and 7, is the feedback loop delay.

For STCEF, by setting the appropriate proportional gain and
delay time of the PI feedback, the — 1 mode can be effectively
suppressed and the —2 mode can be maintained below the
threshold determined by synchrotron radiation damping, thus
avoiding instabilities caused by the fundamental mode. Using
the 2 GeV & 2 A beam case as an example, Fig. 25 shows the
growth rates of major low-order modes obtained by both ana-
lytical and particle tracking methods for various proportional
gains and delay times. Without PI feedback, the — 1 mode has
a growth rate of 368 s™!, which is much higher than the damp-
ing rate of 93.5 s™!. When k, = 1and the delay is between 700
and 900 buckets, the — 1 mode is fully suppressed and the —2
mode becomes the dominant instability; however, its growth
rate remains below the damping rate. This indicates that a low-
R/Q TMO020 cavity does not require a special feedback system
for suppressing low-order coupled-bunch instabilities. Using
standard PI feedback with suitable gain and delay is sufficient
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Fig.26 (Color online) Parasitic mode impedance thresholds assum-
ing 1 ms damping time from longitudinal feedback at three beam
energies

to ensure stability. The same conclusion applies to the 1 GeV
& 1.5 A and 3.5 GeV & 2 A beam conditions. To ensure this
approach is effective, the LLRF feedback delay should prefer-
ably not exceed 1.5 ps.

2.4.2 TM020 parasitic mode stability analysis

In the TMO020 cavity, the TM020 mode is the accelerating
mode, and modes with frequencies higher or lower than its
nominal frequency are referred to as higher-order and lower-
order modes, respectively. Both types can cause significant
coupled-bunch instabilities. For simplicity, we refer to both
as parasitic modes. To mitigate these instabilities, the cavity
design must incorporate features that significantly suppress
these parasitic modes. Assuming that beam spectral lines coin-
cide with the resonance frequencies of parasitic modes, the
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Fig. 27 (Color online) Bunch 20
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associated coupled-bunch instability growth rate is typically
calculated as
1 lIyaw,

= —_ _(wrar)zR YA
ThoM 47TVSE/€e N 3

where o, is the rms bunch length, v, is the synchrotron tune,
w, is the resonance frequency, and ReZ is the real part of
the impedance.

STCF has a synchrotron oscillation period less than 0.2
ms. Assuming that the longitudinal bunch-by-bunch feed-
back system has a conservative damping time of 1 ms,
the impedance thresholds of parasitic modes are shown in
Fig. 26. The threshold is lowest for 3.5 GeV because it uses
the most cavities and assumes that all HOMs are aligned.
Regardless, the lowest single-cavity threshold is 1.7 kQ at
3.75 GHz, which is achievable for TMO020 cavities.

2.4.3 Transient beam loading effects

The 5% empty buckets reserved to suppress ion trapping intro-
duce transient beam loading effects [22], resulting in bunch-
to-bunch variations in synchronous phase and bunch length.
Tracking simulations of this effect show the resulting distri-
butions of bunch centers and lengths, as illustrated in Fig. 27.
The effect on bunch length is minimal (within+ 1 ps), and
variations in the bunch center remain within+ 20 ps, suggest-
ing that the impact on luminosity is negligible.

STCF is designed to use the TM020-type room-temperature
RF cavity scheme. Owing to its relatively low R/Q, complex
feedback schemes (e.g., one-turn delay feedback and direct
feedback) such as those adopted by the PEP-II collider are
not necessary. The stability of the fundamental mode can be
maintained by choosing the appropriate PI feedback gain and
delay parameters, thereby significantly simplifying the LLRF
system. Radiation damping alone is insufficient for damping
coupled bunch instabilities caused by parasitic modes; a lon-
gitudinal bunch-by-bunch feedback system providing at least
1 ms of damping is required. From the perspective of the RF
cavity design, suppressing parasitic modes below the insta-
bility threshold under such damping conditions is entirely
achievable.

100 200 300 400 500 600
bunch number

100 200 300 400 500 600
bunch number

2.5 Beam-beam interaction and luminosity
optimization

For a crab-waist scheme collider using flat beams (with trans-
verse beam sizes at the IP satisfying 6] < o}) and a large
Piwinski angle (i.e., ¢ = o,tanf /o’ > 1), the luminosity can
be expressed as [23]

L= LRy, )
L = Moty 1y

0= . ’ Q)]

2 & ik 2
4re fo"x"y Vi+¢
Ry~ Vo oF ( : ) ®)
~ e% Erfe| — |,
H é:x CX

where Erfc(x) is the complementary error function and
,=or/ (ﬁy*tan(26)). Typically, §, < 0.5 is chosen to avoid
the degradation of luminosity and increase in emittance due
to the hourglass effect. When {, < 0.5, Ry 2 0.9, and the
luminosity can be approximated as L ~ L. The number of
bunches n, mainly depends on the ring circumference and
the RF system frequency. The beam—beam parameters in the

horizontal and vertical directions can be approximated as

Npre ﬁ; Npre ﬁ:

& = ~ ; 7
2ryor2(1+¢2)  27y026° )

‘- Npreﬁ;k N NyreBy .
! 2rycicriy/1+ ¢? 2”76;°'z9 ®)

where the single-bunch particle number N, is mainly con-
strained by collective effects due to impedance.
The luminosity can also be written as [24]

_ 2
b= e ©)

Based on operational experience, the vertical
beam-beam parameter ¢, ~ éf ~ 0.1 can be achieved in
current e*e” storage ring colliders. While p; at the IP
does not directly affect luminosity, choosing a small g
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(i.e., small ) is generally favorable. This reduces the 0.67 | ‘ . -2.0
synchro-betatron oscillation and coherent X—Z instabil- 0.66 30
ity [25] induced by beam—beam interactions and lowers 0.65 |
the required strength for the crab sextupoles. The required > 0.64 &0
strength of the crab sextupoles is given by [26] 5 063 7150
- § 0.62 | 1 £4-6.0
« o
K= 55 T {10 % oo e
yFPy ¥ P o & —5 | W80
0.59 - o, 4
Beam-beam interaction is a key factor in determining 0.58 - T — | W90

collider luminosity, beam stability, and beam lifetime.
In third-generation high-luminosity colliders using the
crab-waist scheme, where the beam current is high and
emittance is small, the beam—beam effects are especially
prominent. Experience from colliders such as DAFNE and
SuperKEKB, as well as numerous theoretical and numeri-
cal studies, has shown that beam-beam effects are sig-
nificantly coupled to other processes, such as lattice non-
linearities and impedance, which limits overall machine
performance. Therefore, the severity of beam—beam
interactions depends jointly on key beam parameters and
the machine operating mode and must be optimized care-
fully to enhance performance. In addition to qualitative
theoretical analysis, the detailed impact of beam—beam
interactions on accelerator performance is mainly assessed
through simulations. Weak—strong simulations require
fewer computational resources and are suited for the wide
exploration of the beam parameter space, such as tune,
Twiss parameters at the IP, and machine tolerance to
imperfections, serving as a foundation for strong—strong
simulations. Strong—strong simulations, which are more
computationally intensive, are used for localized studies
of the beam parameter space and to evaluate beam stabil-
ity. Weak-strong simulations mainly address incoherent
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Fig.29 (Color online) Tune footprint of STCF computed using the
SAD code (including lattice). The red star indicates the nominal
working point (0.543, 0.58). Solid lines in different colors represent
various resonance lines

collective effects, whereas strong—strong simulations focus
on coherent instabilities involving both beams.

2.5.1 Simulation results and analysis

The working point in e*e” storage ring colliders is typi-
cally optimized near half-integer values to achieve maximum
luminosity. The precise fractional tune values are optimized
using beam-beam simulations. Figure 28 shows the lumi-
nosity versus working point calculated using the BBWS code
for fractional tunes above the half-integer (beam energy is
2 GeV; other parameters refer to Table 1). Comparing the
simulations with and without the crab-waist scheme reveals
that the crab-waist can effectively suppress nonlinear beta-
tron resonances induced by beam—beam effects, thus enlarg-
ing the high-luminosity region in the tune space.
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Fig. 28 (Color online) Comparison of luminosity maps with (left) and without (right) the crab-waist scheme. The black dot marks the nominal

working point; dashed lines indicate resonance lines
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Fig.30 (Color online) Luminosity (top) and horizontal bunch size (bottom) versus horizontal tune from BBWS and BBSS simulations. Brown
curves show simulations including longitudinal impedance (modeled by the broadband resonator in Fig. 37)

However, Fig. 28 also shows that the crab-waist scheme
cannot suppress synchro-betatron resonances induced by
beam—beam interactions. Similar to SuperKEKB, STCF
chooses a relatively large synchrotron tune v, and places the
transverse tune between 0.5+ nv_and 0.5+ (n + 1)y, (n=1
or 2). Since these resonance lines are separated by v,, a large
v, helps prevent the tune footprint from overlapping with
resonance lines (see Fig. 29), thereby avoiding emittance
growth and luminosity loss. The general ruleis v, /&, > 3. At
2 GeV, STCF chooses v, = 0.0194, producing v,/&, = 3.7,
which should be sufficient to mitigate synchro-betatron
oscillations and coherent X—Z instabilities.

Coherent X-Z instabilities are evaluated using
strong—strong beam—beam simulations. Figure 30 shows
the results of scanning the horizontal tune (with vertical
fractional tune fixed at 0.58) using the BBWS and BBSS
codes. The results indicate that a horizontal tune near
0.543 avoids coherent X—Z instability. The strong—strong
simulations suggest that the range of horizontal tune

values for achieving high luminosity is narrow and can be
widened by increasing the synchrotron tune v, or reducing
B (Section 4.11 of [27]). Longitudinal impedance primar-
ily causes bunch lengthening and synchrotron tune shifts.
Bunch lengthening directly reduces luminosity, while
tune shifts can introduce Landau damping that weak-
ens synchro-betatron resonances, though it also broad-
ens and shifts the oscillation peaks, complicating tune
optimization.

Fixing the horizontal fractional tune at 0.543, vertical
tune scans were performed using BBSS. Figure 31 shows
that the vertical fractional tune should be greater than 0.56
and that luminosity and transverse beam sizes are relatively
insensitive to vertical tune within this range.

Simulations considering lattice nonlinearities (for details
of lattice design, see Sect. 2.2) were performed using the
BBSCL code and compared with the BBSS results. As
shown in Fig. 32, coupling between lattice nonlinearities
and beam—beam effects affects luminosity, with the extent
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Fig.31 (Color online) Luminosity (top) and transverse beam sizes (bottom) versus vertical tune from BBSS simulation

depending on specific lattice design details. This highlights
the need for deeper lattice nonlinearity studies and optimi-
zation. Additionally, BBSCL was used to scan the single-
bunch current with the lattice included. Figure 33 shows
that coherent instability occurs when N, exceeds 6.2 X 10,
above the nominal value of 5.2 x 10'°.

2.5.2 Coupled effects of multiple physical mechanisms

The coupling of multiple physical mechanisms is particu-
larly pronounced in colliders employing the crab-waist
collision scheme, which significantly increases the com-
plexity of machine design and the difficulty of achieving
high-luminosity operation. In addition to the previously dis-
cussed couplings between beam—beam interactions, lattice
nonlinearities, and impedance effects, several other factors
warrant further investigation.

e Space charge (SC) effects: Under high-current condi-
tions, the Coulomb field generated by the beam has a
non-negligible influence on particle motion. According
to the latest STCF lattice design and beam parameters,
SC effects induce vertical and horizontal tune shifts

@ Springer

of approximately —0.043 and —0.0027 (see Fig. 34),
which are opposite the shift caused by beam—beam
interactions. As this effect is distributed along the
entire ring and influenced by the alternating-gradient
focusing structure, its overall impact cannot be simply
canceled by beam—beam tune shifts and thus cannot be
directly utilized to enhance luminosity. Beyond sim-
plified particle tracking models, a more comprehen-
sive assessment requires full-ring tracking simulations
incorporating the actual lattice structure. These simu-
lations are being actively performed using the BBSCL
code with full-lattice and SC effects. A preliminary
luminosity result under the design beam parameters
is shown in Fig. 35. Analysis of the simulation data
reveals a notable luminosity degradation and is attrib-
uted to a weak coherent X—Z instability. This instability
is primarily associated with the horizontal tune shift
induced by SC (its absolute value is comparable with
the horizontal beam—beam tune shift), rather than the
vertical component. The horizontal tune shift moves
the beams closer to the broad resonance peaks of the
coherent X—Z instability, as illustrated in Fig. 30 under
current machine conditions.
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Fig.32 (Color online) Luminosity (top) and transverse beam sizes (bottom) at the working point (0.543, 0.58) computed using BBSCL (with lat-
tice) and BBSS (without lattice)

e Impedance effects: In addition to the longitudinal ¢ Noise in the bunch-by-bunch feedback system: Under

impedance effects discussed earlier, transverse imped-
ance can also couple with beam—beam interactions and
induce coherent mode-coupling instabilities. These insta-
bilities are closely related to the vertical tune and thereby
constrain the accessible working point space. A compre-
hensive impedance budget for STCF is currently under
development. The combined impact of impedance and
beam-beam interactions will be systematically investi-
gated in future studies.

Imperfections in the IP optics: These include nonzero
coupling and dispersion at the IP, phase deviations
between the IP and the crab-waist sextupoles, and orbit
errors at both the IP and sextupole locations. Such imper-
fections can undermine the effectiveness of the crab-
waist mechanism and consequently degrade the achiev-
able luminosity.

high-current operating conditions, the machine’s reliance
on the feedback system for suppressing coherent insta-
bilities increases significantly. However, because of the
extremely small transverse beam sizes at the IP, noise in
the feedback system may excite beam motion and con-
tribute to luminosity degradation. To evaluate this effect,
simulations using the BBSS code were performed, incor-
porating turn-by-turn noise modeled as vertical collision
offsets at the IP with a standard deviation of 6y = kyG;.
The results, shown in Fig. 36, indicate that even modest
noise levels (e.g., k, = 0.1) can lead to a luminosity loss
exceeding 30%, highlighting the need for the stringent
control of feedback-induced offset noise.

Other collective effects: Phenomena such as electron
clouds and ion trapping may also pose potential perfor-
mance limitations for the machine.
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Fig. 33 (Color online) Luminosity (top) and horizontal bunch size (bottom) as a function of single-bunch population at the working point (0.543,
0.58) from BBSCL simulations
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Fig. 35 (Color online) Space-charge tune shift as a function of the
distance along the ring of STCF

@ Springer



Conceptual design report of the Super Tau-Charm Facility: the accelerator

Page250f 170 242

design

20 bl = __i__ i —.— .
4 I
e
18 1
L2161 Ny i
g \
o | v -
~>o14
> v
al2r e O |
7 v
= NoNoise —&—
10 2% —o - -1
5% - & -
L 10% — v J
8 20%1 1 1 1 1
0 2 4 6 8 10

le+tle— (mA?)

Fig.36 (Color online) Simulated specific luminosity by the BBSS
code for STCF, considering turn-by-turn noises in the vertical offsets
of the beams at IP

Recently, GPU-accelerated codes (e.g., BBSCL at KEK,
APES-T at IHEP, and Xsuite at CERN) have enabled more
efficient simulations of coupled multi-physics effects. In the
future, further STCF beam-beam studies will rely heavily
on these advanced tools.

2.6 Impedance and beam collective effects
2.6.1 Collective effects

Beam collective effects encompass various phenomena cor-
related with beam current. On the one hand, they can degrade
beam quality, including by increasing emittance and energy
spread; on the other hand, they can cause various instabili-
ties that limit beam current and consequently reduce collision
luminosity. Therefore, carefully studying the influence of these
collective effects is essential. The types of beam collective
effects are diverse and include intra-beam scattering (IBS) and
Touschek scattering, which are both intra-scattering effects
within the beam; various instabilities induced by the coupling
of the beam with the impedance of the vacuum chamber envi-
ronment, such as longitudinal microwave instabilities, trans-
verse single-bunch instabilities, and coupled-bunch instabili-
ties; and instabilities caused by residual gas molecules, ions,
and electron clouds within the vacuum chamber. To meet the
high-luminosity requirements of a collider, it is necessary to
reduce the beta function f* at the IP. This reduction implies
the need for short bunch lengths and high total beam current,
along with the additional requirement that the bunches remain

stable, that is, transverse and longitudinal oscillations must be
well suppressed. Therefore, for STCF, beam current limitation
due to collective beam stabilities is a critical issue. During
the design phase, it is crucial to carefully evaluate collective
effects and propose effective mitigation strategies to ensure
the stable operation of STCF at high beam currents, thereby
achieving the desired machine performance.

2.6.2 Impedance-driven single-bunch collective effects

Single-bunch collective effects [28] are predominantly gov-
erned by the broadband impedance of the storage ring (from
flanges, BPMs, bellows, collimators, etc.) and include bunch
lengthening, microwave instabilities, and transverse mode cou-
pling instability (TMCI).

To suppress these effects, strict control of broadband
impedance is required. During engineering implementation,
this requires optimization of the vacuum chamber structure
through streamlining geometry and minimizing discontinui-
ties, combined with rigorous quality control in fabrication to
mitigate impedance contributions—particularly from crucial
vacuum components. Additionally, avoiding structures that
could trap HOMs is crucial because they can lead to parasitic
energy loss, local heating of vacuum chambers, and coupled-
bunch instabilities.

When the single-bunch current remains below the micro-
wave instability threshold, bunch lengthening is dominated by
potential well distortion and can be described by

o ’ 0 cly le
— | ——=- Im{ — | , (11)
020 020 4 \/;apwoazo O'goEo /e T/ est

where o, is the rms bunch length, o4, is the rms energy
spread, @, is the momentum compaction factor, E is the

Z
beam energy, and Im -

is the effective longitudinal
eff

impedance. For the STCF design, with a current target of 2
A and a filling factor of 50%, the required single-bunch cur-
rent target is 2.8 mA. By optimizing impedance control strat-
egies and referencing successful practices from existing
storage rings, an effective impedance of 0.2 Q is expected.
Under these conditions, the bunch length would increase
from the natural value of 6.8 mm to 8.9 mm at an RF voltage
of 3 MV.

Microwave instability, a typical longitudinal single-bunch
instability, arises when the current exceeds a certain thresh-
old. While it does not cause particle loss, it degrades lumi-
nosity by amplifying the energy spread and elongating the
bunch length. A conservative threshold estimate is provided
by the Keil-Schnell-Boussard criterion
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where C is the ring circumference. Assuming 1Z; /nl=0.2 Q,
the estimated threshold current is 1.06 mA. Since the Bous-
sard formula tends to underestimate the actual threshold,
a more precise analysis should use macro-particle track-
ing simulations after the impedance model is built. Here,
a simplified broadband resonator model is assumed with
f.=20GHz, 0 =1, and R, = 11.6 kQ, corresponding to
an effective impedance of 0.2 . The tracking simulation
results for the bunch length and energy spread versus single-
bunch current are shown in Fig. 37.

Simulations reveal that the microwave instability thresh-
old is approximately 2 mA, which is smaller than the STCF’s
target single-bunch current (2.8 mA). This proximity indi-
cates potential operational risks. Increasing the momentum
compaction factor a;, and the natural energy spread o5, while
carefully managing the impedance budget during design
optimization can help increase the threshold.

Coherent synchrotron radiation (CSR) and coherent wig-
gler radiation (CWR) [29] can also drive microwave instabil-
ity. Assuming a wiggler vacuum chamber with a gap height
of 35 mm, a peak field of 1.6 T, a single wiggler length of
4.8 m, and a period length of 0.6 m, the simulations employ-
ing CSR impedance models obtained using the CSRZ code
and macro-particle tracking yield a single-bunch instability
threshold of approximately 0.6 mA at a beam energy of 1
GeV; however, the instability is weaker at 2 GeV with a
threshold of 3 mA. Strategies to enhance the current thresh-
old at 1 GeV include modifying the wiggler period and opti-
mizing the vacuum chamber geometry. The lattice could also
be further optimized by increasing a, and 64, as mentioned
above. In addition, reducing the operating beam current to
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sacrifice the target luminosity at low energies could also be
adopted if hardware modifications are insufficient.

Head-tail instability and TMCI are critical transverse
single-bunch instabilities. Negative natural chromaticity
can trigger the zero-mode head-tail instability, which is
conventionally suppressed by using sextupoles to correct
chromaticity to positive values. While positive chromatic-
ity may excite higher-order head—tail modes, the mode tends
to grow slowly and can be suppressed by radiation damp-
ing and transverse feedback systems. At zero chromaticity,
increasing the beam current shifts the O mode toward the — 1
mode, and after the threshold is crossed, the merging of the
two modes triggers bunch instability, which is the strongest
TMCT; hence, it is also called the strong head—tail instability.
Once it occurs, the TMCI develops very fast and results in
the rapid growth of transverse oscillations and particle loss.
Thus, this instability must be strictly avoided.

Here, we only discuss the TMCI threshold under resis-
tive wall impedance, assuming zero chromaticity, which is
estimated using

_Anvy(Ey/e)

= > 13
. TO Ziﬁy,iky,i ( )

where I, represents the threshold current, v is the synchro-
tron tune, and f, ; and k, ; are the vertical beta function and
the transverse kick factor corresponding to the i vacuum
chamber element in the ring, respectively. Based on design
experience from advanced colliders worldwide, collimators
and IR are the primary sources of transverse impedance. The
former is due to their narrow apertures, and the latter is due
to large beta functions. To ensure beam stability, in future
design iterations, the total transverse impedance Y, §,k,;
should be maintained below 78 kV/pC. For reference, at the
SuperKEKB low-energy collider ring, which has a ﬂ;‘ of 0.27
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mm, the total Y, Ak, is 138 kV/pC, and the collimators
contribute more than half of this value. Thus, at STCF, the
collimator design, including apertures, locations, and mate-
rials, will critically influence the impedance optimization.

To suppress the TMCI, the chromaticity can be cor-
rected to positive values to help damp the head—tail zero-
mode; however, this creates the risk of exciting higher-order
head-tail modes. Nonetheless, these HOMs grow slowly and
can be effectively suppressed by enhancing radiation damp-
ing through damping wigglers and implementing a trans-
verse bunch-by-bunch feedback system, thereby raising the
single-bunch transverse instability threshold current. In addi-
tion, the nonlinear collimation technique being developed at
SuperKEKB—designed to mitigate impedance effects—may
offer further benefits. Its potential application to STCF will
be explored.

2.6.3 Impedance-related coupled-bunch instability

This analysis focuses on long-range wakefield effects, includ-
ing narrowband impedance from RF cavities or vacuum struc-
tures and low-frequency resistive wall impedance. Instabilities
induced by the RF cavity modes are discussed in Sect. 2.4 and
will not be repeated here. Geometric narrowband impedances,
which can trap resonant modes, should be minimized through
the optimization of the geometric structures of the devices.
Resistive wall instability is mainly due to the strong trans-
verse impedance near zero frequency. These long-range wake-
fields can cause transverse coupled-bunch instability. For
Gaussian beams, the instability growth rate is governed by [30]

MIbC Z;o:_oo ReZJ_ (wp,n,m)Hn(wp,n,m - wf)

1 1
Tym 1+m 4ﬂ:570 o Hu (@) — @)
L
(14)
Here, the mode frequency 1is given by
@y um = (Mp + n)wy + @z + mawg, where M denotes the num-

ber of bunches, n is the coupled-bunch mode number, I, is
the single-bunch current, w, = Ewo is the chromatic angular
frequency, v, is the transverse betatron tune, Z | is the real part
of the transverse resistive wall impedance, and the H,, function
is given by Eq. (15):

2r
i 1

3/5:0(n+4)

Assuming a uniform aluminum beam pipe with a radius
of 25 mm for the full ring circumference, Eq. (14) predicts
an instability growth rate of 1.6 ms™" at zero chromaticity.
Although modern bunch-by-bunch feedback techniques can
achieve damping times of approximately 100 ps or better,
the SuperKEKB experience [31] shows that the noise of the
feedback system has an important impact on the luminosity

H (w) = (a)at)znexp(—a)zof)

as)

stability. A slower feedback system combined with other
measures, such as correcting chromaticity to positive values to
reduce the growth rate, is being considered. With these meas-
ures, STCF is expected to manage this instability effectively.

2.6.4 Beam lifetime

The Touschek scattering effect is the dominant factor limit-
ing the beam lifetime in the collider rings. It refers to large-
angle Coulomb scattering between two electrons or positrons
within a bunch, where, during collisions, one particle trans-
fers its transverse momentum to the longitudinal momen-
tum of another particle. This interaction makes it possible
for some particles to exceed the energy acceptance and be
lost. From the local momentum aperture (LMA) shown in
Fig. 24, the calculated beam lifetime at 2 GeV is approxi-
mately 252 s.

Residual gas scattering includes elastic scattering and
inelastic scattering. Elastic scattering leads to transverse
oscillations, and the particle will be lost if its amplitude
exceeds the dynamic aperture. Inelastic scattering causes the
deceleration and energy deviation of the particle, and it will
also lead to a loss if it is beyond the momentum acceptance.
Based on the SuperKEKB experience, elastic scattering is
the dominant factor for vacuum-related beam losses in this
collider ring type.

Assuming all residual gas molecules are CO, the vacuum-
limited lifetime is

Eé [GeVz]eA [mm - mrad]

tclhrs] = 11.1 x (3l PlnTor] (16)
. A?
€4 = mmm, 17

where A is the local physical aperture and “min” represents
taking the minimum value of the entire ring. Assuming
€, = 0.1 um rad, to achieve a vacuum lifetime longer than
40 min, the vacuum system must maintain an average pres-
sure below 1 x 107 Pa.

2.6.5 lon effects and electron cloud effects

Ion instabilities originate from the interaction between the
electron beam and their trapped ions. The ions are gener-
ated from the ionization of residual gas in the vacuum and
desorption from the vacuum wall. In modern electron stor-
age rings, ultra-high vacuum systems can provide a pressure
lower than 1077 Pa and can generally minimize these effects.
When designing the bunch filling scheme, large gaps are
typically introduced between bunch trains to help suppress
ion instabilities. In addition, transverse bunch-by-bunch
feedback systems can effectively suppress fast ion—induced
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oscillations. Transient fast ion instabilities may still occur
during early machine operation under poor vacuum condi-
tions but will diminish as the vacuum improves.

In the positron ring, synchrotron radiation photons strike
the vacuum chamber wall and release photoelectrons. These
photoelectrons are accelerated by the positron beam and can
be multiplied by multiple reflections between the walls. The
electrons captured by the positron beam form the so-called
electron cloud [32]. The electron cloud interacts with the
positron bunches and can couple the motions of successive
positron bunches and cause both coupled-bunch instability
and single-bunch head-tail instability. Using the PEI and
PyECLOUD codes for simulations, at 2 GeV and with an
average chamber diameter of 50 mm and a secondary elec-
tron yield (SEY) of 1.3, the cloud density near the beam is
p.=10"* m~3 without additional mitigation measures. The
density can be reduced to 5x 10> m~> with antechambers.
Using the PEHTS code, the single-bunch instability thresh-
old is predicted to be p, g, =1.4 % 10'2 m=3. Thus, the vac-
uum system design should aim to keep p, below 10'> m~>.
Multiple measures for suppressing the instability should be
considered. These include antechambers to localize photon
impact, TiN/NEG coatings to reduce SEY; chamber grooves,
clearing electrodes and external magnetic fields to disrupt
electron accumulation; and bunch-by-bunch feedback for
dynamic stabilization. Based on experience with similar
machines, these combined measures are expected to effec-
tively suppress the electron cloud effect in STCF.

2.7 Beam injection and extraction

The primary objective of the beam injection design for the
collider rings is to inject positron/electron beams from the
upstream injector into the collider rings with maximum
efficiency. This ensures high integrated luminosity, mini-
mizes disturbances to the circulating beam during injection,
and reduces injection-related beam loss and its impact on

detector background. The primary goal of the beam extrac-
tion design is to extract the high-energy, high-charge posi-
tron/electron bunch trains from the ring efficiently and trans-
port them to the beam dump.

Several injection methods are used or studied for elec-
tron storage rings, including conventional off-axis injection
(with variations), longitudinal injection, and swap-out injec-
tion. Since the momentum aperture of the STCF collider
lattice design is small and STCF is not suitable for using an
RF frequency lower than 500 MHz, increasing the bucket
length, longitudinal injection, and off-momentum injection
are not good options. Currently, considering the design of
the upstream injector and the overall cost of the accelerator,
STCF will adopt a compatible injection scheme combining
off-axis injection and bunch swap-out injection. The off-
axis injection scheme [33] is chosen as the baseline and will
be employed in the construction. Different off-axis injec-
tion methods, such as employing bump kickers, nonlinear
kickers, and anti-septum, are under investigation. Only the
injection method employing bump kickers is described here.
Thus, the injection system consists of a septum magnet and
bump magnets. The injected and circulating beams are trans-
versely separated. Under the action of the bump magnets,
the closed orbit of the circulating beam moves closer to the
septum magnet, and after one or several turns—once the
injected beam falls within the collider ring acceptance—
it returns to the pipe center. Eventually, the injected beam
merges with the circulating beam via synchrotron radiation
damping. This scheme is mature and imposes relatively low
requirements on the rise time of the injection elements but
requires a large dynamic aperture.

In the future, based on need, the system can be upgraded
to a bunch swap-out injection scheme [34], while using
the same injection section. With this scheme, circulat-
ing bunches are one-to-one replaced with newly injected
bunches using ultra-fast pulsed kicker magnets. This scheme
requires less dynamic aperture in the horizontal plane but

Table 6 Beam injection Injection Scheme

Off-axis injection Swap-out injection

requirements for the collider
rings Collider ring circumference (m)
Bunch spacing (ns)

Min. single-bunch luminosity/Peak

Beam lifetime (s)

Time to complete full ring injection (s)

Circulating bunch charge (nC)

Circulating beam emittance (rms) (nm-rad)

Injected bunch charge (nC)
Charge to refill/replace (nC)

Injected beam emittance (rms) (nm-rad)

Injection efficiency

860.321 860.321

4 4

93% 93%

~250 ~250

18.14 18.14

8.34 8.34

4.16 (0.5% coupling) 4.16 (0.5% coupling)
1.0* 8.5

0.6 8.34

H<6; V<2 H<30; V<10
>60% >98%

*For off-axis injection, the positron/electron injectors provide 1.0 nC per bunch at a repetition rate of 30 Hz
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imposes strict constraints on the kicker pulse width—it must
be less than twice the minimum bunch spacing. Addition-
ally, injecting high-charge positron bunches places stringent
requirements on the repetition rate of the upstream injector.
To facilitate future upgrades, the quadrupole magnets in the
injection section will be laid out in a uniform design, requir-
ing only the replacement of kicker components for the tran-
sition. Hardware parameters will be selected accordingly,
and the injection process will be validated through tracking
simulations.

The extraction system design for the collider rings also
includes two operational scenarios. During bunch swap-
outs, small angular deviations induced by ultra-fast pulsed
kicker magnets are used, and the downstream septum magnet
deflects the target bunch out of the ring. This method places
stringent performance requirements on the ultra-fast kickers,
similar to those in injection, requiring a pulse with a full
width shorter than 6 ns. For beam dumping, the different
kickers must have a rise time shorter than the gap between
bunch trains and a flat-top width longer than the revolution
period, enabling the extraction of whole bunches in one turn.

The luminosity fluctuation requirement forms the basis
of the beam injection design. For example, assuming a 7%
degradation in single-bunch luminosity and a typical beam
lifetime of 250 s, the physical requirements for beam injec-
tion in the off-axis and swap-out injection schemes are sum-
marized in Table 6. The goal of the injection design is to

Table 7 Off-axis injection design parameters

Parameter Value
Circulating beam clearance (mm) 1.68 (4.50)
Injected beam clearance (mm) 1.18 (4.50)
fBx at injection point (inner/outer ring) (m) 33.34/11.53
Injection angle (mrad) —245
Orbit bump height at injection point (mm) 3.86

Orbit bump angle at injection point (mrad) -2.50
Position after bump recedes (mm) 4.36
Bump duration (turns) 1

Bump magnet length (mm) 350

Max bump magnet deflection angle (mrad) <35
Bump magnet field strength (Gs) <1167
Thin septum height (mm) 5.54

Thin septum thickness (mm) 1.0

Thin septum length (mechanical/effective) (m) 0.65/0.6
Thin septum field strength (Gs) 5500

Thin septum deflection angle (mrad) 28

Thick septum thickness (mm) 2.0

Thick septum length (mechanical/effective) (m) 1.7/1.3
Thick septum field strength (Gs) 9900
Thick septum deflection angle (mrad) 110

Stored

-0.9mrad
Bunch

4.36mm

K1 K2 K3 | | K4
——— 8 3
> 6.35m 2.48m 2075m |
0.35m Q1 ’ ! ! }

Q2 Septum Q3

> —>

0_(:;: 1.7m 0.65m Q4
8.905m

Fig. 38 (Color online) Schematic layout of the STCF off-axis injec-
tion design

meet the parameters provided in Table 6, particularly the
injection efficiency.

2.7.1 Off-axis injection

The key to off-axis injection design is to use local orbit
bumps to steer the injected beam into the ring acceptance
while minimizing its transverse offset from the central orbit
and reducing beam losses at the septum magnet [35]. First,
the optics of the injection section must be configured with
large P functions to reduce the impact of septum thickness
and closed-orbit errors on injection efficiency. Second,
the beam clearance aperture must be optimized to balance
dynamic aperture and beam losses—a clearance that is too
large requires an excessively large dynamic aperture, while

00 N I I 00
I I I I !
35 ection_off_bunp_ MAD-X 5.04.02 31/03/25 1647.20
B- Injection
= 30 4 point
- 25 1
— 20 -
E
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Fig. 39 (Color online) Injection section element layout and optics for
the off-axis scheme
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0 11 N 1l N0 Table 8 Bunch swap-out injection design parameters
I U 0 U ” Parameter Value
injection_off_bump  MAD-X 5.04.02 31/03/25 16.47.20
X y Kicker magnet length (mm) 300
1 ] Kicker magnet deflection angle (mrad) 0.5
8 1 1 Kicker plate gap (mm) 12
i i Number of modules 5
E Rise/Flat-top/Fall time (ns) 2/2/2
é 6 )l Good field region (mm) +5
> ) Injection 1 Injection point position at kicker entry (mm) 2.45
fg‘ 4 - point i Voltage amplitude (kV) >17.5
£ Injection repetition rate (Hz) 30
- 4 4
< Thin septum height (mm) 5.54
2 b Thin septum thickness (mm) 1.0
i i Thin septum magnet length (Mechanical/Effective) (m) 0.65/0.6
0 Thin septum magnet field strength (Gs) 5500
0 ' ' 5 ' ' 1 0 ' ‘ 15 ' ' 20 Thin septum magnet deflection angle (mrad) 28
S (m) Thick septum thickness (mm) 2.0
Thick septum magnet length (Mechanical/Effective) (m) 1.71.3
Fig. 40 (Color online) Local orbit bump for off-axis injection scheme Thick septum magnet field strength (Gs) 9900
Thick septum magnet deflection angle (mrad) 110
140
~ 1204 X
)
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8
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E 5.54mmI 11.7mm
o 601 — —
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0 Fig. 42 (Color online) Schematic layout of the STCF bunch swap-out
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Fig.41 Evolution of horizontal emittance oscillation for the injected
bunch under the off-axis scheme

one that is too small causes significant beam loss. Lastly, the
local bump orbit must be designed with appropriate bump
height and angle so that the injected beam exits the septum
magnet as close as possible to the pipe center, without exces-
sive loss of the injected beam, while also controlling the
influence of the stray magnetic field of the septum magnet
to the circulating beam.

The off-axis injection system in the STCF collider rings
consists of three components: quadrupoles for optics match-
ing, bump magnets to form the local orbit, and septum mag-
nets for large-angle bending of the injected beam. Table 7
lists the key parameters. Figure 38 shows a schematic of the
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off-axis injection scheme, while Fig. 39 presents the lay-
out and optics of the injection section, located in one of
the 20 m-long straight sections of the collider rings, where
10 quadrupoles are installed for optics matching. Figure 40
illustrates the local bump orbit formed by four bump mag-
nets. Each magnet provides a maximum bending angle of
less than 3.5 mrad and can be adjusted independently to vary
the orbit height and angle.

Figure 41 shows the evolution of the horizontal geomet-
ric emittance (phase-space area) of the injected bunch over
five damping times, simulated with Elegant. Initially, the
filamentation of the injected bunch dominates emittance
growth. Then, synchrotron radiation exponentially damps
the off-axis oscillation of the injected beam. After five
damping times, the emittance decreases by more than an
order of magnitude, fully merging with the stored bunch and
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Fig.43 (Color online) Layout and optics of the injection section for
the bunch swap-out scheme
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Fig. 44 (Color online) Beam trajectory and envelope from the septum
exit to the kicker exit for the bunch swap-out scheme

reaching an equilibrium emittance of approximately 4.17
nm-rad. Considering the physical aperture of the septum and
the dynamic aperture of the collider rings, the final injection
efficiency reaches approximately 90%, meeting the design
goals. Injection simulations with all realistic errors, which
ensure that the injection physics design is robust, are ongo-
ing. More simulations with all error types, including the
combined beam—beam effect for merging bunches, will also
be performed.

2.7.2 Bunch swap-out injection
The key to the physics design of the bunch swap-out injec-

tion scheme is arranging the components in a geometri-
cally rational layout so that the injected bunch enters the

[ N N w
wv o v o

—
o

Horizontal emittance (nmrad)

20000 30000 40000 50000

Turns

0 10000

Fig.45 (Color online) Evolution of horizontal emittance oscillation
for the injected bunch under the bunch swap-out scheme

closed orbit of the collider rings accurately, thereby mini-
mizing disturbance to the stored beam and reducing the
required deflection angle of the kicker magnets [36]. The
STCF bunch swap-out injection system primarily consists
of a septum magnet for large-angle deflection and a set of
ultra-fast horizontal kicker magnets. The septum magnet
design is identical to that used in the off-axis injection
scheme. The kicker system consists of five identical mod-
ules spanning a 1.9 m drift.

Table 8 lists the relevant design parameters. Figure 42
shows a schematic of the injection system, while Fig. 43
presents the layout and optics of the injection section. This
section, shared with the off-axis injection scheme, spans
20 m and incorporates ten quadrupoles. To accommodate
the deflection angle and the good-field region of the kicker
magnets, approximately 6 m of drift space is reserved for the
injected beam to travel from the septum magnet to the kick-
ers. Figure 44 illustrates the beam trajectory and envelope
in this region.

In the bunch swap-out injection scheme, the injected
bunch has a relatively large emittance owing to the high
bunch charge from the injector. A key factor for injection
efficiency and final luminosity is whether the injected beam
can avoid significant losses during the first few turns and
then be damped by synchrotron radiation to the equilibrium
emittance of the collider rings. Figure 45 shows the evolu-
tion of the horizontal beam emittance over five damping
times, as simulated with the Elegant tracking code. After five
damping times, the emittance converges to approximately
4.20 nm-rad, and the injection efficiency exceeds 98%, just
meeting the basic physical design requirements. In future
upgrades, smaller injection emittance will be adopted to
further reduce the loss rate.
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Fig.46 (Color online) Schematic of the beam extraction (Upper:
extraction trajectories for swap-out and for dumping; Lower: layout of
the extraction section)

2.7.3 Beam dumping and extraction

Beam extraction can be considered as the reverse process
of bunch swap-out injection and is realized using a set of
pulsed kicker magnets and a downstream septum magnet.
STCEF requires two extraction systems to fulfill the following
two beam extraction functions:

The first is during normal operation under the bunch
swap-out injection scheme. Ultra-fast kicker magnets deflect
the bunch to move it away from the equilibrium orbit, and
the downstream septum magnet subsequently extracts it from
the ring. One bunch is extracted every 33.3 ms to enable on-
axis replacement. The hardware requirements are identical
to those for swap-out injection, as shown in Table 8. The
extraction section layout is also similar to that in Fig. 43,
with the exception of having the septum magnet placed
downstream in the beam direction. The main requirement
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for the extraction system in this case is minimizing circulat-
ing beam disturbances caused by the kicker magnets.

The second is for beam dumping during machine protec-
tion or experimental shutdown. This requires kicker mag-
nets with a rise time shorter than the bunch train spacing
and a flat-top width longer than the revolution period for
the entire ring to be emptied in a single extraction. This
process does not affect luminosity or experiments, and the
design is relatively straightforward, with ample reference
designs available. Therefore, this is not a technical challenge
for the STCF beam injection/extraction design. However,
considering the large stored beam energy in the collider
rings, minimizing beam loss during extraction is critical.
Additionally, kicker magnets with both short rise time and
long flat-top width present certain technical challenges. A
dedicated beam dump will be located outside the tunnel to
receive the high-energy, high-charge (approximately 5.7 pC)
dumped beam. Figure 46 shows the beam orbits in the two
extraction modes.

The off-axis injection scheme, widely used in positron/
electron storage rings over the past decades, has proven
effective and reliable in numerous experiments. Hence,
adopting the septum-and-bump-based off-axis injection as
the baseline scheme for STCF is feasible.

The bunch swap-out injection scheme, which is con-
sidered ideal for some fourth-generation light sources and
new-generation e*e~ colliders, has gained much attention
in recent years. Its main challenge lies in developing kicker
magnets with ultra-short pulses and ultra-fast rise times.
Preliminary numerical simulations confirm the feasibility
of this scheme, with injection efficiency reaching up to 98%.
Therefore, the bunch swap-out injection scheme—based on
fast pulsed kickers and septum magnets—will serve as an
upgrading path for STCF. The bunch swap-out injection
scheme is generally compatible with the off-axis scheme,
especially in terms of injector requirements. Hence, adopt-
ing the off-axis method at the initial stages of development
is advisable. After upgrading to the bunch swap-out injec-
tion scheme, the off-axis injection may still serve as a com-
missioning and operational fallback, ensuring the feasibility
of maintaining luminosity via the top-up injection mode at
STCF.

2.8 Error analysis and correction

During actual operation, the collider rings inevitably deviate
from the ideal design model due to various errors, includ-
ing alignment deviations caused by magnet installation and
field errors from magnet manufacturing. These errors are
primary contributors to closed orbit distortion, optical func-
tion perturbations, and transverse coupling. They signifi-
cantly impact crucial machine performance metrics such as
beam size, dynamic aperture, beam lifetime, and collision
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Fig. 47 Closed orbit survival ratio of the STCF collider rings under different error levels (before correction)

Table 9 Reference alignment

Component Horizontal (pm) Vertical (pm) Longitudi- Rotation = Main field error
error valu.es (rms) for the STCF nal (pm) (mrad)
collider rings
Dipole magnet 100 100 100 0.1 0.02%
Quadrupole magnet 50 50 100 0.1 0.02%
FFT doublet 30 30 100 0.1 0.02%
Arc/IR sextupole 50/30 50/30 100 0.1 0.02%

luminosity, and also affect the complexity of commissioning
and operation of the collider rings. To assess the robustness
of the magnetic focusing structure of the collider rings and
to restore their nonlinear dynamic performance and lumi-
nosity, this section defines static error tolerances. Based on
these tolerances, the error sensitivity of the collider ring lat-
tice is analyzed, and corresponding corrections are applied
to the orbit and optical functions.

Following the error settings of similar international facili-
ties such as SuperKEKB [37], CEPC [12], and FCC-ee [38],
the reference error levels are set as follows: magnet align-
ment error of 50 pm, angular misalignment of 0.1 mrad,
and main field error of 0.02%. Under these assumptions,
simulations of the closed orbit survival ratio of the STCF
collider rings were performed to evaluate its error tolerance,
as shown in the left panel of Fig. 47, where the horizontal
axis indicates the scaling factor of the error relative to the
reference level. At the reference error level, the closed orbit
survival ratio is approximately 25.2%; when the error level
is doubled, the survival ratio drops sharply to only 1.7%.

Further investigation of individual error sources reveals
that transverse misalignment of quadrupole magnets has the
greatest impact on the orbit survival ratio, particularly in
the vertical direction. Among all quadrupoles, those in the
FFT region near the IP are the most sensitive and there-
fore require higher alignment precision. The right panel of
Fig. 47 illustrates the effect on the orbit survival ratio when

different alignment errors are introduced only to the dou-
blet quadrupoles on both sides of the IP. The results show
a noticeable drop in the survival ratio when the alignment
error exceeds 20-30 pm. To mitigate orbit distortion and
suppress luminosity loss, the misalignments of the final
doublet quadrupoles should be controlled within 30 pm.
In addition, due to the high strength of sextupole magnets,
their misalignments strongly affect the orbit, optics, and cou-
pling. Accordingly, the STCF collider ring design incorpo-
rates movers for the sextupole magnets to achieve alignment
precision at the 10 pm level. Considering both the STCF
design requirements and practical engineering constraints,
Table 9 summarizes the reference error values used in the
current error analysis of the collider rings. The error levels
are truncated at 3c.

Under ideal conditions, particles in the collider rings
undergo S oscillations around the ideal closed orbit. How-
ever, field errors in dipole magnets and alignment errors in
quadrupole magnets distort the closed orbit, with the distor-
tion magnitude determined by the size and distribution of
the errors and by the S value at the observation point. Such
distortions degrade the dynamic aperture and alter the beam
spot size and position, particularly near the IP, where orbit
offsets and beam size growth reduce luminosity. Correction
is therefore essential. Simulation results indicate that to
limit luminosity loss to below 10%, horizontal and vertical
orbit deviations at the IP must not exceed 120, and 0.650,,
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respectively, where o, and o, are the nominal beam sizes at
the IP. Field errors in quadrupole magnets, alignment errors
in sextupoles, and magnet rotation errors can also perturb
optical functions. Calculations show that to maintain lumi-
nosity loss within 10%, the increase in ﬁy at the IP must
remain below 30%, whereas f, is more tolerant. Rotational
errors in dipoles and quadrupoles can induce transverse cou-
pling and vertical dispersion; to keep luminosity loss under
10%, the vertical dispersion at the IP must be restricted to
less than 0.1 mm. These effects not only reduce luminosity
but also degrade nonlinear beam dynamics, lower injection
efficiency, and shorten beam lifetime. Effective measures are
thus necessary for correction and recovery.

To prevent the significant degradation of nonlinear
dynamics and luminosity, effective error correction and
compensation strategies must be implemented. The static
error correction process for the STCF collider rings mainly
includes the following steps: (1) first-turn trajectory cor-
rection, (2) closed orbit and dispersion correction, and
(3) optical function and coupling correction. These steps
are typically iterated until the required physical condi-
tions are met. The correction system consists primarily
of beam position monitors (BPMs), orbit correctors, and
skew quadrupole magnets, with the layout guided by the
following principles:

e A BPM is installed next to each quadrupole magnet
and some sextupoles to monitor the local closed orbit
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Fig.48 (Color online) First-turn trajectories in the STCF collider
rings before and after correction. Top: Horizontal direction; Bottom:
Vertical direction
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and facilitate beam-based alignment (BBA) and miti-
gate pB-beating caused by sextupole feed-down effects.
A pair of BPMs is also installed near the IP to better
correct the local orbit.

e A horizontal corrector magnet is placed next to each
focusing quadrupole, and a vertical corrector is placed
next to each defocusing quadrupole. These positions
correspond to high § values, enhancing correction effi-
ciency and reducing the corrector strength. Additional
independent correctors are installed near the IP to fur-
ther improve orbit correction.

e Skew quadrupole coils are mounted on all sextupoles.
Additional independent skew quadrupoles are placed
near the IP and in certain straight sections.

The correction system layout for a single ring of STCF
includes 405 BPMs, 287 horizontal correctors, 254 verti-
cal correctors, and 102 skew quadrupoles.

During machine commissioning, the primary require-
ment is to achieve first-turn beam accumulation. Using
100 random seeds of error distributions, first-turn trajec-
tories are corrected using the SVD method and trajectory
response matrix. For n correctors and m BPMs, the cor-
rector strength is given by

X, =RO,, (18)

where R is the m X n trajectory response matrix and X,, is
the trajectory offset at BPMs. The corrector strengths ©,
are calculated as

®,=-R'X,. (19)

The pseudoinverse R~ is computed using the SVD
method. Figure 48 shows the first-turn trajectories before
and after correction for the 100 error seeds. After cor-
rection, the maximum horizontal trajectory deviation
is within 2 mm, and the maximum vertical deviation is
approximately 8 mm. All seeds achieve a closed orbit after
correction.

After successful first-turn accumulation and achieving a
closed orbit, the dispersion free steering (DFS) method [39]
is used to further correct the closed orbit and dispersion
function. The corrector magnet strengths are still used as the
tuning variables. Based on the orbit and dispersion response
matrices, the goal is to minimize orbit and dispersion devia-
tions. The corrector strengths ® are calculated using the fol-
lowing equation:

d = RO. (20)

Here, R is the response matrix, and d is the deviation of
orbit and dispersion at the BPMs:
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Fig.49 (Color online) Closed orbit in the horizontal and vertical
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Fig. 50 (Color online) Closed orbit at the IP before and after DFS
correction
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Fig.51 Dispersion function distortions before and after DFS correc-
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where A and B are the orbit and dispersion response matri-
ces, respectively, u and D are the closed orbit distortion and
dispersion deviation vectors, respectively, and « is a weight-
ing factor.

The orbit and dispersion at the IP are critical for achiev-
ing design luminosity and must be corrected to minimal lev-
els. A weighted SVD method [40] is applied to solve for the
corrector strengths. The orbit and dispersion deviations at
the BPMs on both sides of the IP are multiplied by a weight-
ing factor w, and the corresponding rows in the response
matrix are also scaled by w. The corrector strengths are then
computed as

0=—wR)"wd. (23)

To improve correction performance and control the
magnitude of the corrector strengths, multiple iterative
corrections of the closed orbit and dispersion functions
are required, together with optimization of the number of
singular values used in the SVD. The weighting factor w
influences the correction results: larger w values enhance
correction at the IP but may degrade orbit and dispersion
performance elsewhere. A value of w=1000 is selected to
balance global and local correction performance.

Figure 49 shows the orbit distortion after DFS correc-
tion. The maximum horizontal and vertical orbit distortions
across the entire ring remain within 400 pm, with rms values
below 50 um. Notably, orbit distortions at the IP before and
after correction are analyzed in Fig. 50. Following weighted
DFS correction, the orbit distortion at the IP is reduced by
2-3 orders of magnitude, reaching the tens-of-nanometers
scale—sulfficiently low to avoid any noticeable impact on
luminosity. Figure 51 presents the dispersion function dis-
tortion before and after DFS correction. The correction sub-
stantially reduces both horizontal and vertical dispersion dis-
tortions. After correction, the rms dispersion function across
the full ring is approximately 0.25 mm, while the rms values
at the IP are approximately 0.4 pm (horizontal) and 0.5 pm
(vertical). Figure 52 shows the required strengths of the cor-
rector magnets during DFS correction. The maximum cor-
rector kick angles are approximately 0.3 mrad in both planes,
with rms values of approximately 32 prad, all well within
feasible technical limits.

While DFS effectively restores the closed orbit and dis-
persion functions, it does not recover the beam emittance,
B-functions, or tune. At this stage, approximately 25% of the
seeds fail to yield stable optical function solutions.
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Fig. 55 (Color online) Post-correction dynamic aperture (left) and momentum aperture (right) of the collider rings

To further restore beam emittance, tune, and dynamic
aperture, the LOCO method [40] is employed for optical
function correction. Skew quadrupole magnets are also
used to correct transverse coupling and vertical dispersion.
Figure 53 presents the statistical distribution of horizontal
and vertical f-beating rms values before and after correc-
tion. Most seeds achieve good optical function correction,
with B-beating rms values not exceeding 1% outside the IP
region. However, ﬁy distortion at the IP remains large, with
rms and maximum values of approximately 9% and 40%,
respectively, leading to luminosity losses of approximately
3% and 13%, respectively. To recover the luminosity, the
strengths of quadrupoles on both sides of the IP are changed
to rematch the optical functions to restore f, at the IP to
near-design values. 3, distortion is very small and has a neg-
ligible impact on luminosity.

After correction, the horizontal and vertical dispersion
function rms values are under 0.5 mm and 0.2 mm, respec-
tively, with maximum deviations not exceeding 5 mm. Since
weighting was not applied at the IP during this stage, verti-
cal dispersion at the IP increases, with rms and maximum
values reaching approximately 15 pm and 46 pm, respec-
tively—leading to luminosity losses of approximately 1%
and 3%, respectively. Future iterations may apply additional
weighting to reduce vertical dispersion at the IP. Horizontal
dispersion distortion has a negligible effect on luminosity.

Figure 54 shows the statistical distribution of transverse
coupling ratios before and after correction. Before correc-
tion, the transverse coupling ratio is very large, and the
resulting vertical emittance would notably reduce luminos-
ity. After correction, the emittance coupling ratio is reduced
to less than 0.1%, ensuring minimal luminosity loss due to
vertical emittance growth. During correction, the variation
in quadrupole strengths remains below 3%, and the maxi-
mum strength of skew quadrupole magnets is approximately
0.3 T/m, which is technically feasible.

After orbit, optical function, and coupling corrections,
the dynamic aperture and momentum aperture of the col-
lider rings are significantly restored. Figure 55 illustrates the
dynamic and momentum apertures with the edge effect con-
sidered after correction, indicating that the dynamic aperture
has recovered to near-ideal lattice levels. Momentum aper-
ture is also well restored, with Touschek lifetime degrada-
tion due to current error sources estimated at less than 30%.
The multipole field errors of the magnets will further affect
the nonlinear dynamics. Simulation results show that the
multipole fields of the doublet quadrupoles on both sides of
the IP have the most significant impact on the dynamic and
momentum apertures. To mitigate these effects, the higher-
order fields of these four quadrupoles should not exceed
2x107*, while those in other magnets should be maintained
below 5x 107*. This ensures that the reduction in dynamic
aperture and Touschek lifetime remains within 10%.

2.9 Beam collimation

Various beam loss mechanisms occur in the collider rings,
including Touschek scattering, beam—beam scattering,
and beam—gas scattering, all of which constrain the beam
lifetime [41]. At STCF, Touschek scattering is particularly
critical, reducing the particle lifetime to approximately 200
s. Consequently, an advanced beam collimation system is
necessary to mitigate particle losses.

The primary functions of beam collimators in the collider
rings are as follows: controlling experimental backgrounds
in the IR, preventing uncontrolled particles from damaging
accelerator components, and localizing beam losses to des-
ignated areas equipped with additional shielding, thereby
reducing radiation dose in the tunnel and easing the shield-
ing requirements for the tunnel walls [42].

Collimation efficiency is defined as the ratio of particles
intercepted by the collimators (or their surroundings) to the
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total number of particles lost within a specific section of the
collider rings. The design target is a collimation efficiency
exceeding 90% outside the IR and over 80% within it.

Another requirement for the beam collimation system is
to minimize impedance, with the collimators contributing
no more than 50% of the total ring impedance.

2.9.1 Beam collimation methods

2.9.1.1 Beam loss mechanisms During normal operation,
multiple physical mechanisms contribute to beam losses
in the collider rings, including Touschek scattering, beam
instabilities, injection losses, beam—gas scattering in vac-
uum, and beam—beam scattering at the IP [41]. At STCF, the
dominant sources of beam loss are estimated to be Touschek
loss, beam—gas scattering in vacuum, and beam—beam scat-
tering. The current estimated STCF beam lifetime is approx-
imately 200 s, with a total circulating particle count (cor-
responding to a stored current of 2 A in top-up mode) of
approximately 3.6 10'® e*/e™. This corresponds to a loss
rate of roughly 1.8x10'" e*/e™ per second. These losses
exhibit no obvious time structure. Preliminary analyses of
the major loss mechanisms are summarized below:

Injection loss: If STCF adopts an off-axis injection
scheme, with an injection efficiency exceeding 90%, the
resulting beam loss rate is approximately 1.8 x 10'° e*/
e~ per second. For a bunch swap-out injection scheme,
injection losses are negligible. Injection-related losses
are time-structured, occurring shortly after each injection
(at 30 Hz or every 33 ms for both positron and electron
rings), typically within 1 ms.

Touschek loss: This is expected to be the dominant
beam loss mechanism at STCF, originating from intra-
bunch scattering [41] and the very small momentum
aperture of the collider rings. The most critical momen-
tum aperture limitations occur in the IR (particularly
in regions of high dispersion) and in the arc sections.
A large number of collimators are therefore placed in
these regions to suppress losses both in the IR and else-
where in the ring. Touschek-induced losses are random
and lack a characteristic time structure.

Beam-beam scattering [43]: Excluding physics pro-
cesses that produce detectable events, beam—beam scat-
tering leads to two types of losses: instantaneous losses,
which increase background at the IP, and emittance
growth, which causes additional beam loss due to the
limited dynamic and momentum apertures of the rings.
These losses are random in time, although coupling
between off-axis injection damping and beam—beam
interactions may introduce some time structure.
Collective instability loss: These are unpredictable and
may occur sporadically. If frequent, such losses would
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limit the maximum achievable beam current and lumi-
nosity until additional mitigation measures are imple-
mented. They tend to be distributed around the entire
ring and place significant demands on the collimation
system. These losses are spontaneous and not time-
predictable.

Beam-gas scattering loss [44]: Scattering of beam par-
ticles and residual gas molecules in the vacuum causes
both direct particle losses (e.g., scattered particles lost
within a few turns) and emittance growth (which can be
mitigated by radiation damping). Outside the IR, such
losses should be well controlled by a carefully designed
vacuum system. However, in and near the IR—particu-
larly inside the spectrometer—vacuum conditions are
degraded due to limited space for pumps, resulting in rel-
atively high local beam loss rates. These losses contribute
directly to experimental background and must therefore
be suppressed. While they are generally continuous, sud-
den vacuum degradation at specific locations can occa-
sionally cause loss spikes.

2.9.1.2 Collimator layout design STCF is designed to
implement a more comprehensive beam collimation system
than previous electron—positron colliders owing to two fac-
tors: first, STFC collider rings have an exceptionally short
beam lifetime, representing an unprecedented challenge.
Second, since the STCF will be constructed from scratch
and is not an upgraded facility, it has the flexibility for opti-
mum collimator placement. This design approach can better
suppress backgrounds in the IR and enhance the manage-
ment of the collider tunnel radiation dose distribution.

The beam collimators of the STCF collider rings fall
into three categories: arc collimators, mainly responsible
for cleaning particles from Touschek scattering; IR colli-
mators, responsible for preventing off-momentum particles
(including those from vacuum scattering) from entering the
IR and collimating Touschek-scattered particles within it;
and straight-section collimators, responsible for removing
large emittance particles using nonlinear collimation meth-
ods (i.e., nonlinear lattice designs), thereby reducing the
burden on the IR collimators.

Arc Collimators: Previous electron—positron collid-
ers had relatively long beam lifetimes and therefore did
not require complex collimation systems. For example,
BEPC/BEPCII employed relatively few collimators [45],
while KEKB and PEP-II implemented more [46], and
SuperKEKB further increased the number, though space
limitations restricted placement to one half-arc in each
of the positron and electron rings [47]. As a new facility,
STCEF offers greater flexibility for favorable collimator
placement. Because Touschek scattering is nearly uni-
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formly distributed throughout the ring and represents a
major source of beam loss due to the short Touschek life-
time, collimators are planned for all arc regions, includ-
ing those near the IP (e.g., the small arcs). They will be
located at positions with large dispersion and large beta
functions, with the expectation that the majority of beam
losses at STCF will be intercepted by these arc collima-
tors.

IR Collimators: Dedicated optimization is required to
control experimental backgrounds. At SuperKEKB, IR
collimators carried an excessive burden [48]; STCF aims
to alleviate this through a more comprehensive global
collimation design. Further improvements will also be
made in collimator materials and structural design to
enhance both performance and effectiveness.
Straight-Section Collimators: While straight-section
collimators are critical in hadron colliders, they are
typically considered less important in electron colliders.
However, SuperKEKB proposed a nonlinear beam col-
limation method [49] to reduce the load on IR collima-
tors, and STCF is particularly well suited to implement
this strategy due to its advantageous spatial layout. Each
STCEF collider ring (e* and e~) will include a dedicated
nonlinear collimation section within the long straight seg-
ments. These collimators are designed to remove parti-
cles with large transverse emittance using relatively wide
gaps, thereby avoiding excessive coupling impedance. In
addition to leveraging large beta functions, nonlinear ele-
ments such as sextupoles or octupoles will be introduced
to distort the beam in phase space and enhance collima-
tion efficiency—an approach referred to as nonlinear col-
limation.

2.9.2 Calculation and simulation results

2.9.2.1 Beam loss simulation from Touschek scatter-
ing Owing to the very short Touschek lifetime, beam losses
during routine STCF collider operation are primarily caused
by the Touschek scattering effect. To better collimate
Touschek-induced losses, the beam loss distribution in the
absence of collimators was first evaluated. The vacuum pipe
geometry was modeled as follows: a radius of 15 mm at the
IP and the first quadrupole magnets on either side, expand-

ing uniformly through one drift section to 25 mm at the sec-
ond quadrupole, and then further increasing uniformly to
33.5 mm in the main IR. For the remainder of the ring, a
constant vacuum pipe radius of 26 mm was assumed.

Under the condition of a single-bunch charge of 8 nC
and a transverse coupling ratio of 0.5%, the distribution of
beam losses due to Touschek scattering—assuming scat-
tering points at every quadrupole magnet—was simulated
using the Accelerator Toolbox (AT). The result is shown
in Fig. 56. Analysis indicates that approximately 58.2%
of the lost particles are absorbed in the IR (between 370
and 380 m), 11.2% in the CCX section preceding the IR
(300-320 m), and 13.4% near the CS section upstream of
the IR (270-290 m). Most losses occur in the horizontal
plane; however, vertical losses are also observed in the crab
sextupole region, where f, is large. In the IR, losses pri-
marily arise in the transition drifts where the pipe aperture
changes, within 10 m of the IP, where p-functions are large
and complex and the aperture is relatively narrow.

Based on the loss distribution, global optical function
map, and betatron function distortions of off-momentum
particles, a layout of 11 horizontal collimators (HCs) and
6 vertical collimators (VCs) was determined through itera-
tive simulation and optimization. The final configuration is
shown in Fig. 57. After collimator placement, the Touschek-
induced loss distribution is present in Fig. 58. The simula-
tions indicate that the current configuration achieves a col-
limation efficiency of approximately 97.3%. Within +20 m
of the IP, residual beam losses are approximately 1.36%,
occurring primarily in the transition region upstream of
QF1. As shown in Fig. 58, HCs in the CCY section (HCS5,
HC6) and at locations with large horizontal p-function dis-
tortions (HC1) effectively intercept horizontally scattered
particles. Similarly, VCs (VC1, VC2) placed in high-f,
regions upstream of the IR efficiently intercept vertically
scattered particles.

When additional loss mechanisms such as injection
losses, beam—gas scattering, and beam—beam collisions at
the IP are included in the simulations, a greater number of
collimators will be required. A nonlinear collimation system,
as discussed above, is also foreseen to reduce the impedance
contribution from collimators with very small gaps.
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Tab:lgc;ot Phi’;icalt pr opetrtifisl of Material Density (g/cm®) Specific heat capacity ~ Thermal conductivity =~ Melting

candidate collimator materials .

(kJ/(kg-K)) (W/(m-K)) point
(X)

Tungsten (W) 19.3 0.132 173 3695

Tantalum (Ta) 16.69 0.14 57 3017

Copper (Cu) 8.96 0.385 400 1358
Aluminum (Al) 2.7 0.88 190 933

Graphite (C) 2.26 0.709 120 3915

2.9.2.2 Preliminary simulation of lost beam on collima-
tors When lost beam particles strike a collimator, they inter-
act with its material, and the nature of this interaction varies
with the choice of target material, affecting the ability to
stop particles, the deposition of energy, and the production
of secondary particles. Table 10 summarizes the relevant
properties of several commonly used collimator materials.
Considering both thermal performance and electrical con-
ductivity, copper has been preliminarily selected as the pri-
mary material for the STCF collimators. Given the relatively
wide operating beam energy range of STCF (1-3.5 GeV),
ongoing studies are evaluating whether an absorbing-type or
scattering-type collimator structure is more suitable.

2.9.2.3 Conclusions and analysis The current collimator
layout at STCF effectively reduces backgrounds in the IR
while maintaining a reasonable loss distribution throughout
the ring. Energy deposition from Touschek-induced losses
appears relatively modest and is not expected to induce
severe thermal effects at this stage. As the lattice design
evolves, the collimator layout will be updated accordingly,
and simulation models will be refined for improved accu-
racy. Future simulations will also incorporate additional
beam loss mechanisms.

2.10 Synchrotron radiation damping

2.10.1 Requirements of the collider rings for radiation
damping

The collider rings are subject to significant synchrotron radi-
ation effects. These effects lead to the loss of beam energy,
impose heavy thermal loads, and contribute adversely to
experimental backgrounds. In addition, synchrotron radia-
tion exerts a damping effect on the circulating beams, reduc-
ing transverse and longitudinal emittances. This damping
effect is beneficial and crucial for beam injection, harmful
collective effect suppression, and luminosity enhancement.
Concurrently, the quantum excitation effect, also originat-
ing from synchrotron radiation, introduces randomness and
competes with the damping. Hence, the horizontal emittance

and energy spread eventually reach an equilibrium deter-
mined by the lattice design and beam energy.

The STCEF collider rings are high-current, low-emittance
electron and positron storage rings designed to operate over
a wide energy range. Synchrotron radiation damping from
the lattice alone is insufficient to achieve the required short
damping times, low horizontal emittance, and relatively
high-energy spread, particularly at lower beam energies. To
meet these requirements, additional DWs will be installed
in the dedicated long straight sections to enhance the overall
damping effect.

The design targets for radiation damping in the collider
rings are as follows: at the optimal energy point (2 GeV),
the damping time should be less than 30 ms, the horizontal
emittance should be approximately 5 nm-rad, and the energy
spread should not be less than 6 x 10™*. At other operat-
ing energies, these parameters may vary slightly but must
remain within acceptable limits.

2.10.2 Mechanism of synchrotron radiation damping

Synchrotron radiation is emitted as a continuous spectrum
of electromagnetic waves in the tangential direction when
high-speed charged particles traverse curved trajectories
in magnetic fields. In the STCF collider rings, synchrotron
radiation is primarily produced by the dipole bending mag-
nets and DWs. The dipole magnets provide approximately
uniform vertical magnetic fields, and electrons emit radia-
tion as they bend in these fields. The wiggler magnets con-
sist of alternating-polarity dipole magnets arranged periodi-
cally and perpendicular to the central plane of the beam. As
electrons pass through this alternating field, their trajectories
oscillate, producing synchrotron radiation.

The radiated energy U per turn is expressed by Eq. (24),
where I, is the second synchrotron radiation integral, C,
is a constant (8.846x 10~ m-GeV ™), and E is the elec-
tron energy [50]. When wigglers are added, I, includes
contributions from both bending and wiggler magnets.
The contribution from the bending magnets I, is given in
Eq. (25), where p; is the bending radius and L, the effective
length of the i-th bending magnet. The wiggler contribu-
tion depends on the magnetic field profile. Equations (26)
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and (27) describe I,y for sinusoidal and rectangular field
wigglers, respectively, where Bp is the magnetic rigidity,
By is the peak magnetic field, and Ly is the total effective
length of the wiggler.

U=-—"2—1] 24
2r 2 (24
1 A
I :/—ds: =L (25)
20 p? ; /’i2
Ly 2
1 By Ly
I = —ds = 26
WS / 0 P 2(Bp)?* (26)
Ly 2
1 By Ly
I = / —ds = 27
2W.R o p2 (Bp)2 ( )

In the collider rings, the higher energy of the electron
and positron beams causes more synchrotron radiation
energy loss and increases particle damping. The damp-
ing rates are different for different directions (horizontal,
vertical, and longitudinal), as shown in Eq. (28), where J,
is the damping factor, T is the revolution period, E is the
beam energy, and U is the radiated energy per turn. The
average longitudinal energy loss will be compensated by
the RF cavities.

2

T, = —TE

AT (28)

The radiation damping effect reduces both the horizon-
tal and vertical emittance, while the quantum excitation
during the radiation process slightly increases horizontal
emittance. When quantum excitation and damping reach
dynamic equilibrium in the horizontal plane, the horizon-
tal equilibrium emittance is given by Eq. (29), where I5
is the fifth synchrotron radiation integral, C, is a constant
(3.832x 10712 m), y is the relativistic factor, and J, is the
horizontal damping partition number [51].

qu215
€0~ E (29)

The beam energy spread oy, is also affected by synchro-
tron radiation damping. When quantum excitation and damp-
ing reach equilibrium, the beam reaches a steady state, and
the equilibrium energy spread is given by Eq. (30), where
I is the third synchrotron radiation integral and J, is the
longitudinal damping partition number [50, 52]. The con-
tribution from the bending magnets to /5, denoted as I, is
expressed by Eq. (31), where p; and L, are the bending radius
and effective length of the i-th dipole magnet, respectively.
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Fig.59 (Color online) Total effective length of wiggler magnets
required for a 50 ms damping time at 1 GeV versus peak magnetic
field strength

Equations (32) and (33) describe the /5y, contributions from
sinusoidal-field and rectangular-field wiggler magnets,
respectively, where Bp is the magnetic rigidity, and By, and
Ly, are the peak magnetic field and total effective length of
the wiggler.

2
2 qu I

= 30
ok ‘]S12 ( )

N
1 1
130=/—ds=2—3 L 3D
prllI

oI’
L 2
v 4By Ly
Lys= | —ds=_—W 32
WS / 0 P 37(Bp)’ (32)
Ly 3
1 By’ Ly
I = _dS = 33
3WR /0 e By (33)

Compared to the previous generation of colliders, the col-
lider rings of the STCF have a significantly shorter beam
lifetime, which necessitates frequent beam injections and
a damping time of <30 ms. At lower energy (1 GeV), the
radiation damping time is excessively long, necessitating
the use of wiggler magnets to enhance damping and reduce
the damping time. At higher energy (3.5 GeV), synchrotron
radiation also affects the equilibrium emittance and energy
spread of the stored beam; the introduction of wiggler mag-
nets can also help tune these critical beam parameters.
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Table 11 Damping times (in ms) at various energies with and without
wigglers

Energy No. wiggler Sinusoidal field Rectan-
gular
field

1 GeV 586.6 43 22.3

1.5 GeV 173.8 26 14.2

2 GeV 73.3 17.6 10.0

3.5GeV 13.7 6.7 45

2.10.3 Damping wiggler parameter design

2.10.3.1 Total effective length and peak magnetic field For
the optimized 2-GeV energy point, the transverse plane
damping time of the collider rings must be shorter than 30
ms. At the beam energy of 1 GeV, the radiation damping
contribution of the lattice is much smaller, and the required
damping time should be less than 50 ms. Additional damp-
ing will originate from the DWs. By scanning the peak mag-
netic field strength By, from 1 to 5 T, the theoretical total
effective length of the wiggler magnets required to achieve
a 50 ms damping time at 1 GeV was calculated. The results,
shown in Fig. 59 for both sinusoidal and rectangular field
configurations, indicate that the effective length of a practi-
cal magnet will lie between these two cases.

Insertion magnet technologies currently used in accel-
erators can generally be classified into three types: room-
temperature magnets, cryogenic permanent magnets, and
superconducting magnets [53]. Typical magnetic field
strengths are 1-1.5 T for room-temperature magnets, 1.5-2
T for cryogenic permanent magnets [54, 55] , and 3-5 T or
higher for superconducting magnets.

Among these, superconducting wigglers are the most
complex and expensive. Moreover, for a given damping
time, increasing the field strength from 3 to 5 T provides
only marginal reductions in the required total effective
length. Since the STCF collider rings are designed to oper-
ate over a wide energy range (1-3.5 GeV), the wigglers must
provide sufficient flexibility and tunability. Permanent mag-
nets allow limited field adjustment through mechanical gap
control, whereas room-temperature magnets offer broader
and more convenient tunability via coil excitation current.

For these reasons, STCF has adopted room-temperature
wigglers. Taking into account cost, technical complexity,
and the overall ring layout, a peak field of By, of 1.6 T and a
total effective length Ly, of 76.8 m have been selected.

2.10.3.2 Selection of wiggler period length Wiggler mag-
nets are composed of a series of periodic dipole magnets.
The period length Ay, affects the field shape (more or less
rectangular), electron trajectories, beam parameters and
instabilities, and RF systems [56]. Although the second syn-
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Fig. 60 (Color online) Vertical magnetic field distribution B, along
the longitudinal axis for three types of wiggler field profiles in a sin-
gle magnet

chrotron radiation integral (relevant for damping time) does
not explicitly depend on Ay, the damping time decreases
with increasing Ay, as longer periods lead to a more rectan-
gular field profile, which provides stronger damping.

Table 11 shows damping times across the 1-3.5 GeV
energy range with and without wigglers (with By, = 1.6 T,
Ly, = 76.8 m). Rectangular fields more effectively reduce
damping time than sinusoidal fields. A realistic wiggler field
profile lies between the sinusoidal and rectangular cases,
with longer period lengths tending toward a more rectan-
gular shape. Considering maximum trajectory deviations,
oscillation angles, and beam path length extensions to the
ring circumference within the wigglers, a period length of
Aw = 0.8 m has been selected.

2.10.3.3 Wiggler end field configuration The wiggler end
field is crucial for ensuring that the beam trajectory returns
to its original transverse position and angle. Ideally, the
integral and double integral of the wiggler magnetic field
should be zero, which requires special end pole shaping.

A simple method uses weakened end poles at both wig-
gler ends with a symmetric field arrangement, i.e., an odd
number (2N + 1) of poles, where the end pole integral is
half that of the central poles. This arrangement ensures that
both the beam position and angle are restored after it passes
through the wiggler, but the center axis of the oscillatory
trajectory inside the wiggler remains offset.

To ensure that the trajectory oscillates around the zero
axis within the wiggler, each end has two weakened end
poles. For 2N poles, the field pattern is {+ 1/4, —3/4,+1,
—1,...+1,—1,+3/4, —1/4}, and for 2N+ 1 poles, {+ 1/4,
=3/4,+1,—-1,...,+1,—3/4,+1/4}. This configuration also
relaxes the requirement for a high quality field region in the
horizontal direction.
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Table 12 Damping time,
horizontal emittance, and

E(GeV) By, (T) 1,(ms)

7, (ms) g, (nmrad) ey (nm-rad) GE”(IO"%) (SEW(1073)

energy spread at four energy Sinusoidal field 1.0 16 5862 545 24 0.7 0.29 0.52
f;‘;:s in the STCF collider 15 16 1738 326 54 17 043 062
2.0 1.6 733 213 97 3.6 0.57 0.71
35 1.6 137 716 297 17.3 1.00 1.00
Realistic field 1.0 16 5862 424 24 0.9 0.29 0.55
1.5 16 1738 259 54 1.8 0.43 0.66
2.0 1.6 733 174 97 35 0.57 0.75
35 1.6 137 67 297 15.9 1.00 1.03
Rectangular field 1.0 16 5862 286 24 13 0.29 0.57
1.5 16 1738 180 54 22 0.43 0.69
2.0 1.6 733 125 97 3.6 0.57 0.79
35 1.6 137 53 297 14.0 1.00 1.06
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Fig.61 (Color online) Superimposed power distribution from 8 DWs at the end of a straight section (left: X direction, right: Y direction)

2.10.4 Impact of damping wigglers on beam parameters

Based on the current design parameters—room-tempera-
ture magnets with a peak field of By=1.6 T, total effec-
tive length Ly,=76.8 m, period length Ay,=0.8 m, and end
fields arranged in an even-numbered pole configuration
{+1/4,-3/4,+1, -1, ...,+1, = 1,4+ 3/4, — 1/4}—each
magnet has a length of 4.8 m, and a total of 16 wigglers
are deployed per ring. A more realistic wiggler field was
calculated using the magnet design software OPERA. The
vertical magnetic field B, along the central trajectory of a
single wiggler is shown in Fig. 60, demonstrating that the
actual field lies between sinusoidal and rectangular profiles
and includes fringe-field effects.

To accommodate the broad energy range of the STCF,
the wigglers must support variable settings to satisfy
beam dynamics requirements—including damping time,
horizontal emittance, and energy spread—across different
operational energies. Because sinusoidal and rectangular
wiggler fields produce different damping effects, and the
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actual field lies between these extremes, Table 12 presents
simulation results for damping time, horizontal emittance,
and energy spread at four beam energies (1.0, 1.5, 2.0, and
3.5 GeV) for the cases of no wigglers, sinusoidal wigglers,
rectangular wigglers, and realistic wigglers.

The results indicate that adding wigglers reduces the
damping time and increases the energy spread in all cases,
with rectangular fields producing stronger effects than
sinusoidal fields, and realistic fields falling in between.
This trend is consistent across all considered beam
energies.

Wiggler radiation generates substantial synchrotron
light. At 2 GeV and 2 A, a single wiggler produces 64
kW of synchrotron radiation power. One straight sec-
tion containing 8 wigglers emits a total of 512 kW. Fig-
ure 61 shows the power distribution of this radiation at
the downstream end. To manage it, photon masks must
be installed along the beamline to prevent direct strikes
on the vacuum chamber. The remaining radiation can be
extracted near the first bending magnet in the downstream
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arc and absorbed by a high-power photon absorber. In the
future, synchrotron light from the outer ring could also be
extracted for high-flux applications.

2.10.5 Evaluation of the effects of damping wigglers
on linear lattice and nonlinear beam dynamics

2.10.5.1 Impact on linear lattice Wiggler magnets with
vertical dipole fields (B,) exert additional vertical focusing
forces on the beam. These forces can modify the lattice's
optical functions and working point. The magnitude of this
perturbation is proportional to B%VLWﬂ /E?, where f3 is the
beta function at the wiggler. To mitigate such effects, the lin-
ear lattice design incorporates the wigglers from the begin-
ning, treating them as integral components of the storage
ring. Triplet quadrupoles are placed adjacent to the wigglers
to match the optical functions. These triplet quadrupoles
provide sufficient tuning flexibility: as the beam energy
in the STCF collider rings varies between 1 and 3.5 GeV,
which affects the relative field strength of the wigglers, the
quadrupole gradients can be adjusted to restore the desired
optics.

2.10.5.2 Impact on nonlinear beam dynamics Wiggler
magnets also affect the nonlinear beam dynamics of the
lattice, primarily due to the roll-off effect in the magnetic
field—that is, the non-uniformity of B, in the horizontal
and vertical directions [57]. The pertufbations exerted on
the beam in the horizontal and vertical directions are pro-
portional to By Ly A3,0B, /0x and By Ly A5, 0B, /dy, respec-
tively, where dB,/dx and dB,/dy are the gradients of the ver-
tical field in the horizontal and vertical planes. High-order
field components, such as sextupole and octupole terms in
the integrated wiggler field, introduce additional nonlineari-
ties that can reduce the dynamic aperture.

When the wiggler’s good field region is sufficiently wide
and the field quality is high, these high-order components
remain small, minimizing their impact on nonlinear beam
dynamics. Therefore, the design and fabrication of wiggler

Fig.62 (Color online) STCF
MDI layout (right side only;
the layout is symmetric about
the IP)
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magnets must ensure a large, good field region and high
magnetic field uniformity.

2.11 Physics design related to MDI
2.11.1 MDI design requirements

The Machine Detector Interface (MDI) is the region con-
necting the collider rings to the detector spectrometer,
playing a critical role in both routine accelerator operation
and physics data collection. Since both beams must pass
through the detector center and collide at the IP, and a tightly
focused beam spot is required to achieve high luminosity
using superconducting quadrupole magnets, the inner detec-
tor components must be positioned very close to the IP. This
results in extremely constrained space for accelerator com-
ponents. For a third-generation e*/e” collider such as STCF,
MDI design is particularly complex due to ultra-high lumi-
nosity, a large crossing angle, strong focusing, and short
beam lifetime—all of which must be addressed.

The accelerator IR involves multiple technical systems,
including lattice and beam dynamics design (accounting for
nonlinear effects, chromaticity correction, beam-beam inter-
actions, collective effects, etc.), superconducting magnets
and cryostats, beam diagnostics, vacuum systems, mechani-
cal structures, collimation, and alignment. On the detector
side, MDI-related systems include background simulation
and shielding, spatial arrangement of inner detectors and
electronics, luminosity monitoring, and feedback. Coordi-
nated study between the accelerator and detector teams is
therefore essential, with the design objective of ensuring
spatial compatibility between accelerator and detector sys-
tems, enabling the accelerator to achieve its target luminos-
ity and stable operation while minimizing background levels
for collision experiments.
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2.11.2 Impact of interaction region design on MDI

The lattice design of the IR determines the layout and lon-
gitudinal allocation of accelerator components within the
MDI. To maximize the solid angle for physics measure-
ments, the detector imposes stringent constraints on the
transverse space available to accelerator elements. Figure 62
shows the layout of the STCF MDY, illustrating the prelimi-
nary positions and dimensions of components within+ 3.5
m of the IP, including detector boundaries, central beam

beam incident into IP from outer rings
Detector
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X(mm)
)

-100
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pipe, vacuum pipe structures, superconducting magnets and
cryostats, beam diagnostics components, and mechanical
supports. Spatially, the detector requires that all accelerator
components within the IR be confined to a conical region
with a 15° opening angle centered on the IP.

The cryostat houses compensating solenoids, two super-
conducting quadrupoles, several correctors, and a shield-
ing solenoid. The compensating solenoid upstream of the
superconducting quadrupoles and closest to the IP cancels
the integrated longitudinal magnetic field of the detector
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Fig. 63 (Color online) Synchrotron radiation distribution in the MDI for beam incident into IP from outer rings and inner rings

Table 13 Synchrotron radiation

AR Synchrotron power (W) BO Central Be pipe Conical transi- Y-section pipe Cryostat
power distribution at the MDI tion pipe
for different beam injection
directions Outer ring @ 2 GeV 1372 0 3.64 0.43 17.8
Outer ring @ 3.5 GeV 1287.3 0 34.1 4.02 167.2
Inner ring @ 2 GeV 137.2 4.02 0 0.27 17.7
Inner ring @ 3.5 GeV 1287.3 377 0 2.5 165.7
Interaction Region Interaction Region
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Detector Detector
150 150 \ /
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Fig. 64 (Color online) Beam stay-clear boundaries at 2 GeV and 3.5 GeV
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Table 14 Layout and parameters of the final focus superconducting quadrupoles

Superconduct- Distance Beam stay-clear region  €*/e” beam center  Good field Field gradi- Beam pipe inner Effective
ing magnet from IP (m) 2X (220”,+ 2) (mm) separation (mm) region H/V ent (T/m) radius (mm) length (m)
(mm)
QDO 0.9-1.3 Entrance: 15.2/24.5 54 24.6x27.3 50 15 0.4
Middle: 18.7/27.3 66
Exit: 24.6/26.3 78
QF1 1.8-2.1 Entrance: 43.2/19.2 108 48.3%x19.2 40 25 0.3
Middle: 47.3/17.6 117
Exit: 48.3/17.0 126

In the beam stay-clear calculations, the horizontal emittance is taken as 5 nm, and the vertical emittance is assumed to be 5% of the horizontal

(i.e., 5% coupling)

solenoid. The shielding solenoid, wound around the super-
conducting quadrupoles, ensures that B, = 0 within the
quadrupole region. A downstream compensating solenoid
after QF2 counteracts the long tail of the detector solenoid
field.

The central beam pipe consists of the IP pipe and a transi-
tion pipe. The IP pipe is made of beryllium, with its inner
wall coated in gold to shield against synchrotron radiation
and reduce impedance, and has a diameter of 30 mm. The
transition pipe expands longitudinally from 110 to 500 mm,
transitioning from a 30 mm round pipe to a racetrack-shaped
cross-section measuring 60 mm wide and 30 mm high. At
the Y-chamber—remote vacuum connector (RVC)—the
beam pipe splits into two 30 mm diameter channels up to the
end of QDO, then transitions over 0.5 m to a 50 mm diameter
at the entrance of QF1, and finally increases within 0.5 m to
67 mm. The design of the transition from the dual-aperture
region in the superconducting magnets to the single-aperture
central beam pipe prioritizes the minimization of impedance.

The upstream bending magnet BO is a primary source
of synchrotron radiation entering the MDI. In the lattice
design, this magnet is deliberately positioned away from
the IP (approximately 8.5 m) and set to a relatively weak
bending angle of only 1°. Synchrotron radiation distributions
were analyzed for electron/positron beams entering the IP
from both the outer and inner rings, as shown in Fig. 63.
The directly irradiated regions are marked in yellow, and
only the case of the positron beam is illustrated for simplic-
ity. Table 13 lists the synchrotron radiation power deposited
in various MDI regions. For beams entering from the outer
ring, radiation does not directly strike the central beryllium
pipe, which occurs for beams entering from the inner ring.
Hence, the preferred configuration has the beams entering
the IP from the outer ring.

The definition of beam stay-clear regions in the IR is a
critical factor for MDI magnet design. In second-genera-
tion e*/e” colliders, such as PEP-II and BEPCII, the stay-
clear region is typically defined as 15-20 times the beam
envelope 6,/0, plus 1-2 mm to account for orbit deviations.

For newer-generation colliders, including SuperKEKB,
SuperB, and FCC-ee, the extremely small beam sizes at
the IP require strict control of orbit deviations near super-
conducting quadrupoles (less than 100 um); consequently,
the stay-clear region is defined without including orbit
deviations. CEPC adopts the same definition as BEPCII.
Here, both interpretations are provided. Figure 64 shows
the beam stay-clear boundaries at 2 GeV and 3.5 GeV. The
magenta and green dashed lines represent the stay-clear
boundaries for the positron and electron beams, respectively.
At 2 GeV, the horizontal stay-clear region is defined as
2206,+2 mm (or 240,), and the vertical as 226},+ 2 mm (or
26ay). At 3.5 GeV, due to the larger beam emittance, the
stay-clear region is reduced to 9.5¢,+2 mm (or 10.50,) for
the horizontal region and 9.56,+2 mm (or 11.50,) for the
vertical region. In these calculations, the horizontal emit-
tance ¢, is taken as 5 nm at 2 GeV and 27 nm at 3.5 GeV,
with the vertical emittance assumed to be 5% of ¢, i.e.,
€,=0.05¢,. The small beam stay-clear regions at 3.5 GeV
can be enlarged by increasing f7 Jyat the IP. Table 14 lists the

current parameters of the superconducting quadrupoles near
the IP that satisfy the IR optics requirements, including posi-
tion, field gradient, effective length, beam pipe radius, and
good field region.

2.11.3 Beam loss and experimental background simulation

The primary sources of experimental background in the IR
are non-collisional beam losses, Bhabha scattering, synchro-
tron radiation effects, and beam-induced bremsstrahlung. In
alow-energy e*e collider such as STCF, the latter two con-
tribute less significantly, with beam loss and Bhabha scat-
tering being the dominant factors. Bhabha scattering is an
inherent process accompanying collisions and is essentially
unavoidable. While beam loss is also inevitable, its impact
on experimental backgrounds can be mitigated through
appropriate measures.
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As a newly constructed accelerator, STCF aims to mini-
mize beam loss in the IR by employing collimators at stra-
tegic locations in the collider rings to intercept particles
from Touschek scattering and the transverse beam halo,
as described in the beam collimation section. Synchrotron
radiation primarily contributes to the thermal load on the
beam pipe in the IR; however, its effect on experimental
backgrounds—particularly from high-energy X-ray compo-
nents—must also be considered. Beam-induced bremsstrahl-
ung can influence background levels, especially when oper-
ating at the high-energy end near 3.5 GeV, providing another
rationale for maintaining ultra-high vacuum conditions in
the IR.

With the exception of the central beam pipe section—
particularly the beryllium IP pipe, which serves as the pas-
sage for reaction products entering the detector and there-
fore cannot be shielded—all other beam pipe sections and
components are equipped with shielding absorbers. These
are designed to reduce the likelihood that secondary par-
ticles from upstream beam collimators, vacuum-induced
bremsstrahlung, or synchrotron radiation reach the detec-
tor or superconducting magnet coils, while minimizing the
impedance introduced by the shielding structures.

Simulation studies of collision-induced backgrounds are
ongoing. Preliminary results indicate that the background
levels remain within controllable limits.

2.12 Considerations for future polarized beams

The design of polarized beams involves two key consid-
erations: achieving longitudinal polarization at the IP and

Table 15 Key injector design parameters

satisfying the spin matching condition to mitigate depo-
larization effects. Longitudinal polarization at the IP can
be realized either by implementing SSs in the ring or by
installing spin rotators at suitable locations near the IP [58,
59] . To reduce depolarization, the spin tune should be kept
as far as possible from integer resonances—ideally near a
half-integer. This can be achieved by using a Siberian snake
to fix the spin tune at an integer value or by employing a
spin rotator to slightly adjust the beam energy so that the
fractional part of a Xy equals 0.5, where a is the anomalous
magnetic moment (a=0.00115965218).

At STCEF, the preferred approach is to use spin rotators
to achieve both longitudinal polarization and spin match-
ing. This method offers greater flexibility in the collider
ring lattice design, without requiring dedicated structures to
accommodate SSs, and allows the use of a twofold symmet-
ric lattice layout. Furthermore, since STCF plans to adopt
a bunch swap-out injection scheme and the beam lifetime
is approximately 200 s, the requirement on depolarization
time is relatively relaxed, making the spin rotator approach
sufficient to achieve the desired polarization and depolari-
zation suppression. However, it remains unclear whether
the present lattice is fully compatible with polarized beam
operation, and further detailed studies are required. In Phase
I of STCEF, polarized beams will not be implemented; only
space for polarization components will be reserved in the
lattice design.

Parameter

Off-axis injection

Swap-out injection

Electron gun type

Linac RF frequency (MHz)

Bunch charge into collider (nC)

Injection energy/nominal energy (GeV)

Injected electron bunch geometric emittance (X/Y, nm-rad)
Injected positron bunch geometric emittance (X/Y, nm-rad)
Injected bunch energy spread (rms, %)

Injected bunch length (rms, mm)

Repetition rate (electron, Hz)

Repetition rate (positron, Hz)

Positron damping/accumulation ring

Bunch charge at ring entrance (nC)

Entrance emittance (X/Y, nm-rad)

Entrance energy spread (rms, %)

Exit emittance (X/Y, nm-rad)

Ring RF frequency (MHz)

Number of bunches in ring

Photo-/thermionic cathode

Thermionic/PITZ cathode

2998.2 2998.2

1.5 8.5
1.0-3.5/2.0 1.0-3.5/2.0
<6/2 <30/15
<6/2 <30/15
<0.1 <0.5

<7 <7

30 30

30 30
Damping ring Accumulator ring
1.5 2.9

<1400 <1400
<0.1 <0.3
<11/0.2 <30/5.2
499.7 499.7

5 5
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3 Injector accelerator physics
3.1 Introduction to the injector design
3.1.1 Design requirements and specifications

As an integral part of the STCF accelerator complex, the
injector is a sophisticated accelerator system. Its primary
role is providing high-quality, full-energy electron and posi-
tron beams for injection into the collider rings, serving as a
key component for realizing high luminosity at the STCF.
The collider rings operate in the top-up mode, and currently,
the beam injection design considers two schemes: off-axis
injection and bunch swap-out injection.

The off-axis injection scheme aims to replenish particle
losses during collider operation. In this approach, the elec-
tron beam is accelerated and transported directly to the col-
lider electron ring via a linac and beamline. For positrons,
the beam produced by the high bunch-charge electron beam
onto a target is accelerated to 1 GeV and damped in a DR.
Next, it is further accelerated through the ML and trans-
ported into the collider positron ring. In contrast, the bunch
swap-out injection scheme sequentially replaces bunches
whose charge has dropped below a certain threshold with
injected high-charge bunches in both rings. In this scheme,
high-charge electron bunches are directly supplied by the
electron gun and accelerated for on-axis injection into the
collider electron ring. For positrons, bunch charge accumula-
tion in an accumulator ring is necessary due to the relatively
low conversion efficiency from electrons to positrons. Fol-
lowing accumulation, the bunches undergo emittance damp-
ing and acceleration before on-axis injection into the collider
positron ring. Bunches scheduled for replacement must be
extracted in advance to accommodate incoming injections.

After comparison and evaluation, an injector scheme
compatible with both off-axis and swap-out injection is
proposed. This allows initial implementation with off-axis
injection to control construction costs, while remaining for
a swap-out injection upgrade when needed.

Although the two injection schemes impose different
design requirements on the injector, their primary objec-
tive is the same: to maintain approximately 95% of the
nominal electron and positron beam currents (2 A) in the
collider rings, assuming a minimum beam lifetime of 200
s. The off-axis injection scheme places higher demands on

Fig. 65 (Color online) Layout
of the dual-electron-gun low-
energy section
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beam quality, such as emittance and energy spread, whereas
the swap-out scheme requires higher bunch charge and an
increased repetition rate for part of the injector linac. Key
injector design parameters are summarized in Table 15. The
extremely short beam lifetime at STCF presents substantial
challenges for both beam injection into the collider rings and
the overall design and construction of the injector.

Traditional off-axis injection offers higher beam utili-
zation, lower bunch charge per injection, and reduced fre-
quency requirements for the injector linac, making it rela-
tively straightforward to implement. However, the larger
beam loss associated with off-axis injection introduces sig-
nificant experimental background and can induce emittance
growth through coupling with beam—beam effects.

To mitigate these issues, the swap-out injection scheme
is under study. This approach allows, in principle, higher
injection efficiency for individual bunches and can suppress
experimental background arising from injection losses.
Howeyver, if the extracted bunches are not reused—as in the
present design—beam utilization is reduced. In addition, the
large bunch charge imposes challenges for emittance control,
positron bunch charge accumulation, and achieving small
vertical emittance in the injector design.

The swap-out injection scheme requires beamlines and
accelerator components with larger physical apertures while
maintaining strictly controlled emittance growth. It also
necessitates pre-extraction of the bunches to be replaced
before injection, adding complexity to the extraction sys-
tem, which in traditional operation only needs to remove
the entire beam for machine protection, and requires a more
sophisticated beam dump. Reuse of the spent high-charge
bunches for other applications could mitigate beam utiliza-
tion issues. A notable advantage of this scheme is that an
injector designed for swap-out injection can also support
off-axis injection with relatively minor modifications.

In the conceptual design phase, injector physics designs
for both off-axis and swap-out injection schemes have been
developed, and a compatible injector design accommodating
both approaches is currently under study.

Given the wide operating energy range and the very short
beam lifetime of the collider rings—particularly under swap-
out injection—the injector must deliver electron and positron
beams with variable energy (1-3.5 GeV), high repetition rate
(30-90 Hz), low emittance (<30 nm-rad), and high bunch
charge (8.5 nC) for swap-out injection. These requirements
pose substantial challenges for the injector design, including:

BC
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e Electron and positron linacs: Three-stage linacs are
required for both injection schemes (Fig. 65). The low-
energy sections must accommodate large bunch charges
while controlling emittance growth. Positron linacs
(PL and SPL) must handle larger positron emittance.
The maximum linac repetition rate is expected to reach
90-100 Hz.

e Positron generation, capture, and pre-acceleration: All
schemes employ conventional target-based positron
production. Key tasks include efficient generation, col-
lection, and pre-acceleration of positrons, incorporating
adiabatic matching, e*/e” separation, and longitudinal
compression, necessitating detailed tracking simulations.

e Damping and accumulator rings: The damping ring (DR)
reduces positron emittance via synchrotron radiation. In
the swap-out scheme, the accumulator ring (AR) simul-
taneously accumulates and damps positrons to satisfy the
collider’s bunch charge and emittance requirements. In
the hybrid scheme, both the DR and AR are used sequen-
tially.

e ML: Accelerates 1 GeV e*/e” bunches to 1-3.5 GeV for
injection into the collider rings, operating alternately at
30 Hz for the electron and positron beams.

e Beam transport lines: Include the bypass beam line (for
off-axis injection only), injection and extraction lines
for the DR and AR, and transport lines from the ML to
the collider rings. The physics design emphasizes beam
matching, emittance preservation, and high transmission
efficiency.

A detailed description of the compatible injector scheme
is provided in Sect. 3.6.

3.1.2 Overview of the design schemes

Schematic layouts of both the collider ring injection
schemes, which are based on the physics design require-
ments and injector specifications and reference similar inter-
national accelerator layouts, are shown in Fig. 1.

The linac system for each of the two injection schemes
incorporates two electron sources—one corresponding to a
low-emittance electron gun for direct injection into the col-
lider electron ring and the other to a high-charge electron
gun for positron production via target bombardment. For the
off-axis injection scheme, the low-emittance electron source
is a PC RF gun producing 1.5 nC, and the high-charge elec-
tron source is a TC RF gun producing 10 nC. For the swap-
out injection scheme, the electron sources comprise a TC
gun (8.5 nC) or an L-band PITZ PC gun (8.5 nC), along with
an 11.6 nC TC gun. Different bunching schemes are used
for beams from different types of electron guns: a chicane
scheme is applied for beams from the RF PC guns, while
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for all three TC guns, a subharmonic buncher (SHB) and a
fundamental harmonic buncher system are adopted.

In the off-axis injection scheme (Fig. 1a), electrons from
the two sources pass through respective bunching sections
(BSs) and pre-injector sections (PISs) for bunching and ini-
tial acceleration. They are then merged at 200 MeV at the
entrance of the first ML section (EL1), which accelerates
the beam to 1.0 GeV. From there, the beam from the RF PC
gun is delivered via a bypass line to the positron/electron
ML and accelerated to the injection energy required by the
collider rings. The 10 nC electron beam from the thermi-
onic gun is further accelerated to 1.5 GeV by a second linac
section (EL2) before striking a tungsten target to produce
positrons. The resulting positrons are collected to form a
bunch charge of 1.5 nC and pre-accelerated to 200 MeV. In
the main accelerator section of the positron linac (PL), the
positrons are accelerated to 1.0 GeV and injected into a DR
for emittance reduction. The DR uses a single-turn (on-axis)
injection scheme, storing five bunches simultaneously. Each
bunch undergoes damping from an initial emittance of 1400
nm-rad to below 11 nm-rad. The extraction repetition rate
of the DR matches the injection of the collider rings. The
damped positron bunches are then transported to the ML
and accelerated to the injection energy of the collider rings.

In the swap-out injection scheme (Fig. 1b), 8.5 nC elec-
tron beams from a thermionic or PITZ L-band PC gun are
bunched in Bunching Section 1 (BS1) and accelerated to
1.0 GeV in the linac section SEL1. They are then acceler-
ated by the ML to the collider ring injection energy. The
electron beam from the 11.6 nC thermionic is bunched in
BS2, then accelerated to 2.5 GeV in SEL2 before striking a
tungsten target to generate positrons. A positron beam with
a bunch charge of 2.9 nC is collected and pre-accelerated to
200 MeV, then accelerated to 1.0 GeV in the PL. These posi-
trons are injected into an accumulator ring (AR) for bunch
charge accumulation and emittance damping. The AR uses
a multi-turn off-axis injection scheme, sequentially filling
all stored bunches and allowing sufficient damping time
before extraction. The injection repetition rate is a multiple
of the extraction repetition rate, which is determined by the
accumulation ratio. Once the accumulation and damping are
complete, positron bunches are extracted and accelerated
by ML to the required energy for injection into the collider
rings.

Swap-out injection requires high bunch charges and strin-
gent control of beam quality for both electron and positron
beams. Due to the positron production mechanism, the inter-
national standard employs a high-charge electron beam to
bombard a production target. Considering the sensitivity
of cost to electron beam energy and the technical limits on
bunch charge from the electron gun and linac, a positron AR
is adopted instead of a DR for off-axis injection. This AR,
combined with a higher repetition rate and modest beam



Conceptual design report of the Super Tau-Charm Facility: the accelerator

Page510f 170 242

Fig.66 (Color online) Layout
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energy for the driving electron linac, allows accumula-
tion of positron bunch charge through multiple injections
while simultaneously damping transverse and longitudinal
emittance.

For electrons, considering technological maturity and
cost considerations, direct injection of high-quality, high-
charge bunches into the collider electron ring is explored
to replace degraded bunches. The main challenges remain
achieving high bunch charge and low beam emittance. Two
feasible approaches are considered: (1) Conventional thermi-
onic guns: Capable of generating bunches exceeding 8.5 nC.
This method is technically reliable and does not require a
high-power laser system; however, the relatively large emit-
tance from the gun may necessitate beam scraping prior to
injection to meet emittance requirements. (2) L-band PC
guns: Capable of generating high-charge (> 8.5 nC), high-
quality electron bunches. While technically promising, this
approach imposes strict demands on the driver laser, the
high-vacuum environment, and the lifetime of the semicon-
ductor PC, particularly when operating at high repetition
rates, and still requires engineering validation.

Despite differences in injector physics design correspond-
ing to the two collider ring injection schemes, they share
common requirements: strict control of beam emittance dur-
ing acceleration, high positron capture efficiency, optimized
design of the positron damping and accumulator rings, and
optimized injection transport lines. The following sections
present the physics design details for each scheme, demon-
strating how the required bunch charge and beam quality
are achieved.

3.2 Injector physics design for off-axis injection
3.2.1 Electron source and low-energy acceleration section

Based on electron charge requirements for direct collider
electron ring injection and bombardment-based positron pro-
duction, two electron guns are used to generate bunches with
different charges. Consequently, the system is divided into a
photocathode low-energy section and a thermionic cathode
low-energy section. At the exit of the two low-energy sec-
tions, the beams from both electron guns are merged into the
first main acceleration section through a combining segment.
The layout of the dual-gun low-energy section is shown in
Fig. 65.

Table 16 Laser distribution cases used in optimization

Case Transverse laser profile Longitu-
dinal laser
profile

Case 1 Truncated Gaussian Gaussian

Case 2 Truncated Gaussian Flat-top

Case 3 Uniform Flat-top

3.2.1.1 Photocathode low-energy section The electron
beam quality (e.g., emittance, current, bunch length, etc.)
of the low-energy section is crucial in determining the
final beam quality injected into the collider electron ring.
To maximize the injector beam quality, a well-established
S-band 2998 MHz PC RF gun, which has already been tested
at major international and Chinese accelerator facilities, is
adopted for the STCF. This gun can deliver high beam qual-
ity that meets the stringent requirements of the STCF. The
basic configuration of this section is shown in Fig. 66.

The gun operates at a cathode gradient exceeding 100
MV/m and delivers a beam energy of approximately 4 MeV
at its exit. The beam is then accelerated to 120 MeV using
two S-band accelerating structures, LO and L1. The next
stage, L2, consists of two additional S-band structures pow-
ered by a shared RF source with an energy doubler, which
accelerates the beam to over 200 MeV while imparting
an energy chirp. This is followed by an X-band accelerat-
ing structure serving as a linearizer and a chicane acting
as a magnetic bunch compressor, which reduces the bunch
length to below 1 ps (equivalent to 1° RF phase at S-band
frequency). A Ti:sapphire mode-locked laser system, syn-
chronization control system, and various power supplies are
also required.

Compared with a conventional low-energy section based
on a thermionic cathode, a key challenge for the photocath-
ode scheme is maintaining low emittance at high bunch
charge. Typically, an external solenoid is used to focus the
beam after the RF gun. Following a drift section, the linear
space-charge effects can be partially compensated, mitigat-
ing emittance growth. According to the design requirements,
the photocathode low-energy section must deliver bunches
with a charge greater than 1.5 nC and a bunch length shorter
than 1 ps to maintain low energy spread in the subsequent
linac sections for direct and efficient injection into the
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collider electron ring. Therefore, a global optimization of
the parameters for the low-energy section is necessary.

The electron beam properties are mainly influenced by
the following four components:

1. Accelerating structures provide energy gain and lon-
gitudinal focusing.

2. Focusing elements (e.g., solenoids) compensate for
transverse emittance and provide transverse focusing to
confine the beam size.

3. Laser profile on the photocathode. The transverse and
longitudinal distributions of the drive laser affect space
charge forces and nonlinearities.

4. Photocathode material. Its thermal emittance directly
impacts the beam brightness.

Given the complex interplay among these parameters
and the spatial constraints of the injector, manual tuning or
scan-based optimization is inefficient. Instead, multi-objec-
tive optimization algorithms, such as genetic algorithms,

Timing System

Lood
Pulse v SSA V SSA SSA
I

Amplifier
¥ v v
)_0 - )_O % )_0 3 )_ —

Bl SHB1 SHR2 Acc Tube

SHB1|
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Fig. 69 (Color online) Thermionic cathode gun and bunching section

Fig. 70 (Color online) Phase ST3CQE‘ LINAC (10nC)

are employed and integrated with ASTRA beam dynamics
simulations. Realistic 3D electromagnetic field maps of the
components are used in the simulations to accurately repre-
sent their performance.

The optimization targets the bunch length and transverse
emittance at the exit of the second S-band linac section.
Three types of laser profiles are considered (see Table 16).

Charge values of 1, 1.5, and 2 nC are studied. The results
show that the transverse beam quality is relatively insensitive
to the transverse laser shape; therefore, a truncated Gaussian
profile is used to minimize energy losses associated with
laser shaping. In contrast, a flat-top longitudinal laser profile
significantly improves the emittance. Consequently, a flat-
top longitudinal and truncated Gaussian transverse laser pro-
file is selected. Based on the optimization results and spatial
constraints, the entrance to the first accelerating structure is
positioned 1.5 m from the cathode, the second structure at
5.02 m, and the center of the second solenoid at 2.0 m.

Simulation results at the exit of the two S-band sections,
including the phase space, current, and energy spectrum, are
shown in Fig. 67.

In the L2 section, the RF phase is before the peak, which
induces an energy chirp. The third and fourth S-band struc-
tures generate the chirp, while an X-band linearizer and a
chicane (providing negative R56) compress the bunch length
to &~ 1 ps at #200 MeV. At this point, both emittance and
energy spread are optimized (< 0.1%). With this setup, nor-
malized emittance at 1.5 nC remains below 2 mm-mrad for
all studied laser distributions. Figure 68 shows the final
transverse and longitudinal beam distributions.
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Fig. 71 (Color online) Trans- STCE LINAC (10nC)
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3.2.1.2 Thermionic cathode low-energy section Bunching
section

The BS primarily consists of an electron gun and a bunch-
ing system. The section primarily longitudinally compresses
the low-energy electron beam from the gun to achieve a
short bunch length (5-10 ps). This bunch length is achieved
while maintaining an appropriate capture efficiency, ade-
quate transverse phase space, and high-quality emittance to
satisfy the requirements for further acceleration in the linac’s
high-energy section. To deliver a high-charge, high-energy
electron beam for tungsten-based positron generation, we
employ a thermionic cathode electron gun that can produce
a bunch with a full width at half maximum (FWHM) greater
than 1 ns. Considering capture losses, the total charge at
the source should exceed 11 nC. The bunching system is
immediately downstream from the electron gun. It has two
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SHBs, one S-band fundamental buncher, and an S-band that
accelerates traveling waves, as shown in Fig. 69.

The two SHBs and one S-band fundamental buncher,
downstream of the gun, longitudinally modulate the velocity
of the non-relativistic electron beam and compress its bunch
length, enabling effective injection into the ML. A 1.3 ns
FWHM beam from the gun is compressed to approximately
10 ps FWHM after passing through this bunching system.

After bunching, the 10 ps beam is injected into the accel-
erating structure LO-1 and further accelerated to 65 MeV,
which is sufficient for subsequent acceleration to 1.5 GeV in
the ML for tungsten-target positron production. The funda-
mental buncher and accelerator LO-1 share a klystron power
source, while the two SHBs are powered by independent
solid-state amplifiers.
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Fig. 72 (Color online) Evolu- STCF IiﬁlNl\Cc (10nC)
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shows the initial phase space distribution of the thermionic
electron beam used in the simulation.
After extensive optimization, especially tuning the cav-

The beam dynamics of the BS are critical to overall accel-
erator performance. Simulations were performed using the
well-established Parmela code. A commercial Y-796 cath-

ode-grid assembly with a maximum emission current of 12
A paired with a 1.6 ns amplifier is used. The grid operates
at 7 A, leaving a margin for changes in current. Figure 70

ity voltages, phases, and drift distances of the SHBs and
the cavity length and voltage of the fundamental buncher,
key beam parameters such as transverse and longitudinal
envelopes along the beamline were obtained, as shown in
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Fig. 73 Magnetic field distribution in the BS of the thermionic cath-
ode electron gun

Fig. 71. The beam is well-focused both transversely and lon-
gitudinally, and a capture efficiency of 99.8% is achieved.

The evolutions of normalized emittance and phase space
distribution at the exit of the BS are shown in Fig. 72. The
normalized rms emittance is approximately 50 pm-rad. After
the main bunch, there are approximately 5 to 6 satellite
bunches; however, their particle count is only approximately
0.2% of the total. The main bunch has a charge of approxi-
mately 10.9 nC, which meets the target impact requirement
of > 10 nC, as illustrated in Fig. 65.

In the BS, solenoids and short magnetic lenses are effec-
tively used for transverse beam confinement. This ensures
good transverse parameters, such as envelope size and trans-
mission efficiency, while preserving longitudinal compres-
sion. The magnetic field distribution of the BS is shown in
Fig. 73.

Pre-injector section

As shown in Fig. 65, to allow the 10 nC thermionic cath-
ode electron bunch to use the same linac section (EL1) as
the 1.5 nC bunch produced by the PC source and preserve
the beam quality of both modes, the thermionic beam must
first be accelerated to 220 MeV. The PIS consists of a BS,
three 50 MeV accelerating structures, and two sets of triplet
lenses, as illustrated at the top of Fig. 74.

Fig. 74 (Color online) Layout

Timing System

The fundamental buncher L0O-0 and accelerating struc-
tures LO-1 and LO-2 share a single RF power source, while
L0-3 and LO-4 are powered by another source. Two triplet
lens assemblies are placed between L0-2/L0-3 and after
L0-4 for transverse beam focusing.

Using the output distribution from LO-1 (shown in
Fig. 72) as the input, we optimized the phases of L0-2, L0-3,
and LO-4, as well as the two triplets. The resulting transverse
and longitudinal envelopes along the beamline are shown
in Fig. 75, indicating excellent transverse and longitudinal
confinement.

The evolution of the normalized emittance, phase space
at the pre-injector exit, and energy gain curve are shown in
Fig. 76. The normalized rms emittance and phase space are
well controlled, satisfying the requirements for merging with
the photocathode beam and further acceleration.

3.2.1.3 Electron linacs EL1 and EL2 High-charge electron
beams for positron production and high-quality electron
beams for direct injection into the collider electron ring are
both pre-accelerated through two separate low-energy sec-
tions and then merged in EL1, where they are accelerated
to 1 GeV.

Key design considerations for the merger section

The layout of the merger section for the dual-electron-gun
system in the STCF linac is shown in Fig. 77. Considering
the low charge and low emittance characteristics of the pho-
tocathode electron beam, deflecting the photocathode beam
into the ML is preferred. This arrangement minimizes the
impact of dispersion from dipole magnets on beam quality
and facilitates beam optics design. The design goal of the
merger section is to align the beam center of the photocath-
ode electron beam with that of the thermionic beam while
preserving the former’s beam quality.

In our design, the photocathode and thermionic cathode
electron guns are on the same horizontal plane. Hence, we
implement horizontal plane deflection for the PC beam. The
merger section adopts a dogleg structure, consisting of two
dipole magnets with identical parameters that deflect beams
in opposite directions. This arrangement ensures that the
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Fig. 75 (Color online)
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beam propagates in the same direction before and after the
dogleg while achieving lateral displacement to merge with
the thermionic beam.

In practical terms, the PC beam must undergo bunch
compression during transport to reduce energy spread.
However, this compression introduces significant energy
chirp/spread (1% rms, 6% peak-to-peak). When passing
through dipole magnets, the horizontal emittance induced
by this dispersion can increase by up to two orders of
magnitude, severely degrading beam quality. Thus, the
main challenge in merger beam optics design is not only
to eliminate first-order dispersion but also to suppress
higher-order dispersion terms, particularly the T_166 and
T_266 matrix elements. Given space constraints, we fix
the dipole length to 0.2 m and set the deflection angle to
approximately 21.5°, resulting in a total merger length of
approximately 7 m. The dogleg layout is shown in Fig. 78.

We used the beam tracking code Elegant [60] for opti-
mization. Quadrupole magnets were employed to match
the first-order dispersion and transverse Twiss functions.
To minimize higher-order dispersion, sextupoles were
inserted. Inspired by the Elettra approach [61], sextupole
windings were added to the quadrupoles to provide addi-
tional sextupole components, further optimizing the emit-
tance. The optimization results show that reducing both
first- and second-order dispersion below 0.01 effectively
restores emittance to the desired level.

To reflect realistic conditions, the beam charge was set
to 1.5 nC in the simulation. Effects including SC, CSR
in dipoles, and incoherent synchrotron radiation (ISR) at
dipole edges were considered. Beam parameter optimiza-
tion was performed using Simplex and second-generation
genetic algorithms (NSGA2), with magnet parameters
as variables. First, dispersion terms were minimized,
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Fig. 76 (Color online) Emittance evolution, phase space, and energy
gain in the thermionic PIS
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followed by optimization of transverse Twiss parameters
and emittance (Figs. 79, 80, 81, 82, §83).

In conclusion, through the custom-designed dogleg, we
successfully merged beams from the dual electron guns
while restoring the horizontal emittance of the PC beam,
even under significant energy spread, thus maintaining
beam quality. The merged beams share the same beam
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center and can use the same ML, optimizing cost and
equipment usage.

Key design considerations for ELL1 and EL2

The 1.5 nC beam from the PC is directly injected into
the collider electron ring via the bypass after acceleration
in EL1. Therefore, the beam quality requirements for this
beam are more stringent than for the 10 nC beam that is
further accelerated in EL2 for positron production. Hence,
EL1’s lattice is optimized for the 1.5 nC beam. The per-
formance of the 10 nC beam in EL1 and EL2 was also
simulated, with the resulting transverse and longitudinal
envelopes, normalized emittance evolution, and phase
space at the linac exit shown in Fig. 84.

The plots show that the transverse rms beam size at the
linac exit is approximately 0.5 mm, the emittance is approxi-
mately 50 pm-rad, the energy reaches 1540 MeV, the trans-
mission efficiency is 99.8%, the beam charge is 10.9 nC, and
the rms energy spread is 1.87%. These parameters meet the
requirements for tungsten target positron production.

The EL2 section differs slightly in design. A triplet mag-
net is placed for every four 50 MeV accelerating structures
(i.e., after every 200 MeV energy increment). The total
length of the thermionic cathode linac is approximately 110
m.

3.2.2 Positron production, capture, and pre-acceleration

As a high-luminosity electron—positron collider, the STCF
requires a high-performance positron source capable of gen-
erating positron bunches with sufficient quantity and qual-
ity. This source is one of the core components of the STCF
injector. The positron source of the STCF adopts the con-
ventional method of positron production via electron beam
bombardment of a high-Z target—currently the only viable
approach for generating high-intensity positron beams.
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Fig. 84 (Color online) Beam parameter evolution along the linac for the positron target beam under the off-axis injection scheme

Table 17 Positron source

No Parameter Off-axis injection Swap-out injection
parameters of the STCF
1 Injected positron charge 1.5 nC/30 Hz 2.9nC/90 Hz
2 Incident electron beam 1.5 GeV/10 nC/30 Hz 2.9 GeV/11.6 nC/90 Hz
3 Injection energy 1.0 GeV 1.0 GeV
4 Damping ring entry emittance <1400 nm-rad <1400 nm-rad
0.160
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Fig. 85 (Color online) Geant4 simulation of positron production via x(mm)

electron beam bombardment

The STCF design is currently considering both off-axis
and bunch swap injection schemes for the collider rings.
The off-axis injection scheme requires a relatively low
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Fig. 86 Impact of beam offset on positron yield
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positron bunch charge and uses a lower primary electron
energy of 1.5 GeV. This necessitates optimizing the subse-
quent capture and matching acceleration systems to ensure
high positron yield from low-energy electron beams. In con-
trast, the swap-out injection scheme imposes significantly
higher requirements on the positron yield and heat dissipa-
tion capacity of the target owing to the need for high-charge
positron bunches (Table 17).

To develop a high-quality, high-current positron source
that meets the STCF requirements, two sets of target-con-
verter systems, which are based on the two electron beam
injection schemes, must be carefully designed and opti-
mized. These include the positron conversion target, the
adiabatic matching system (AMS), and the capture accelerat-
ing structure, which must be engineered to improve positron
yield and meet the needs of both injection schemes.
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Fig. 87 (Color online) Positron yield from a 1.5 GeV electron beam
hitting targets of different materials
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3.2.2.1 Positron conversion target The positron produc-
tion process by electron beam bombardment is typically
simulated using Monte Carlo codes such as EGS4, MCNP,
FLUKA, or Geant4. These simulations determine the
energy spread and angular distribution of positrons emerg-
ing from the high-Z target, providing input for the design
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Fig. 89 (Color online) Schematic and magnetic field simulation of the
AMD
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Fig.88 (Color online) Energy and angular distribution of positrons after a 1.5 GeV beam strikes the target (Left: with 5% energy spread; Right:

zero energy spread)
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Fig. 93 (Color online) PAS-Pre
acceleration section of the
positron linac
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of the downstream capture and matching systems. Fig-
ure 85 shows simulation results obtained using Geant4. It
is worth noting that simulations performed using different
codes often yield discrepancies in the positron angular and
energy distributions, sometimes up to 10-20%. Since these

results directly affect the design of the capture and match-
ing systems, improving simulation precision and accuracy
is crucial for the future development of positron sources for
e*e” colliders.
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Fig. 97 (Color online) Phase &
space calculation results of the
200 MeV positron bunch
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Fig. 98 (Color online) Chicane structure for positron magnetic com-
pression
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The emittance of the electron beam and its spot size on
the target significantly influence the distribution and angular
spread of positrons produced after the target. Smaller spot
sizes generally lead to higher positron collection efficiency;
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however, excessively small spot sizes may cause thermal
damage to the target. For the STCEF, the electron beam spot
size is required to be <1 mm. In addition, the beam offset
on the target affects the positron yield. Figure 86 illustrates
this effect for a 1.5 GeV electron beam, with similar results
observed for a 2.5 GeV beam. This necessitates a beam off-
set of less than 1 mm for the primary electron beam.

For the off-axis injection scheme, the positron source
must deliver 1.5 nC at 30 Hz. Figure 87 presents the simu-
lated positron yield for a 1.5 GeV electron beam with a 1
mm rms spot size incident on conversion targets of differ-
ent thicknesses and materials. Gold and tungsten provide
the highest positron yields. Considering cost-effectiveness,
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tungsten is selected as the target material. The optimal
tungsten thickness is 13 mm, resulting in a positron produc-
tion efficiency of approximately 4.1 positrons per incident
electron.

Figure 88 presents the energy and angular distributions
of positrons produced by 1.5 GeV electron beams with and
without a 5% energy spread. The results indicate that a 5%
energy spread has an acceptable effect on the resulting posi-
tron characteristics.

3.2.2.2 Positron accelerator PL design The positron beam
produced by electron bombardment of a target exhibits
a wide energy spectrum and large divergence angles. To
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Fig. 100 (Color online) Schematic of positron beam collimation
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match it with the downstream accelerating structures, the
positrons must be captured and converted into a beam with
smaller divergence and larger transverse size. The con-
ventional solution employs an adiabatic matching device
(AMD) within an AMS, where the magnetic field gradu-
ally decreases along the longitudinal axis as B, =By/(1 +az).
During transport through the AMD, the transverse phase-
space volume of the beam is conserved, enabling a trans-
formation from small transverse size and large divergence
to large transverse size and small divergence. After passing
through the AMS, the positron energy spectrum remains
broad and is dominated by low-energy positrons.

Because the positron energy spectrum contains a large
fraction of low-energy particles (1-20 MeV), a specialized
accelerating structure is required for effective capture. In the
AMD, positrons follow helical trajectories due to the longi-
tudinally varying magnetic field: low-energy positrons spi-
ral outward, while high-energy positrons spiral inward. As
they exit the AMD, the positron bunch both lengthens and
widens. Therefore, the first accelerating structure must com-
press the positron bunch, increase its energy, and provide
longitudinal phase-space matching. By choosing appropriate
RF phases, a greater fraction of positrons can be efficiently
accelerated.

To increase transverse acceptance and improve positron
capture efficiency, larger-aperture accelerating structures are
needed. However, placing large-aperture L-band accelera-
tors within focusing solenoids would significantly increase
cost. As a cost-effective alternative, the STCF design adopts
S-band large-aperture (30 mm) accelerating structures with
optimized RF phase settings for enhanced capture and
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Fig. 101 (Color online) Layout of the 200 MeV-1 GeV PAS acceleration section
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Fig. 103 (Color online) Particle tracking at 1 GeV PAS exit for off-axis injection

acceleration. The initial stage comprises six specialized
accelerating structures that boost the positron energy to
200 MeV. This stage is critical for determining the positron
beam’s intensity, emittance, and energy spread, all of which
strongly influence the designs of the DR, ML, and injection
system.

Adiabatic matching device (AMD)

The strength and profile of the AMD magnetic field are
determined by the energy spread and angular distribution of

@ Springer

positrons emerging from the target. Optimizing the AMD
is critical for improving positron capture. Figure 89 shows
the STCF AMD design on the electron—positron verifica-
tion platform, where a 5 ps, 15 kA pulsed current is applied
through 13 coils to generate the field.

Owing to the large angular and momentum spread of
positrons from the target, most would be lost without strong
focusing. The capture system must have high acceptance.
As positron beams have a small size but large divergence,
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C =149.986 m
E =1.0 GeV

Kicker RF

Fig. 104 (Color online) STCF DR layout

while downstream accelerating structures allow larger sizes
and smaller divergence, the AMD must perform the beam
transformation shown in Fig. 90, enabling proper matching.
Figure 91 shows angular variation after AMD; Fig. 92 shows
the energy spread and transverse beam size.

200 MeV Pre-acceleration section

Figure 93 illustrates the PAS-Pre section. Its structure
includes the conversion target system, AMD, two 2 m
large-aperture capture cavities, four 3 m capture cavities,
solenoids for external focusing, a triplet lens for match-
ing, and a chicane for momentum collimation. Geant4
simulations provide the energy and spatial distributions
of 1.5 GeV positrons, which are captured in the AMD and
two 2 m S-band accelerating sections. RF phase scans for
these two sections yield the optimal phases of 20° and
—40°, maximizing positron yield (see Fig. 94). A final 3 m

accelerating cavity boosts positrons to 200 MeV. Figure 95
shows particle tracking at this energy.

After optimization, the overall positron yield reaches
52.7% with an rms energy spread of 5.44%. Figure 96 shows
the evolution of beam spot size, bunch length, and energy
spread. Figure 97 presents the transverse and longitudinal
dimensions. The main positron bunch is approximately 60
ps long and contains ~90% of the particles.

Magnetic compression design

Most high-energy electrons pass through the target and
accompany positrons through the accelerator. To separate
electrons from positrons, a chicane is introduced, which also
compresses the positron bunch. The layout is shown in
Fig. 98, with an 8° bend angle and 27.83 mm offset, yielding

Rs¢ = —292<§Lbend + Ldrift> = —0.05 m. The optics func-

tions of the section are shown in Fig. 99.

To match the positron beam with the DR, a horizontal
collimator is placed at the chicane center to remove poor-
quality positrons. For off-axis injection, the aperture is 10
mm. Figure 100 shows the filtering effect, reducing energy
spread from 4.14% to 3.18%.

200 MeV to 1 GeV positron acceleration

After initial capture and acceleration to 200 MeV, posi-
trons are separated from electrons via the chicane. Accelera-
tion from 200 MeV to 1 GeV uses a triplet-focusing struc-
ture (see Fig. 101). Acceleration from 200 to 600 MeV uses
30 mm aperture S-band structures at 19 MeV/m. Accelera-
tion from 600 MeV to 1 GeV uses 20 mm aperture structures
at 23 MeV/m.

Figures 102 and 103 show the Twiss parameters and
particle tracking results for the PAS section under off-axis
injection. At 1 GeV, the rms energy spread is 0.77%, the
positron yield is 0.153 (i.e., 1.53 nC per pulse), the rms
bunch length is 5.62 ps, and the geometric emittances are €,
=798 nm-rad and £,=1160 nm-rad, meeting the DR's injec-
tion requirements.

Table 18 Comparison of

. Parameter CEPC SuperKEKB FCC-ee STCF

positron DR at the STCF and

international facilities Circumference (m) 147 135.498 241.8 149.986
Energy (GeV) 1.1 1.1 1.54 1.0
Natural emittance (nm-rad) 43.85 42.6 1.16 8.25
Horizontal injection emittance (nm-rad) 1161 1400 1290 350
Horizontal extraction emittance (nm-rad) 77.2 (44.9)* 435 1.81 8.26
Horizontal damping time (ms) 11.4 10.87 10.6%%%* 28.8
Storage time (ms) 20 (40)* 40 40 166.7
Stored bunches N,,;, X 1, 2(4)%* x 1(2)%** 2x2 5%2 5x1

*Indicates CEPC operating in a 40 ms storage mode

**Indicates CEPC front-end Linac operating in dual-beam mode under Z-pole operation

***FCC-ee utilizes two 6.64 m-long wigglers to reduce damping time

@ Springer
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3.2.3 Positron damping ring

3.2.3.1 Design requirements In the STCF off-axis injec-
tion scheme, the injector incorporates a 1.0 GeV positron
DR, which reduces the emittance of positron bunches—pro-
duced through electron beam interactions with a target—via
synchrotron radiation damping, bringing them to levels suit-
able for injection into the collider positron ring.

The layout of the DR system is shown in Fig. 104. It
primarily consists of the injection and extraction beamlines
and a circular synchrotron accelerator. Positron bunches
generated by the positron source have a maximum charge
of 1.5 nC and are injected into the DR through the injection
line. The DR operates at an injection frequency of 30 Hz
and stores five bunches simultaneously. Each bunch remains
in the ring for 166.7 ms before extraction. The extraction
frequency is also 30 Hz, with one bunch extracted per cycle
and delivered to the subsequent linac section.

According to the collider ring design, the injected posi-
tron bunch emittance must be below 6 nm-rad at the nominal
energy of 2 GeV, corresponding to a maximum emittance
of 12 nm-rad at the DR energy of 1 GeV. To meet collider
ring requirements while accounting for emittance growth
during transport, the extracted bunch from the DR must
have an emittance of less than 11 nm-rad. Currently, the
full emittance (4 X rms) of the injected positron bunch is
approximately 1400 nm-rad. Table 18 compares the design
parameters of the STCF DR with those of similar interna-
tional facilities [12, 37, 62].

3.2.3.2 Damping ring optics design The extracted emit-
tance from the DR is calculated as follows:

e—2t/r

6ext(t) = Epat + (Einj - Enat) ' (34‘)
40+ 40
—— Hor. damping time 7
35t 7 —138
- ===-=Natural emittance / =)
=z =1
£ 301 130 £
£ 25+ 258
. I
5]
s 15 £
]
2
r 110
5t 5
0.2 03 0.4 0.5 0.6

Reverse bend-angle ratio

Fig. 105 (Color online) Horizontal damping time and natural emit-
tance versus reverse bend factor
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where £;;, €.y, and €., represent the injected, extracted, and
natural emittances, respectively, ¢ is the storage time in the
DR, and 7 is the damping time. If the injected emittance is
1400 nm-rad and the goal is to reduce the extracted emit-
tance below 11 nm-rad, the beam must be stored in the ring
for at least three damping times, and the natural emittance
must be below 10 nm-rad. Since the natural emittance is
proportional to y2/p and the damping time is proportional
to p/y3, where p is the bending radius and y is the Lorentz
factor, achieving both a small natural emittance and a short
damping time through optics design without introducing
additional synchrotron radiation sources, such as wigglers,
is challenging. Since the STCF DR targets a much lower
extracted emittance than CEPC and SuperKEKB, its damp-
ing time will necessarily be longer than those of CEPC and

e
B —
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Fig. 107 (Color online) Twiss parameters for arc FODO cell in the
STCF DR
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Fig. 109 (Color online) Global twiss parameters of the STCF DR

SuperKEKB. Additionally, to reduce costs, wigglers will
not be used. Therefore, the lattice design strategy is to mini-
mize natural emittance through optical design, minimize the
damping time, and optimize the storage time to achieve the
target emittance.

The DR adopts a racetrack layout consisting of two
straight sections and two 180° arcs, designed to minimize
the total circumference and thereby reduce the damping
time. Both straight sections are dispersion-free and house
the injection and extraction elements as well as the RF
cavity. The ring is based on a FODO lattice, which is suf-
ficient to achieve a natural emittance in the nanometer-
radian range. Although MBA lattices can provide even
lower emittance, they do so at the cost of reduced dynamic
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Fig. 110 Dynamic aperture of the STCF DR
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Fig. 111 Injected positron beam emittance evolution in DR of the
STCF

aperture. The FODO structure employed here incorporates
a Reverse Bend (RB) scheme, which enhances synchrotron
radiation and enables low emittance.

Several RB strategies have been proposed internation-
ally. In 1989, CERN introduced a scheme in the CLIC
design where dipoles with opposite bending directions
were embedded within focusing and defocusing quad-
rupole pairs; however, this configuration offered limited
flexibility for phase advance tuning. Later, the ALS imple-
mented a reversed central dipole (“Superbend”) within a
triple-bend achromat (TBA) structure. A similar “posi-
tive—negative—positive” dipole pattern was adopted in
the U.S. EIC design, though it is unsuitable for compact
DRs. In 2005, KEK proposed a “positive—negative” dipole

@ Springer
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Table 19 Key parameters of the STCF DR

Parameter Value
Energy (GeV) 1.0
Circumference (m) 149.986
Number of bunches 5

Max charge per bunch (nC) 1.5
Max current (mA) 15

Arc FODO phase advance x/y (deg) 90/90
Dipole bending radius (m) 4.456
Dipole field strength (T) 0.749
Reverse bend factor, r 0.3
Synchrotron radiation loss per turn (keV) 35
Damping time, x/y/z (ms) 28.8/28.6/14.2
Storage time (ms) 166.7
Natural emittance x/y (nm-rad) 8.25/0.1
Injected emittance x/y (nm-rad) 350/350
Extracted emittance x/y (nm-rad) 8.26/0.2
Natural relative energy spread (%) 0.031
Momentum compaction factor 0.0064
RF frequency (MHz) 499.7
RF voltage (MV) 0.2
Harmonic number 250
Natural chromaticity x/y —15.0/-15.3

arrangement within each FODO cell for the SuperKEKB
DR, which allows for tunable damping time and a compact
layout. The STCF design adopts this latter scheme.

With the RB scheme, the damping time 7, natural emit-
tance €, and momentum compaction factor , are calcu-
lated as follows [63, 64]:

2ETy 1 —r 2ETy 1—r 2ETy 1-r
1'x = ,Ty = 7TE =
J .Uy 1+ |r] J,Uy 1+ |r| JeUpg 1+ 17
162
&= C, (9.0, = Gl )"
(35)

where E: beam energy, T|,: revolution period, r: reverse
bend factor (ratio of reverse to forward dipole angles), U,

Fig. 112 (Color online) Layout
of the horizontal injection
system for the STCF DR

Extraction
Kicker

synchrotron radiation energy loss per turn, J: damping parti-
tion numbers, ¢: phase advance per cell, 8: forward dipole
bending angle, F(r, ¢), G(r, ¢): optical functions.

The explicit forms are

(14 7r%)(3 + cosgp) — 8r

G y =
.9 16sin%(¢p/2)

(36)

1+5]r| + 72
+2(5 = 12r = 2|r| + 5r%)cos*(¢/2)
+(1=1rl + r?)cos*(¢/2)
(37

Figures 105 and 106 show the dependence of the damp-
ing time, natural emittance, and momentum compaction
factor on the reverse bend factor r. Considering damping
time requirements and magnet fabrication feasibility, we
choose r=0.3 as the design value.

Each arc contains 18 FODO cells (36 total in the ring).
The phase advance per FODO cell is 90°. The forward and
reverse dipoles are 1.0 m and 0.3 m long, respectively, both
with a bending radius of 4.456 m and a field strength of
0.749 T. Each FODO cell is 3.0 m long. The Twiss param-
eters for the arc cell are shown in Fig. 107.

Each arc ends with two half-strength FODO cells for
dispersion suppression. After that comes a straight section
of approximately 9.2 m used for injection/extraction and
housing the RF cavity. Twiss parameters for this region
are shown in Fig. 108. The injection/extraction point lies

1

F(r,p)= —————
- ¢) 24sin’(¢p/2)sing

Table 20 Key parameters of the injection kicker magnet

Parameter Specification
Injection direction Horizontal
Number of bunches 1
Kicker type Stripline
Deflection angle (mrad) 4.04
Effective magnet length (mm) 800
Pulse width (ns) <2
Rise time (ns) <35
| Injection |
Septum :
' Injection
1 Kicker
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Table 21 Key parameters of the injection septum magnet

Parameter Specification
Injection direction Horizontal
Deflection angle (°) 10

Effective magnet length (mm) 800
Magnetic field strength (T) 0.73

Septum thickness (mm) 4

at the center of the straight, with horizontal and vertical
beta functions of 9.5 m and 1.0 m, respectively. The RF
cavity positions are indicated in the figure. Downstream
of the injection/extraction point, three quadrupoles lead
to the kicker location. Global Twiss parameters are shown
in Fig. 109.

Figure 110 shows the dynamic aperture simulated with
Elegant. The size of this aperture ten times that of the rms
bunch size at the injection point in both transverse direc-
tions, fully meeting the injection requirement.

Figure 111 shows the emittance evolution of injected
positrons as simulated using multi-particle tracking in
Elegant. With a damping time of 28.8 ms and a design
equilibrium emittance of 8.25 nm-rad, a 166.7 ms stor-
age time ensures the emittance decreases from 350 nm-rad
to approximately 8.4 nm-rad, which meets the extraction
requirements (Table 19).

3.2.3.3 Injection and extraction design of the damping
ring The DR stores five positron bunches evenly distributed
around the ring. After each bunch is extracted, it is replen-
ished through bucket-to-bucket single-turn injection. Dur-

Q-triplet

ing injection, a septum magnet deflects the incoming posi-
tron bunch from the transfer line into the acceptance of the
DR. When the bunch center reaches the beam pipe center, a
pulsed kicker magnet is used to remove the injection angle.
The STCF DR employs a horizontal single-turn injection
scheme, consisting of one injection kicker magnet and one
injection septum magnet. The layout of the injection system
is shown in Fig. 112.

The exit of the septum magnet is located 9 mm from
the reference orbit of the circulating beam. The horizontal
acceptance is 8100 nm-rad. The septum blade has a thickness
of 4 mm, and the injected beam envelope is 3.7 mm (corre-
sponding to 1400 nm-rad). At the exit of the septum magnet,
the center of the injected beam is 18 mm from the reference
orbit, with an injection angle of —2.82 mrad. Parameters of
the injection septum and kicker magnets are summarized in
Tables 20 and 21, respectively.

The DR also employs a horizontal single-turn extraction
scheme, utilizing one horizontal extraction septum and one
extraction kicker magnet. The magnet parameters are iden-
tical to those listed in Tables 20 and 21. The layout of the
extraction straight section is symmetric to that of the injec-
tion section.

At present, the STCF positron DR achieves an extracted
emittance below 11 nm-rad after a storage time of 166.7 ms,
satisfying the design requirements. The field strengths of the
dipole, quadrupole, sextupole, and kicker magnets in the DR
are all within feasible operational ranges. The engineering
design of all components is technically achievable, with no
evident risks, demonstrating the overall feasibility.

Q-triplet Q-triplet

Fig. 113 (Color online) Layout TV
of the swap-out injection linac DC Gun
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Fig. 115 (Color online) Field distributions of the traveling-wave buncher (left) and relativistic accelerating section (right)

¥ 3.3 Injector physics design for swap-out injection
50
3.3.1 Electron source and main linac SEL1 for direct
40 / injection
% 30
§ / 3.3.1.1 Scheme 1-High-charge thermionic electron source
)
e System design requirements and specifications
10 =
0 The beam parameters for swap-out injection are speci-
0 100 200 300 400 500 600 fied in Table 15. This design employs a thermionic elec-
z (cm) tron source operating at an RF frequency of 2998.2 MHz.
The final system output is a single bunch with a charge
Fig. 116 Energy gain in the bunching system
Fig. 117 (Color online) Trans-
verse phase space at the bunch- 4 4
ing system exit
2 2
3 3
R £o
= =
2 2
4l Xp vs. X 4lYP VS. |y
2 -1 0 1 2 2 -1 0 1 2
X (cm) y (cm)
Fig. 118 (Color online) 1264 0.62
Longitudinal phase space and
beam dynamics at the bunching 031
. 948 :
system exit _
£ -
g 32 5 o
% >
h=
&
316 -0.31
0 | phase spectrum -062 | Y VS. X .
74 37 37T 74 -0.62 2031 0 031 0.62
X (cm)

@ Springer

Ag ()



Conceptual design report of the Super Tau-Charm Facility: the accelerator

Page730f 170 242

0.3

025 ,\
02 /
£ 0.15 \

0 100 200 300 400 500 600
z (cm)

Fig. 119 (Color online) Magnetic field distribution along the BS

2 [x (em) ¥s distardce

. i _
TR
RS i

2 ! UL i
3 0

2 1 1 1 1 1 1 1

50 Tphi-phis Vs A1&k

Ag ()

25

w-ws (kév) vs distance | T T T T T T

300 360

AE (MeV)

600

Fig. 120 (Color online) Evolution of transverse envelope, phase off-
set, and energy deviation

of 8.5 nC, geometric emittance <30 nm-rad, rms energy
spread <0.5%, and rms bunch length <2.0 mm.

o Key technologies and design strategy

The linac design is driven by the beam injection
requirements of the collider rings. Based on the over-
all performance objectives, the system integrates beam
bunching and acceleration structures, supported by both
theoretical modeling and simulation studies. The interac-
tion between multiple physical fields and the driving beam
is analyzed to establish an accurate theoretical framework,
guiding the design of the RF fields and focusing magnets.
To enhance design efficiency, multi-objective optimiza-
tion algorithms are employed. The optimized parameters
obtained from these algorithms are then applied to 3D
multi-particle beam dynamics simulations to evaluate the
bunching system’s performance.

Key technical challenges include the design of SHBs,
optimization of phase velocity distributions in non-uni-
form multi-cell structures, axial magnetic field design,

longitudinal phase-space optimization during acceleration,
and transverse matching of beam parameters.

e System configuration

The swap-out injection linac comprises a bunching sys-
tem and a relativistic main accelerating section, as illustrated
in Fig. 113. The bunching system includes two subharmonic
prebunchers operating at frequencies of 1/18 and 1/6 of the
main RF frequency, an S-band traveling-wave buncher, and
one velocity-of-light accelerating section. The ML consists
of 68 SLAC-type accelerating structures, each 3 m in length.

¢ Bunching system design

The thermionic electron gun produces a bunch with an
FWHM of 1.3 ns, a single-bunch charge of 8.5 nC, and a
kinetic energy of 200 keV. Its longitudinal distribution and
projections in the longitudinal and transverse directions are
shown in Fig. 114.

After passing through the two SHBs and the traveling-
wave buncher (Fig. 113), the bunch is compressed to 5 ps
(rms, 95% particles) and accelerated by a 3 m SLAC accel-
erating section to ~ 60 MeV with an energy spread of 1.39%
(rms, 95% particles). The traveling-wave buncher adopts a
variable phase velocity and gradient disk-loaded waveguide
structure. The accelerating field profiles for the buncher and
the relativistic section are shown in Fig. 115 (left and right,
respectively).

Figure 116 shows the beam energy gain at the output of
the bunching system, and Figs. 117 and 118 show the trans-
verse and longitudinal phase spaces.

To limit transverse beam loss, a solenoidal focusing sys-
tem is used to constrain the beam size. The magnetic field
distribution along the BS is shown in Fig. 119. The evolution
of transverse beam envelope, phase deviation, and energy
deviation along the beamline is shown in Fig. 120. The evo-
lution of key parameters, including rms bunch length, energy
spread, normalized transverse emittance, and rms transverse
size, is present in Fig. 121.

e Light-speed Linac design

The light-speed accelerating section consists of 68
SLAC-type accelerating structures, each 3 m long, which
increase the beam energy from approximately 60 MeV to
a maximum of 3.5 GeV. To control the transverse beam
properties, one quadrupole triplet (comprising three quad-
rupole magnets) is placed between every two accelerating
sections to provide beam optics matching.

¢ Longitudinal Performance: The input beam energy to
the relativistic linac is approximately 60 MeV, and it is

@ Springer
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Fig. 122 (Color online) Evolution of energy spread and bunch length (rms, 95% particles) in the relativistic linac

accelerated to 3.51 GeV. The evolution of the energy
spread and bunch length along the linac is shown in

systems are installed between every two accelerating
structures to control the transverse beam size and match

Fig. 122. At the linac exit, the rms bunch length is 4.87
ps (containing 95% of particles), and the rms energy
spread is less than 0.5% (also for 95% of particles).

Transverse Performance: Once the beam enters the
relativistic linac, solenoids are no longer suitable for
focusing high-energy beams. Therefore, triplet magnet

@ Springer

the beam optics by adjusting the quadrupole magnet
currents. After optimization, the rms transverse beam
size and normalized transverse emittance are shown in
Fig. 123.
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Fig. 123 (Color online) Evolution of rms beam size and normalized emittance (95% particles) in the relativistic linac

Table 22 SELI1 linac design results for the STCF swap-out injection 52.8
52.6
Parameter Value
_ 524
Injected electron bunch charge (nC) 8.5 é 522
Injection beam energy (GeV) 1-3.5 E 5 ‘ ‘
Transmission efficiency (main bunch) (%) 99.97 ‘g 518 i IR s
. . g o LA
Normalized emittance (mm-mrad) <55 E 51.6 M{"_f’
Rms energy spread (for >95% of particles) (%) <05 5 514
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The overall performance of the SEL1 linac for the kE (MeV)
swap-out injection is summarized in Table 22. It success-
fully accelerates an 8.5 nC high-charge electron bunch to Fig. 126 (Color online) Energy spread evolution at 2 GeV
3.5 GeV while maintaining a transmission efficiency of
99.97% and energy spread below 0.5%, meeting the STCF
injector design requirements. As noted above, the 68-section linac can be operated
with adjustable RF power to achieve 1 and 2 GeV output
¢ Performance at different output energies energies. Figures 124, 125, 126, 127 show the evolution
of energy spread and normalized emittance for the 1 and

2 GeV cases.

@ Springer



242 Page 76 of 170

X.-C. Aietal.

52
51.8
é 516 |
Z 514 J
=1
< &
£ - L]
5§ 512 J
5
z
st Ll |
i - '—L‘r—'—%__\~_.._,
50.8 i =
200 400 600 800 1000 1200 1400 1600 1800 2000
KE (MeV)
Fig. 127 (Color online) Normalized emittance evolution at 2 GeV

Bucking Coil

Coupler

\,
]!

i

Cooling
Water

Fig. 128 (Color online) Major components of an L-band PC gun

¢ Feasibility analysis

e The input beam distribution in this design is derived
from the HEPS electron source. The simulations incor-
porate a realistic upstream electron gun system, pro-
ducing consistent and representative output parameters.

e The SuperKEKB injector in Japan adopts a simi-
lar configuration consisting of two SHBs + pre-
buncher + buncher, with SHB frequencies of 1/25 and
1/5 of the main RF frequency. The CEPC in China also
employs two SHBs+TW buncher operating at 1/18 and

1/6 of the main frequency. The present design is there-
fore consistent with established and successful inter-
national practices.

e Beam dynamics simulations were performed using
Parmela. The results, presented in the previous sec-
tion, confirm that the design meets the STCF collider
requirements for high-charge direct injection.

o Conclusion

For the swap-out injection scheme, a high-charge linac
design based on a thermionic electron gun is proposed.
Two SHBs and a traveling-wave buncher are used to
compress the high-charge electron beam, which is then
accelerated through 68 accelerating structures to reach the
injection energy. Beam dynamics simulations demonstrate
that the beam achieves an energy of 3.5 GeV, with an rms
energy spread below 0.5%, an rms bunch length below 4.9
ps, and an overall transmission efficiency of 99.97%, fully
satisfying the STCF injection requirements.

3.3.1.2 Scheme 2—L-band photocathode high-charge elec-
tron source For the swap-out injection scheme, the STCF
collider requires the injector to deliver high-quality elec-
tron bunches with a charge of at least 8.5 nC while satis-
fying strict emittance constraints. Traditionally, producing
bunches with such high charge has relied on thermionic
electron guns, which typically generate beams with high
emittance (~ 100 mm-mrad) and long bunch lengths (> 100
ps). These characteristics lead to phase overlap during RF
acceleration and necessitate beam scraping, making it chal-
lenging to meet the required emittance and energy spread
specifications.

In contrast, L-band PC electron guns, developed over
many years for free-electron laser (FEL) applications, pre-
sent a promising alternative. These guns can simultaneously
achieve high bunch charge and excellent beam quality. The
L-band PC gun technology has been successfully dem-
onstrated at facilities such as PITZ (Germany) and Tsin-
ghua University [65, 66], achieving quantum efficiencies
exceeding 5% and normalized emittances of approximately
1 pm/nC. It has also been adopted in major projects such
as SHINE [67] and PWFA at BEPCII, establishing it as a
mature and reliable solution for high-charge electron injec-
tors (Fig. 128).

o Tyt ot e Loand b Lband 11 2 Xband o 3
| you o Gun 2*Lband  2*Sband 20 * Sband
ow-energy section Ee—— - X ]-[ ][ H
7 MeV 40MeV 140 MeV 130 MeV 1GeV
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Table 23 Main parameters of the L-band PC RF gun

Parameter Value
Operating frequency (MHz) 1300
Operating mode Pulsed
Max repetition rate (kHz) 1

Duty cycle (%) >04
Cathode gradient (MV/m) >50
Dark current (pC/pulse) <200
Static vacuum (Pa) <1x1078
Dynamic vacuum (Pa) <5%x1078

e Layout overview

This scheme replaces the 8.5 nC thermionic gun in the
injector layout (Fig. 65) with an L-band PC gun while retain-
ing a positron line configuration similar to that of the off-axis
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Fig. 130 Multi-objective optimization results of the L-band PC low-
energy section

injection scheme but with an increased positron production
energy (>2.5 GeV).

The L-band PC gun has been experimentally demon-
strated to operate stably at 5 nC @ 1 kHz. For the STCF, the
required total yield is 240 nC/s (8.5 nC x 30 Hz), which this
gun can satisfy. Considering RF power system constraints
(<100 Hz), the gun is configured for 8.5 nC @ 30 Hz opera-
tion. The feasibility of this design is currently under further
study.

¢ Electron bunch generation and acceleration

The low-energy section of the L-band PC injector pri-
marily comprises the PC RF gun, a solenoid (SOL), two
L-band accelerating structures (L1), two S-band accel-
erating structures (L2), one X-band linearizer section,

10
T

e
'

& (mm.mrad)
30
)

20
Tt s

10

(S
IS
o
)

Fig. 132 Emittance evolution along the L-band PC pre-injector

Fig. 131 Phase space and cur- 3 Py
rent distribution at the L-band sl ] @ - r
PC gun exit § S
= ()
é = : S
4 ['#3
A . & 8f
x |t - :
Tar s I i £
Tt 7 E o
L L i & 4 1
-6 0 6
Az (mm) Apz/pz
Longitudinal Distribution
. 1 T
<&l !
) -
C
£
3 gf i
-6 )] 3]
X (mm)

@ Springer



242 Page 78 of 170

X.-C. Aietal.
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Fig. 135 (Color online) Layout of the linac for positron target bombardment in the swap-out injection scheme

and a magnetic chicane compressor. It is also equipped
with several magnets and beam diagnostics components.
Together with the PC, drive laser, solid-state and pulsed
power sources, as well as vacuum, mechanical, power sup-
ply, control, radiation protection, and engineering systems,
these elements form the complete low-energy section of
the injector. The overall layout is illustrated in Fig. 129.
Since the exit energy of the L-band RF gun is rela-
tively high (>7 MeV), a traditional RF buncher cannot

@ Springer

be used for compression. Instead, magnetic compression
is employed to reduce the bunch length and control the
energy spread. Based on international experience with
L-band PC RF guns, for bunch charges as high as 8.5
nC, the bunch length at the gun exit is relatively long.
To address this, a pair of 1 m-long L-band accelerating
structures is used for pre-acceleration to increase the
beam energy, followed by two 3 m-long S-band accelerat-
ing structures (L2) and an X-band linearizer to introduce
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Fig. 136 (Color online) Beam parameters along the positron-target linac for the swap-out injection scheme

an energy chirp, which is subsequently compressed in a
magnetic chicane. Finally, the beam is further accelerated
beyond 1 GeV in section L3, comprising 20 S-band accel-
erating structures.

The PC gun is a PITZ-type L-band design, featuring 10
water-cooling channels on the cavity body and a coaxial
RF coupler for power feed. The solenoid uses a combina-
tion of a bucking coil and a main solenoid, following the
PITZ design. The performance parameters of the gun are
summarized in Table 23.

As in the off-axis injection design, the optimization
of the L-band PC low-energy section employs a multi-
objective, multi-variable genetic algorithm integrated with
ASTRA beam dynamics simulation software. 3D electro-
magnetic field maps of the actual components are used in
the simulation, and the entire physical layout is modeled
realistically.

During optimization, the longitudinal bunch length and
transverse emittance of the electron beam at the injector
exit are used as the main objectives. The tunable variables
include the operational parameters and physical positions of
the components described above. The thermal emittance of
the PC is set to 1 mm-mrad/mm. The transverse distribution
of the drive laser is set to a flat-top profile, while the longitu-
dinal profile is Gaussian. The main optimized results of the
low-energy section are present in Figs. 130, 131, and 132.
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Fig. 137 (Color online) Simulated positron yields for a 2.5 GeV elec-
tron beam on targets of different materials and thicknesses

The above results demonstrate that at the L1 pre-buncher
exit, the beam energy is 38.77 MeV, the bunch charge is 8.5
nC, the bunch length is 2.2 mm, the normalized emittance
is 4.8 pm, and the peak current reaches 300 A. The longi-
tudinal profile approximates a Gaussian distribution. The
low-energy beam then passes through the L2 and X-band
linearizer sections, where it is compressed at approximately
200 MeV. The bunch length is reduced from 2.2 mm to 0.8
mm (corresponding to approximately 2° of the S-band RF
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Fig. 138 (Color online) Energy and angular distribution of positrons produced by a 2.5 GeV electron beam with and without energy spread

phase), as shown in Fig. 133, before being accelerated to
over 1 GeV.

At the exit of the SEL1 section, the energy spread is
approximately 0.38%, with the phase space and current dis-
tribution shown in Fig. 134.

These results show that the L-band PC low-energy sec-
tion achieves a shorter bunch length and lower emittance,
making it suitable for direct injection. Moreover, both the
cathode and drive laser offer sufficient operational margin,
and the L-band PC gun shows potential to scale up to ~ 10
nC, fully meeting the requirements of single-bunch swap-
out injection.

3.3.1.3 Electron source and main accelerator section SEL2
for positron production In the swap-out injection scheme,
the thermionic electron source used for positron target bom-
bardment is similar to that in the off-axis injection design,
but with a higher bunch charge requirement of 11.6 nC. The
low-energy section design is also identical, comprising a BS
and a PIS. The main accelerator section, SEL2, increases
the beam energy to 2.5 GeV while supporting an increased
repetition rate of 90 Hz. A total of 46 accelerating structures
are required in SEL2, resulting in an overall linac length of
approximately 180 m, as illustrated in Fig. 135.

Tracking the 11.6 nC bunch through SEL?2 yields the
beam transverse and longitudinal envelopes, normalized
emittance evolution along the beamline, and the final phase
space distribution at the linac exit, as shown in Fig. 136.

The figure shows that the rms transverse beam size at
the exit is approximately 0.5 mm, with a normalized emit-
tance of approximately 50 pm. The final energy is 2542
MeV, with a transmission efficiency of 99.8%, a bunch
charge of 10.9 nC, and an rms energy spread of 1.76%,
satisfying the requirements for tungsten target positron
production.

@ Springer

As in the off-axis injection scheme, a triplet lens is placed
every two 50 MeV accelerating structures before 1 GeV and
every four 50 MeV accelerating structures after 1 GeV.

3.3.2 Positron production, capture, and pre-acceleration

The positron source is a key component of the STCF injec-
tor, responsible for generating positron bunches with suf-
ficient quantity and quality. The STCF will adopt the con-
ventional method of positron generation via electron beam
bombardment of a target, which remains the only viable
approach for producing high-intensity positron beams. Both
off-axis injection and swap-out injection schemes are con-
sidered. The off-axis scheme employs a relatively low bom-
bardment energy of 1.5 GeV, requiring careful optimization
of the subsequent capture and matching accelerator systems
to ensure adequate positron yield from low-energy electron
beams. The swap-out injection scheme, by contrast, imposes
a much higher bunch charge requirement, demanding greater
positron yield and improved target heat dissipation perfor-
mance. The positron source parameters for the swap-out
injection scheme are summarized in Table 17.

3.3.2.1 Positron conversion target For the swap-out
injection scheme, the positron source must provide pos-
itron bunches with 2.5 nC at 90 Hz. Figure 137 shows
the simulated positron yield for a 2.5 GeV electron beam
incident on targets of different thicknesses and materials.
Gold and tungsten produce the highest yields. Owing to
cost considerations, tungsten is used as the target material,
with an optimal thickness of 15 mm and a positron yield
of 6.9 per incident electron.

To optimize the downstream capture and acceleration of
positrons, the energy and angular distribution of the posi-
trons leaving the target must be known. Figure 138 compares
the energy spectra and angular distributions of positrons
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produced by a 2.5 GeV electron beam with a 5% energy
spread and by an ideal monoenergetic beam. The effect of
the 5% energy spread on the positron distribution is found

to be acceptable.

3.3.2.2 Design for the positron linac (PL) This design,
including the AMD, positron pre-accelerator, and main
accelerator section, is nearly identical to the system used
in the off-axis injection scheme. Therefore, it will not be

discussed.
3.3.3 Positron accumulation ring
3.3.3.1 Design requirements and specifications In the

swap-out injection scheme of the STCF, the injector must
supply full-charge electron and positron bunches of 8.5 nC
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Fig. 141 (Color online) Disper- —
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Fig. 142 (Color online) Struc-
ture of the accumulation ring
straight section

Fig. 143 (Color online) Twiss
parameters of the full positron
accumulation ring

Fig. 144 Working point of the
accumulation ring; the left
shows proximity to 4th-order
resonances, and the right to
Sth-order
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Fig. 145 (Color online) Dynamic aperture of the positron accumula-
tion ring

to replace those in the collider rings with particle numbers
less than the level required for collisions. owing to the rela-
tively short beam lifetime, the bunches must be prepared at
a high repetition rate.

Assuming the injector delivers bunches to the collider
rings at a repetition rate of f, = 30 Hz, the accumulation
ring must achieve a damping time constant of T & 20-25
ms. It must store at least n, > 4 bunches, with each bunch

being accumulated n, > 3 times. This leads to a required
injector repetition rate of n, -f;, > 90 Hz. Each accu-
mulated bunch must have a minimum damping time of
(n, — 1)/f, = 100 ms > 4 before extraction to ensure a final
emittance below 30 nm-rad. To support multi-turn accumu-
lation, the ring must have a sufficiently large dynamic aper-
ture. The RF frequency of the accumulation ring is identical
to that of the collider rings to allow phase synchronization.
The n, bunches are evenly distributed within the ring, with a
bunch spacing of n, = H , /ny RF buckets, where H 5y, is the
harmonic number of the accumulation ring and determines
the ring circumference.

To ensure that each bunch is sufficiently damped before
extraction, we adopt a rotational injection mode. During the
initialization phase, each of the n, buckets is filled via n,
injections. After all n, bunches are filled, the first bunch
would have experienced a damping time of (n,, — 1) /f,, sat-
isfying the extraction requirement. It is then extracted, and a
new beam is injected. This cycle of sequential injection and
extraction continues to support the swap-out injection to the
collider positron ring.

The bunch accumulation process uses multiple off-
axis injections. The interval between injections is
1/n,/f. = 11 ms, indicating that previously injected parti-
cles are not fully damped before the next injection. This is
similar to multi-turn injection, requiring a large phase space
acceptance and dynamic aperture. Additionally, the closed
orbit bump must be reduced after each injection to improve
accumulation efficiency. This accumulation scheme is the
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Table 24 Main parameters of the accumulation ring

Parameter Value
Energy (GeV) 1.0
Circumference (m) 155.99
Number of bunches 4

Max bunch charge (nC) 8.5

Max current (mA) 65.4
FODO phase advance (x/y) (degree) 90/90
Dipole bending radius (m) 3.337
Dipole field strength (T) 0.998
Reverse dipole magnet ratio, r 0.3
Energy loss per turn (keV) 47.5
Damping time (x/y/z) (ms) 21.9/21.9/11.0
Storage time (ms) 100
Natural emittance (x/y) (nm-rad) 3.52/0.1
Injected emittance (x/y) (nm-rad) 350/350
Extracted emittance (x/y) (nm-rad) 3.56/0.23
Natural relative energy spread (%) 0.0465
Momentum compaction factor 0.00273
RF frequency (MHz) 499.7

RF voltage (MV) 0.8
Harmonic number 260
Natural chromaticity (x/y) —21.4/-22.3
Working point (x/y) 16.7/17.4

core aspect of the accumulation ring design and requires

careful optimization.

3.3.3.2 Lattice design of the accumulation ring The accu-
mulation ring adopts a structure similar to the DR, consist-

@ Springer

ing of periodic bending sections, dispersion suppression
sections, and straight sections. The full ring comprises 56
periodic bending cells, 4 dispersion compression sections,
and 2 straight sections. The overall ring structure is shown
in Fig. 139, where blue indicates dipole magnets, red indi-
cates quadrupole magnets, and green indicates sextupole
magnets.

The periodic bending cell is illustrated in Fig. 140. It
adopts a “one normal + one reverse” dipole layout within
a FODO structure [12, 68], where the reverse dipole
length is 0.3 times the normal dipole length and both
have the same magnetic field strength. Each bending cell
is 2.16 m long and bends positrons by 6°. The normal
and reverse dipoles bend by 8.57° and 2.57°, respectively.
Each cell includes one focusing quadrupole, one defocus-
ing quadrupole, one focusing sextupole, and one defocus-
ing sextupole.

The dispersion suppression section is shown in Fig. 141.
It follows a “half-bend” scheme, including two normal and
two reverse dipole magnets, each with the same dimensions
as those in the periodic bending cells but with half the mag-
netic field strength. This results in a total bend angle of 6°,
matching the deflection in each bending cell.

The structure of the straight section is shown in Fig. 142.
Its primary function is to provide space for positron injec-
tion and extraction components, as well as RF cavities. The
straight section consists of eight quadrupole magnets. After
beam optics matching, the Twiss parameters at the injection/
extraction point are set to #,=9.5 m and ,=1 m. Down-
stream of this point, after three quadrupole magnets, space
is reserved for the injection/extraction kicker magnet. The
beam optics matching is completed across the full ring, and
the full-ring Twiss parameters are shown in Fig. 143.

In the arc region, each periodic focusing cell provides
a horizontal and vertical phase advance of 0.25x2x. After
the linear optics design is completed, sextupole magnets are
added in each periodic cell to correct the first-order chro-
maticity. The final full-ring horizontal and vertical phase
advances are 16.714x2n and 17.424X2m, respectively.
Figure 144 shows the working point of the accumulation
ring. It is well-separated from fourth-order resonance lines,
although it is relatively close to fifth-order resonances.

To ensure injection efficiency and reduce beam loss, the
dynamic aperture must be analyzed. Dynamic apertures are
influenced by nonlinear elements such as sextupoles. After
correcting chromaticity with sextupoles, the impact of their
nonlinearities must be considered [69]. Figure 145 shows the
dynamic aperture. During injection, the positron beam enve-
lope is approximately 3.6 mm, while the dynamic aperture
in the horizontal direction is approximately 15 mm, roughly
four times the beam envelope, indicating a reasonably large
acceptance.
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Fig. 149 (Color online) Schematic of the three-step accumulation process in the accumulation ring

Table 25 Key parameters of accumulation ring pulsed kicker magnet

Parameter Specification
Injection direction Horizontal
Number of accumulations 3
Kicker type Stripline
Max deflection angle (mrad) 11
Effective length (mm) 800
Pulse width (ns) <2
Rise time (ns) <130
Klystron
v vy
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Fig. 150 (Color online) Layout of the accelerating unit in the ML

Beam lifetime is also an important factor in the design.
By adjusting RF cavity voltage and frequency, harmonic
number, and gas species, the beam lifetime is estimated
to be approximately 140 s. Figure 146 shows the momen-
tum acceptance, which meets the requirements for positron
injection.

The final injection into each stored positron bunch occurs
approximately 100 ms before extraction, allowing damping
to occur. The extracted emittance €., (¢) is calculated using
the following formula:

2t

Sext(t) = Ena + (einj - Snat) xe . (38)

Here, €,,, is the equilibrium emittance, €, is the injected
emittance, and 7 is the damping time constant. The ratio
between reverse and normal dipole magnet lengths affects
the relationship between damping time and equilibrium
emittance. Figure 147 shows how this ratio affects hori-
zontal equilibrium emittance and damping time. When the
ratio exceeds 0.2, the emittance increases, but the damping
time decreases. Thus, tuning this ratio can help minimize

1l
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Fig. 151 (Color online) Distribution of quadrupole magnets and diagnostic units along the ML section
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Fig. 152 (Color online) B-function distribution along the ML section

the extracted emittance for a fixed damping time of 100
ms and initial emittance of 1400 nm-rad.

From Fig. 148, a reverse dipole magnet ratio between
0.25 and 0.3 yields the lowest extracted emittance. There-
fore, a ratio of 0.3 is adopted as the feasible design choice.
The key parameters of the accumulation ring are listed in
Table 24.

3.3.3.3 Beam accumulation and extraction scheme The
accumulation ring uniformly stores four bunches, each
reaching the target charge after three accumulation cycles.
For a given bunch, charge accumulation is performed via
off-axis injection, as illustrated in Fig. 149. The positron
bunch is deflected by a septum magnet toward the injec-
tion point, where a pulsed kicker magnet creates a local
orbit bump that allows the injected bunch to enter the
acceptance of the accumulation ring. The bump height is
then gradually reduced, and the positron bunch undergoes
synchrotron radiation damping to decrease its emittance.

During the first injection, the orbit bump is at its maxi-
mum height, and after injection, the bunch settles on the
central orbit. For the second injection, since a circulating
bunch already exists, the orbit bump must be reduced to
avoid beam loss caused by interaction with the septum.
The centroid of the newly injected bunch will therefore be
offset from the central orbit, resulting in a substantially
increased effective emittance. In the third injection, due
to the short damping time, the circulating bunch still has
a relatively large effective emittance, requiring a further
reduction in bump height. After this injection, the beam
continues to damp within the accumulation ring until it
reaches the design emittance. Table 25 lists the key design
parameters of the pulsed kicker magnet used for injection
in the accumulation ring.

In the current scheme, stringent requirements are imposed
on the pulsed kicker magnet to minimize particle loss during
accumulation. An alternative under consideration is splitting
the accumulation ring into a DR and an accumulation ring.
In this approach, the high-emittance positron bunch from the
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beam accumulates in the accumulation ring. This method
relaxes hardware requirements and simplifies overall design
complexity.

3.4 Main linac

The ML boosts the energy of the beam from the upstream
electron and positron linacs from 1 GeV to 1.0- 3.5 GeV,
the injection energy required by the collider rings. Since the
beam emittance from the preceding linacs is already deter-
mined, the primary design focus of this acceleration stage
is to ensure sufficient energy gain.

3.4.1 General physics design

The ML uses the same RF frequency as the upstream lin-
acs, 2998.2 MHz. A total of 40 RF power sources (klys-
trons) rated at 45-50 MW are employed. Each klystron,
paired with a SLED energy multiplier, drives two 3 m-long
accelerating structures. The accelerating structures operate
at a phase slightly after the peak to compensate for the cor-
related energy spread introduced in the upstream sections,
ensuring low-energy-spread acceleration from 1.0 to 3.5

Table 27 Beam parameter jitter sensitivity for the S-band photoinjec-
tor

Jitter source Value AE (%) Al (%) At (fs)
inj_dt 0.25 ps 0.0000 0.4333 17.20
inj_dQ 5% 0.0390 2.5133 49.80
L1_pha 0.1° 0.0525 0.0333 20.27
L1_amp 0.1% 0.0207 5.3867 4.47
Lx_pha 0.4° 0.0062 0.0400 3.53
Lx_amp 0.04% 0.0037 0.2667 3.20
L2_pha 0.1° 0.0093 0.0267 4.73
L2_amp 0.1% 0.0140 0.0400 7.10
L3_pha 0.1° 0.0157 0 0
L3_amp 0.1% 0.0166 0 0
L4_pha 0.1° 0.0157 0 0
L4_amp 0.1% 0.0166 0 0
BC1_R56 0.01% 0.0047 0.0333 5.77
Total 0.08 5.97 57.75
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Table 28 Initial alignment error ranges used in orbit correction simu-
lations

Component Ax or Ay (um) A6 (mrad) AK/K
or AB/B
(%)
Dipole magnets 100 1 0.01
Quadrupole magnets 100 1 0.1
BPMs 100 - -
Accelerating tubes 100 - -

GeV before injection into the collider rings. The layout of
the accelerating units is shown in Fig. 150.

To prevent excessive beam envelope divergence, a
quadrupole lens is installed in each drift section between
two accelerating structures. Beam diagnostic elements
are positioned between each power unit to monitor beam
parameters. At the ML exit, quadrupole magnets and diag-
nostic instruments are placed between every two accel-
erating structures to facilitate matching with the down-
stream bending section and collision region, as illustrated
in Fig. 151.

Fig. 153 (Color online) Beam (a)

Quadrupole magnets located before and after the mag-
netic bunch compressor must be carefully configured to
control the coherent synchrotron radiation (CSR) effect
during compression and to enable post-compression beam
diagnostics. Based on the lattice layout described above, the
strengths of the quadrupole magnets in the triplet groups and
FODO cells are optimized to ensure that the beam’s horizon-
tal and vertical p-functions exhibit periodic oscillations in
the L3 and L4 sections. In addition, appropriate quadrupole
magnets are reserved at the entrance of the transport line to
achieve Twiss parameter matching. The overall Twiss func-
tion distribution in the ML is shown in Fig. 152.

3.4.2 Error analysis

3.4.2.1 Longitudinal error analysis Equipment parameter
errors are the primary sources of beam parameter varia-
tions and can generally be categorized into longitudinal and
transverse components. Longitudinal beam parameters—
such as bunch length, energy, and arrival time—are affected
by injected bunch charge and timing, amplitude and phase
errors of the accelerating fields, and variations in the R56 of
the bunch compressor.
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Fig. 154 Evolution of normalized horizontal emittance before and after orbit correction
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Installation errors and vibrations in dipole and quadru-
pole magnets, magnetic field imperfections, and higher-order
field components can lead to orbit deviations, residual dis-
persion, Twiss parameter mismatches, and emittance growth.
Likewise, misalignment and vibration of accelerating struc-
tures induce transverse wakefields, resulting in additional
orbit deviations and further emittance growth.

These errors can be classified by their timescales and
bandwidths into static, slow-drift, and fast-varying cat-
egories. Static and slow-drift errors can be corrected using
dedicated algorithms and slow feedback systems, whereas
fast-varying errors must be mitigated by improving equip-
ment stability to keep their effects within acceptable limits.

Given the similarities in analysis methods across subsys-
tems, this subsection focuses on evaluating the effects of
various errors and jitters on the beam in the S-band photoin-
jector under 1 nC operation (prior to 1 GeV) in the off-axis
injection scheme. The beam jitter requirements at the injec-
tor exit, as determined by the collider ring physics goals, are
summarized in Table 26.

These variations are mainly driven by injection charge
and timing jitter, RF phase and amplitude errors, and mag-
netic field deviations in the bunch compressor. Since differ-
ent systems have multiple correlated sources and different
achievable error margins, individual subsystems must have
reasonable error tolerances.

Simulations were performed at various operating points,
analyzing the sensitivity of beam jitter to each type of equip-
ment jitter. The normalized sensitivities and final results are
summarized in Table 27.

Fig. 155 (Color online) Layout
schematic of the Bypass section

Fig. 156 (Color online) Optical design results of the bypass section

As shown above, the beam stability at the S-band pho-
toinjector exit meets the downstream collider ring injection
requirements.

3.4.2.2 Transverse errors and correction Due to unavoid-
able manufacturing and installation imperfections, com-
ponents in the ML—particularly magnets—may introduce
mechanical alignment errors. These errors produce non-
ideal magnetic fields, leading to orbit distortions that can
cause beam emittance growth and, in severe cases, beam
loss due to excursions beyond the dynamic aperture. There-
fore, precise control and correction of beam trajectory devi-
ations are essential.

Because BPMs are also subject to alignment errors, BBA
techniques are employed to calibrate and eliminate these
offsets. Subsequent trajectory correction is performed using
one-to-one, global, or dispersion-free correction methods
to align the beam path as closely as possible with the ideal
orbit.

Numerical simulations were conducted using the Elegant
code’s built-in BBA and global correction algorithms. The
initial error settings are summarized in Table 28. The results
show that orbit distortions caused by these initial errors can
be effectively corrected, with horizontal deviations reduced
from the millimeter to the sub-100 um level. Future simula-
tions will incorporate more realistic error budgets to further
refine the feedback and control system.

Using the global BBA correction method, Fig. 153 shows
the horizontal trajectories of various seeds before and after
correction. Pre-correction orbit deviations reached several

I 5 e S e
/% *\**Lem

~160m
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Fig. 157 (Color online) Transverse beam size and normalized emit-
tance along the Bypass section

mm, with values exceeding 10 mm near the bunch compres-
sor. After correction, orbit deviations were reduced to below
100 pm, meeting the design requirements.

Off-axis beam injection and component misalignments
introduce wakefield effects, leading to emittance growth.
To evaluate this, simulations were performed on worst-case
seed (i.e., largest pre-correction orbit deviation in Fig. 153).
The results in Fig. 154 show that after BBA correction, the
emittance growth due to wakefields is limited to within 10%.

Error analysis and correction for the ML follow the same
procedures described above. Since the injection energy for
the collider rings is adjustable from 1 to 3.5 GeV, the ML
layout remains unchanged. When operation at a lower beam
energy is required, some accelerating structures are switched
off; however, wakefields induced by the passing bunches
still degrade beam quality. By tuning the RF phase of the
active accelerating structures, the energy spread increase
from longitudinal wakefields can be effectively suppressed,
while the transverse emittance growth caused by transverse
wakefields is similarly controlled after BBA correction. The
main beam parameters at ML exit energies of 1, 2, and 3.5
GeV are summarized below (Table 29).

3.5 Beam transport lines

For collider rings with off-axis injection, the injector's
beam transport lines are divided into five parts based on
their regions and functions: the electron bypass section
(Bypass), the DR transport section, the electron accumula-
tion ring section, the positron accumulation ring section,
and the injection transport sections to the collider rings. The
Bypass and DR transport sections are used in the off-axis
injection scheme, while the electron and positron accumu-
lation ring are used in the swap-out injection scheme. The
injection transport sections to the collider rings are shared
by both schemes.

Positron linac

>

Damping ring

Fig. 158 (Color online) Schematic layout of the DR transport section

The transport sections of the positron damping and accu-
mulation rings have one injection line and one extraction
line. The injection transport sections of the collider rings
have one transport line for the electron beam and one for
the positron beam.

3.5.1 Bypass section

To reduce the cost and footprint of the linac during positron
production, a beam bypass drift section is typically imple-
mented to extract electron beams that have been accelerated
to a specific energy. These beams can then either proceed to
higher energy stages or serve as drive beams for the posi-
tron source. This approach is commonly adopted in facilities
such as SuperKEKB, the Tau/Charm Factory, and CEPC. In
this design, the Bypass section branches off from the 1 GeV
electron linac, deflects horizontally to bypass the positron
linac, and rejoins at the entrance of the 3.5 GeV positron/
electron ML.

Profile

Fig. 159 (Color online) Optics design of the DR injection transport
line

@ Springer



242 Page 90 of 170

X.-C. Aietal.

20109

om0

Fig. 160 (Color online) Rms beam sizes and geometric emittance
variation in the injection line

A schematic layout of the Bypass section is shown in
Fig. 155. The total straight-line distance from start to end is
approximately 160 m, with a horizontal offset of approxi-
mately 6 m from the linac. The Bypass section employs eight
dipole magnets for beam steering, 35 quadrupole magnets
for transverse focusing, and energy slits located in the bend-
ing regions for beam scraping and energy spread control. At
the entrance of the Bypass, the electron beam parameters are
as follows: 1.0 GeV energy, 0.2% rms energy spread, 1.5 nC
charge, and 2 mm-mrad rms normalized emittance.

The beam optics of the Bypass section were matched
using the MAD code. For initial Twiss parameters of
Pyy=20mand a, =1, the lattice layout and optical design
results are shown in Fig. 156. The optimized Twiss param-
eters at the exit are #, ;=20 m and , ,=— 1. The B-functions
are symmetrically distributed and maintained below 50 m
throughout the transport line, oscillating between 10 and 40
m in the straight sections. The dispersion function reaches a
maximum of 1.3 m in the bending region, which is sufficient
for installing an energy slit, while both the dispersion and its

Main linac Collider ring

4 Interaction point

Fig. 162 (Color online) Schematic layout of the collider ring injec-
tion transport section

derivative are zero in the straight sections. The transverse
focusing system retains adjustment capability, allowing the
lattice parameters to be tuned to match the downstream opti-
cal requirements of the positron and electron MLs under
different initial conditions.

Beam dynamics tracking was carried out using the Ele-
gant code. The simulated rms beam size and normalized
emittance are shown in Fig. 157. The beam size and emit-
tance exhibit symmetric distributions, with an rms beam
size of approximately 0.2 mm at the exit. The normalized
emittance is 2.14 mm-mrad horizontally and 2.0 mm-mrad
vertically, showing only a 7% increase in the horizontal
direction—meeting the requirements of both the ML and
the collider rings. Owing to the Bypass transport line's R56
design value of 0.4 m, the bunch length increases slightly,
while the energy spread remains nearly unchanged.

3.5.2 Damping ring transport section

Meeting the bunch length, energy spread, and p-functions
at injection and extraction requirements of the positron DR
requires the dedicated design of a transport line connecting
the DR and the positron linac. Before injection into the DR,
the positron beam must pass through an energy compression
system (ECS) to reduce energy spread and meet the ring's
energy acceptance requirements. After extraction from the
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Fig. 161 (Color online) Energy distribution of the positron bunch at the injection line entrance (left) and exit (right)
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Fig. 164 Normalized emittance tracking for the horizontal bending
section in the collider ring injection line

DR, the positron beam must pass through a bunch compres-
sion system (BCS) to shorten the bunch length for appropri-
ate matching with the subsequent linac.

A schematic layout of the DR transport section is shown
in Fig. 158. The light red and dark red lines represent the
injection and extraction lines, respectively. The lengths of
both lines are approximately 95 m. The injection line con-
sists of two chicane-based ECSs, a horizontal bending arc,
and matching section. In total, 14 dipole magnets are used
for horizontal steering and the chicane system, along with
30 quadrupole magnets for transverse focusing. Addition-
ally, an approximately 1.3 m accelerating structure is used
to provide an energy chirp for compression. The extraction
line shares the same structure as the injection line, with only
modifications to the chicane bend angles to accommodate
different compression requirements.

At the entrance of the injection line, the positron beam
has an energy of 1.0 GeV, an rms energy spread of 0.6%, a
bunch charge of 1.5 nC, an rms bunch length of 1.5 mm, and
rms normalized emittances of 165 mm-mrad horizontally
and 75 mm-mrad vertically. Optics matching was performed

Fig. 165 Normalized emittance tracking for the vertical bending sec-
tion in the collider ring injection line

using the MAD code. For initial Twiss parameters of §,=10
m, f,=55m, a,=~—1, and a, =2, the lattice layout and
optical design results are shown in Fig. 159. The optimized
Twiss parameters at the exit are f,=2 m, ﬁyz 8m, a,=2,
and o, =0. The p-functions are symmetrically distributed,
and the dispersion function reaches a maximum of 2.5 m in
the Chicane section, while both the dispersion and its deriva-
tive are zero in the matching section. The transverse focus-
ing system provides sufficient flexibility for optics matching
under various initial beam conditions to satisfy the damping
ring’s optics requirements.

Beam dynamics tracking was carried out using the Ele-
gant code. The simulated rms beam sizes and geometric
emittances (with dispersion effects removed) are shown in
Fig. 160. Just before injection into the DR, the rms horizon-
tal and vertical beam sizes are both approximately 0.6 mm.
The geometric emittances are 80 nm-rad horizontally and
39 nm-rad vertically, corresponding to emittance growths
of 4.4% and 13.3%, respectively—both within the damping
ring’s acceptance requirements.
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Table 30 Main design
parameters for the compatible
injector scheme

Parameter

Off-axis injection

Swap-out injection

Electron gun type

Linac RF frequency (MHz)

Electron bunch charge for collider e ring (nC)
Positron bunch charge for collider e* ring (nC)
Bunch energy/nominal energy (GeV)

L-band photocath- L-band photocathode/thermionic

Electron bunch geometric emittance (X/Y) (nm-rad)

Positron bunch geometric emittance (X/Y) (nm-rad)

Rms energy spread (%)

Rms bunch length (mm)

Electron injection repetition rate (Hz)
Positron injection repetition rate (Hz)
Positron target beam energy (GeV)
Positron target beam repetition rate (Hz)
Positron preparation ring type

Preparation ring input bunch charge (nC)

Input emittance (X & Y) (nm-rad)
Input energy spread (%)
Output emittance (X/Y) (nm-rad)

ode/thermionic
2998.2 2998.2
1.0 8.5
1.0 8.5
1.0-3.5/2.0 1.0-3.5/2.0
<6/2 <30/10
<6/2 <30/10
<0.1 <0.25
<7 <7
30 30
30 30
1.0 2.5
30 90
Damping ring Damping + Accum. ring
1.0 29
<350 <350
<0.1 <0.3
<11/0.2 <30/0.2

The transport matrix element Rs4 of the injection line
is designed to be —1.48 m. Consequently, the rms bunch
length increases to 9.1 mm, while the rms energy spread is
reduced to 0.16%. A comparison of the energy distributions
at the entrance and exit of the transport line is shown in
Fig. 161, clearly demonstrating the expected energy com-
pression effect.

3.5.3 Positron accumulation ring transport section

In the swap-out injection scheme, the positron beam must
first be accumulated in the accumulation ring to reach the
required bunch charge before being further accelerated and
injected into the collider positron ring. The beam energy and
quality in the positron accumulation ring transport line are
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similar to those in the DR transport section, and thus, the
design can follow that of the positron DR transport system.

3.5.4 Collider ring injection transport section

The collider ring tunnel is assumed to be at ground level,
while the injector is located partially underground, with a
vertical height difference of 6.5 m. Consequently, the trans-
port section connecting the injector to the collider ring con-
sists of three main parts: a beam-splitting unit (+ 10° separa-
tion), a horizontal bending section, and a vertical bending
section. The schematic layout is shown in Fig. 162. In this
layout, the blue line represents the electron transport line,
and the red line represents the positron transport line. The
electron and positron beams are bent from two different
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directions and injected into opposite straight sections of the
collider rings, located symmetrically to the IP.

Taking the electron beamline as an example, the opti-
cal design of the horizontal bending section is shown in
Fig. 163. This section comprises five 10° dipole magnets
and twelve quadrupole magnets. The dispersion function is
designed to be zero. The horizontal and vertical -functions
are 12.88 m and 1.404 m, respectively, with both a-functions
set to zero. The evolution of the normalized horizontal and
vertical emittances (excluding local growth due to energy
spread in dispersive regions) is shown in Fig. 164. Compared
with the initial values, the horizontal and vertical emittances
increase by 33.3% and 1%, respectively. The bunch length
increases slightly, while the energy spread remains nearly
unchanged.

The optical design of the vertical bending section is
shown in Fig. 165. This section consists of four 10° dipole
magnets and eight quadrupole magnets. The dispersion func-
tion is also designed to be zero, with horizontal and vertical
B-functions of 12.88 m and 1.404 m, respectively, and both
a-functions equal to zero. The evolution of the normalized
horizontal and vertical emittances (again excluding disper-
sion-induced growth) is shown in Fig. 166. Compared with
the initial values, the horizontal emittance increases by 1%,
while the vertical emittance increases by 54%. At the end of
the electron beamline, the horizontal geometric emittance is
approximately 1.2 nm-rad.

The collider ring injection transport lines comprise a total
of eighteen 2 m dipole magnets and forty 1 m quadrupole
magnets. Each transport line is approximately 100 m long
and is designed with sufficient matching space and tuning
flexibility. Particle tracking results confirm that the trans-
verse emittances and Twiss parameters of the beams at the
end of the line meet the injection requirements of the col-
lider rings.

3.6 Compatible injector scheme for off-axis
and swap-out injections

This scheme builds upon the previously described off-axis
and swap-out injection concepts. While recognizing the per-
formance advantages of the swap-out scheme and the cost-
effectiveness and implementation simplicity of the off-axis
approach, the core objective is to ensure that the STCF meets
its stringent performance targets while enabling an initial
construction based on the off-axis injection system that can
later be upgraded to swap-out mode with minimal structural
modifications. The main design parameters of the compat-
ible injector scheme are summarized in Table 30.

The layout of the compatible injector is shown in Fig. lc.
The specific strategy of the compatible injector scheme is
as follows:

1. The injector layout is designed to satisfy the require-
ments of the swap-out scheme, but the initial accelera-
tor hardware installation only needs to meet the off-axis
injection specifications.

2. For the electron beam directly injected into the collider
electron ring, an L-band PC electron gun is employed
(as described in Sect. 3.3.1.2). The off-axis mode uses
a bunch charge of 1.0 nC, whereas the swap-out mode
operates with 8.5 nC.

3. For the electron linac used for positron production, the
electron source delivers 11.6 nC in both modes. In off-
axis mode, 1.0 GeV/30 Hz electron beams are used to
strike the positron target; in swap-out mode, 2.5 GeV/90
Hz beams are used, which requires upgrading part of the
transport line to a new 1.5 GeV linac section.

4. The positron target adopts a replaceable configuration—
a conventional fixed tungsten target is used in off-axis
mode, while a rotating tungsten target is used in the
swap-out scheme.

5. The positron linac operates at 30 Hz in the off-axis mode
and 90 Hz in the swap-out mode, both delivering 1.0
GeV output energy.

6. For positron damping and accumulation, a dual-ring
configuration is employed. Initially, only the DR is
constructed for off-axis injection. When upgraded to
swap-out injection, an accumulation ring of the same
circumference is added 0.8 m above the DR. Positrons
first undergo emittance reduction in the DR, then are
transferred to the accumulation ring to increase the
bunch charge to 8.5 nC. The extraction repetition rates
of the damping and accumulation rings are 90 Hz and
30 Hz, respectively.

7. The ML provides 2.5 GeV beam energy at a combined
repetition rate of 30 Hz+ 30 Hz for electrons and posi-
trons. The bunch charges for off-axis and swap-out injec-
tion are 1.0 nC and 8.5 nC, respectively.

4 Technical system design
4.1 Conventional magnets and damping wigglers
4.1.1 Technical requirements and scope

In the STCF accelerator complex, aside from the supercon-
ducting magnets in the IR, this system is responsible for the
design of all other magnets, including those in the collider
rings, damping (or accumulation) rings, linacs, and beam
transfer lines. It also covers the DW magnets in the collider
rings. The magnet parameters and requirements are provided
by the collider ring accelerator physics group and the injec-
tor accelerator physics group, respectively. The objective is
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Fig. 167 (Color online) 3D model and field distribution of arc dipole magnet
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Fig. 168 (Color online) 3D model and field distribution of quadrupole magnet

to design all magnets to meet the performance specifications
defined by the beam physics.

Based on current beam dynamics designs, the collider
rings use dipole, quadrupole, sextupole, and DW mag-
nets (octupoles and correctors are not yet finalized). The
damping/accumulation ring magnets include dipoles, quad-
rupoles, and sextupoles. The electron and positron linacs
include solenoid steering coils, dipoles for magnetic chi-
canes, analysis magnets, quadrupoles, and bi-directional
correctors. The positron linac also features AMDs, large-
aperture quadrupoles, and solenoids. Transfer lines include
dipoles, quadrupoles, and bi-directional correctors.

Since the injector physics design spans multiple schemes
with minimal variation in magnet requirements, this section
focuses on magnet design for the off-axis injection scheme.

4.1.2 Key technologies and design approach

Due to the wide beam energy range of the STCF (1.0-3.5
GeV), the magnet design presents significant challenges. The
magnetic field performance will be optimized for 2.0 GeV
but must also ensure reliable operation at both the low (1.0
GeV) and high (3.5 GeV) ends of the range. Design margins
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must also be reserved to accommodate deviations from the
nominal lattice configuration. At the upper energy limit of
3.5 GeV, high field strengths may bring some magnets close
to saturation. Therefore, the beam dynamics groups will pro-
vide detailed performance requirements to guide the magnet
design across the entire energy range.

Benefiting from decades of accelerator development and
the successful construction of numerous large accelerator
facilities in China, the design and fabrication techniques for
conventional magnets [70, 71] are now highly mature. Based
on the current requirements of the STCF, no insurmountable
technical risks have been identified. All magnets—including
DWs—will employ conventional electromagnet designs to
achieve an optimal balance between performance, technical
maturity, and cost-effectiveness.

4.1.3 Design strategy and system composition

Magnetic designs were performed with the Poisson code
and Opera-3D for field calculations, while DW magnets
were designed with Opera-3D and Radia code. The design
goal is to achieve high field quality in constrained spaces
by optimizing pole shapes, chamfers, and end shimming to
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Fig. 169 (Color online) 3D model and magnetic field distribution of the IR sextupole magnet

Fig. 170 (Color online) 2D
magnetic model of the DW
magnet
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suppress higher-order multipole components to meet beam
dynamics requirements. The technical design of the magnets
balances the requirements of accelerator physics, limitations
of fabrication, and cost-effectiveness.

The system is organized into four subsystems:

Magnets in the collider rings

Magnets in the damping/accumulation ring
Magnets in the linacs

Magnets in the transfer lines

The magnets in the collider rings require the highest field
quality due to large apertures and high fields. These will use
silicon steel laminations of 0.5 mm thick (grade J23-50 from
Wuhan Iron & Steel) with punched-lamination assembly.
DR magnets, which have less stringent field quality require-
ments but still require a sufficient number of units, are also
designed to be based on laminated construction.

-2000

~1000 0 1000 2000 3000
Z (mm)

The magnets used in the linacs and transfer lines—typi-
cally produced in smaller quantities and subject to less strin-
gent field quality requirements—will primarily employ solid
DT4 steel cores. These magnets will be fabricated using
CNC or wire-cutting machining techniques, which can also
ensure adequate field quality. However, for magnet types that
require a large number of units and higher field uniformity,
the laminated-core technique may still be adopted.

4.1.4 Feasibility designs and analysis

4.1.4.1 Collider ring magnets The STCF collider is a dual-
ring machine with a circumference of approximately 860
m. Iterations help define the collider ring accelerator phys-
ics parameters, which are used in the CDR report, for four
main magnet types: dipoles, quadrupoles, sextupoles, and
DWs. Following the specifications for each magnet type, the
magnet group conducted feasibility studies and field mod-
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Fig. 172 (Color online) 3D
models of DR dipole (left),
quadrupole (center), and sextu-
pole (right) magnets

eling and has given the preliminary design results, including
water cooling and electrical parameters.

Dipole magnets

There are three types of dipole magnets (248 total for
both rings), with gap sizes of 60 mm and 75 mm, and three
types of effective lengths. An H-type yoke is proposed
for its symmetric field; however, it requires a top/bottom
split assembly that is less convenient for installing vacuum
chambers. Figure 167 shows a 3D model and transverse
field distribution of a typical arc dipole (B-ARC).

Quadrupole magnets

Seven types of quadrupoles (706 units in total) are
defined, with bore diameters of 50 mm, 60 mm, and 75
mm, and four effective lengths. The spaces for vacuum
ante-chambers have been reserved in the designs. Fig-
ure 168 shows the 3D model and field profile of one quad-
rupole type (Q1-IR).

Sextupole magnets

In addition to using two large-aperture sextupoles (60
mm and 75 mm in bore diameter) for chromaticity cor-
rection, a crab sextupole pair with a 75 mm aperture is
required. Two rings have 192 sextupoles. Figure 169 shows
the model and field profile of one sextupole type (Sext-IR).

Damping Wiggler magnets

The primary function of the DW magnets in the STCF
collider rings is reducing the radiation damping time. In
addition, they help control the beam emittance and energy
spread. As insertion devices in the storage ring, DWs are
designed to minimize perturbations to the beam. To this end,
the relative angle and position of the particle trajectory at the
entrance and exit of the wiggler should remain unchanged.
Although the central axis of the oscillatory particle trajec-
tory within the magnet (i.e., the reference trajectory) may
deviate from zero, it is preferable to maintain a zero-centered
trajectory to suppress transverse sextupole field components
within the same pole width. To achieve this, the wiggler
employs two pairs of end-pole field-tapering structures at
both ends.

The current wiggler design features an effective length
of 4.8 m, a period length of 0.8 m, and a total of six peri-
ods (an even number). The peak magnetic field reaches 1.6
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T with a vertical gap of 50 mm. A total of 32 such wig-
glers are planned for the double-ring configuration. The
end-pole configuration follows the sequence (+ 1/4(®),
-3/4®), +1®), -1, ..., +1, =1, +3/4, — 1/4), corre-
sponding to 12 pole pairs. Figures 170 and 171 show the
2D magnetic model and the longitudinal on-axis magnetic
field distribution of the DW. Future magnet optimization
will focus on further increasing the achievable peak field,
as required by the accelerator physics design.

4.1.4.2 Damping/accumulator ring magnets The STCF
DR has a circumference of approximately 150 m and
operates at an energy of 1.0 GeV. The current accelerator
physics design requires dipole, quadrupole, and sextupole
magnets. The field strength and performance requirements
for these magnets are relatively relaxed compared to those
of the collider ring magnets. Hence, their design and fab-
rication are not expected to pose significant challenges.
Preliminary modeling and estimates of the associated
electrical and cooling parameters have been performed for
each of the three types of magnets.

The magnets in the accumulator ring are similar to
those in the DR; thus, they are not described here.

Dipole magnets

The DR requires four types of dipole magnets: normal
bending magnets (Normal-bend), reverse bending mag-
nets (Reverse-bend), normal dispersion-matching dipoles
(Normal-bend DPS), and reverse dispersion-matching
dipoles (Reverse-bend DPS), with a total of 88 magnets.
These dipoles also adopt an H-type structure and can be
fabricated using either the laminated core technique or
solid iron cores. The final choice will be determined dur-
ing the engineering design phase. The 3D model is shown
in Fig. 172 (left).

Quadrupole magnets

The DR requires three types of quadrupole magnets,
totaling 102 units. Among them, the Q-arc quadrupoles
account for 86 units and will be fabricated using laminated
steel cores for quality assurance. The small-batch quad-
rupoles may be fabricated using solid iron cores. The 3D
model is shown in Fig. 172 (center).
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Sextupole magnets

The DR includes two types of sextupoles, SF and SD,
totaling 72 units. These will be fabricated using solid DT4
iron cores with CNC machining for good precision. The
3D model is shown in Fig. 172 (right).

4.1.4.3 Linac magnets Magnet parameters for the linacs
are provided by the injector physics design group and
pertain to the magnets in the electron linacs, positron
linac, and ML. In the electron linacs, the magnet systems
include 26 dipole correctors, 4 movable magnetic chicane
dipoles, 2 analyzing dipoles, 43 quadrupole magnets, and
several solenoid coils. The positron linac includes a mag-
netic horn, an 18 m-long solenoidal focusing coil, positron
guiding solenoids, analyzing dipoles, 25 dipole correc-
tors, 14 sets of combined-function quadrupole magnets,
and 4 dipole magnets.

Although the linac magnets encompass a variety of
types, most are produced in small quantities, except for the
quadrupoles and dipole correctors. The requirements for
field strength and field quality are relatively modest, pos-
ing no significant challenges to design or manufacturing.
However, the long solenoidal focusing coil for positrons
may present some fabrication challenges due to its large
aperture and relatively high field strength. To develop the
necessary expertise, a similar solenoid is already under
construction as part of the electron—positron test platform
within the framework of the STCF key technology R&D
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Fig. 173 Schematic of the digital power supply architecture

project. This effort will provide valuable fabrication expe-
rience for future STCF construction.

4.1.4.4 Transport line magnets The magnets in the trans-
port lines are mainly divided into three regions:

e Bypass Section: Includes 8 dipole magnets, 35 quadru-
pole magnets, and 2 bidirectional correction magnets.

e Transport Line Between the DR and the ML: Includes
14 dipole magnets, 30 quadrupole magnets, and 2 bidi-
rectional correction magnets.

e Transport Lines Between the ML and Collider Rings:
Also includes dipole, quadrupole, and bidirectional cor-
rection magnets (quantities to be determined).

The two first cases all operate in a fixed beam energy of
1.0 GeV, thus the magnets can be designed with less adjust-
ability. However, the collider ring injection line magnets
must operate with variable beam energies, ranging from 1.0
to 3.5 GeV. Hence, their design must be optimized for stable
performance across the full energy range.

4.1.5 Summary

A feasibility study and analysis of the conventional and DW
magnets for the STCF accelerator complex have been com-
pleted. Based on system design requirements, all magnets
must meet the performance specifications defined by the
accelerator physics design. These requirements apply to the
collider rings, the damping/accumulation ring, the linac sec-
tions, and the beam transport lines.

Given the wide operating energy range of the collider
rings, magnet performance is optimized at 2.0 GeV while
ensuring compatibility at 1.0 GeV and 3.5 GeV. Detailed
modeling of the magnets in the collider and damping rings
has been carried out, and preliminary results confirm their
feasibility. Initial estimates of electrical and cooling param-
eters have also been developed to support power supply
design.

While the design and fabrication of conventional magnets
pose no major technical risks—benefiting from decades of
established domestic expertise—the electromagnetic damp-
ing wigglers remain more challenging. Achieving higher

Fig. 174 Main circuit block
diagram of the magnet power
supply system
KM
AD/DC

Input
Filter

High
DC/DC Frequency EMI Load
Filter
DCCT

@ Springer



242 Page980of 170

X.-C. Aietal.

peak fields with excellent field quality, while controlling
fabrication costs, will be a key technical focus in the next
stage of development.

4.2 Magnet power supply system

The magnet power supply system provides stable or dynami-
cally adjustable excitation currents for all types of magnets
in the collider rings and injector. These currents generate the
magnetic fields required for guiding charged particles along
designed trajectories inside the accelerator, thereby enabling
precise beam control.

4.2.1 Design requirements and specifications

The STCF power supply system comprises a large number
of high-stability DC current sources characterized by excel-
lent stability, low ripple, and minimal electrical noise. The
required current stability ranges from 10 to 50 ppm, with
current ripple on the order of 107>, In addition to meeting
stringent performance specifications, the system must also
satisfy engineering requirements for layout, electromagnetic
compatibility, and long-term reliability.

Based on their operational modes and power-delivery
schemes, the STCF magnet power supplies are classified
into two main types:

e Main Magnet Power Supplies: Unidirectional, high-
stability static supplies serving dipole, quadrupole, and
nonlinear magnets. For dipole and quadrupole magnets,
long-term current stability and ripple must reach the 10
ppm level.

e Corrector Magnet Power Supplies: Bidirectional dynamic
supplies used for beam-orbit correction magnets.
Depending on bandwidth requirements, these are further
divided into slow and fast corrector supplies. Fast correc-
tor power supplies must achieve a small-signal response
bandwidth of at least 5 kHz while maintaining low ripple,
high output resolution, and excellent static stability.

4.2.2 Key technologies and design approach

Based on international engineering practices and established
domestic technologies, the STCF power supply system
adopts a digitally controlled switched-mode power supply
(SMPS) topology, as shown in Fig. 173.

Each power supply consists of two main components: a
converter and a controller. The converter serves as the core
power-processing unit, performing voltage and current trans-
formation, while the controller acts as the system’s brain,
using closed-loop feedback control to maintain high output
precision. Digital management modules handle analog/digi-
tal signal acquisition and adjustment.

Power supplies are classified into high-, medium-, and
low-power categories. By analyzing load characteristics
and physics requirements, the designs are standardized and
grouped to reduce model variety and simplify manufactur-
ing. Key design priorities include high-frequency opera-
tion, modularity, digital control, thermal redundancy, and
hot-swappable capability. Costs are strictly controlled while
ensuring all performance targets are met [72].

The primary factor affecting power supply stability is
the design of the digital controller and feedback loop. The
system employs a high-precision digital current feedback
loop, complemented by output voltage feedback to suppress
transients and feedforward voltage compensation to mitigate
grid fluctuations.

A classic digital PID algorithm governs the closed-loop
control, where precise tuning of proportional (K),), integral
(K}, and derivative (K;) gains is essential. A robust mod-
eling and control framework enables adaptive self-tuning of
these parameters under dynamic load conditions.

4.2.3 Design scheme and system configuration

The power supply system adopts a two-stage voltage conver-
sion structure (see Fig. 174). The front-end AC/DC stage
provides isolation and stabilized voltage, effectively sup-
pressing low-frequency voltage ripple. The rear-end DC/

Fig. 175 Main circuit block diagram of a high-power power supply
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Fig. 176 Schematic of the digi-
tal power supply control system
architecture
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DC stage ensures stable current output for magnet excita-
tion [73].

The front-end AC/DC module can be implemented in
several configurations, including a phase-shifted full-bridge
PWM converter, a single-ended forward converter, or a 50
Hz transformer combined with a three-phase full-bridge rec-
tifier. The rear-end DC/DC module is selected according to
the excitation requirements of different magnet types. For
unidirectional power supplies, a Buck chopper topology is
used for its simplicity and reliability. For bidirectionalpower
supplies, an H-bridge converter composed of four power
switches is adopted. By adjusting the conduction time of
the switches, both the magnitude and direction of the output
current can be continuously and smoothly controlled.

According to the magnet coil parameters and require-
ments defined by the accelerator physics and magnet design,
the collider rings include 248 dipole magnets, 706 quad-
rupoles, 192 sextupoles, and 32 DW magnets, along with
numerous corrector magnets. The arc dipoles are powered
in series by type, while those in the IR and beam crossing
region are powered independently. Each DW magnet is ener-
gized by one of three independently grouped power supplies
matched to different current levels. Quadrupole, sextupole,
and corrector magnets are powered individually. Excluding
corrector supplies (to be defined), the collider rings require
a total of 1,062 power supplies.

The DR includes 88 dipole magnets (four types), 102
quadrupoles (three types), and 72 sextupoles (two types). All
dipoles and sextupoles are powered in series, while quadru-
poles are powered individually, resulting in approximately
108 power supplies in total. The accumulator ring is similar
in scale and configuration to the DR; therefore, its power
supply design is not described separately.

For the linac, the preliminary physical design requires
approximately 241 power supplies, including 52 for cor-
rectors, 28 for solenoid guiding coils, one for the chicane
dipole, two for analyzing dipoles, and 43 for quadrupoles.

[N

Core Board ADC Board

ZYNQ7020 20bit 500ksps ADC

DDR3 Temperature

Sensor

Crystal oscillator

16bit 2ch DAC

[N

JTAG

Boot Select Power Supply

e —
[ QSPI Flash ] [ | | }
[ ] [ Heating Resistor ]
| ) == ]

The positron linac uses 28 supplies for solenoids, 18 for
long solenoidal focusing coils, one for the analyzing dipole,
50 for correctors, 14 for quadrupoles, and four for dipoles.

In the transport lines—including the electron bypass sec-
tion, the section between the DR and linacs, and the two
sections from the ML to the collider rings—approximately
364 power supplies are required: 37 for dipoles, 283 for
quadrupoles, and 44 for correctors.

Power supplies are categorized into three power levels,
with those in the same class sharing similar circuit topolo-
gies and control strategies [74]. High-power supplies—such
as those for arc dipoles in the collider rings, DR dipoles,
and selected DW magnets—typically operate near 100
kW. These use a “12-phase rectification + dual interleaved
chopper” topology, consisting of an EMI input filter, circuit
breaker, AC contactor, 12-phase transformer, 12-phase rec-
tifier, input filter, DC/DC converter, high-frequency output
filter, and current sampling circuit (see Fig. 175).

For power levels up to 300 kW, the main circuit consists
of four power modules in a series—parallel configuration.
Multilevel control is employed to meet ripple specifications
and improve efficiency. The system incorporates two trans-
formers with dual secondary windings, enabling 24-pulse
rectification to minimize disturbances to the power grid.

For quadrupole and sextupole magnets in both the collider
and DRs, most power supplies operate in the several-kilowatt
range. The preferred topology is a digitally controlled phase-
shifted full-bridge converter, which supports soft-switching
to achieve high efficiency and compact construction. Each
unit includes a three-phase rectifier and filter, a DC/DC

Table 31 RF cavity design parameters for the collider rings

Object Target specifications

499.7 MHz cavity Accelerating voltage per cavity: > 0.5 MV

Input coupler power: >300 kW (CW)
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Table 32 LLRF system design parameters

Parameters Target specifications
LLRF amplitude stability 0.05%

LLRF phase stability 0.05°

Reference signal frequency 499.7 MHz

<30 fs (rms)
<50 fs over 24 h (rms)

Integrated phase noise (jitter)

Long-term synchronization

converter, an output filter, current and voltage sensing cir-
cuits, control loops, and driver and protection circuits.

For corrector magnets and some low-power quadrupoles
with outputs below 1 kW, the preferred circuit structure is
a switching power supply combined with either a chopper
or an H-bridge converter. The front end employs standard
switch-mode power modules.

The digital controller serves as the core of high-pre-
cision regulation, capable of generating ultra-fine PWM
signals with a minimum resolution of 78 ps, meeting the
10-ppm current stability requirement [75]. Integrated
within the power supply chassis, the controller includes
an FPGA-based control board and ADC/DAC modules. It
communicates with the accelerator’s IOC system via Eth-
ernet or optical fiber and interfaces with the orbit feedback
system, local diagnostics, and synchronization signals
from other supplies. The controller architecture follows
a modular design, comprising a core daughterboard and
motherboard backplane, which allows flexible upgrades of
logic chips and control algorithms [76]. The overall design
concept is illustrated in Fig. 176.

4.2.4 Feasibility analysis

Switch-mode power supplies (SMPS) are widely adopted
for modern accelerator magnets owing to their high effi-
ciency, wide operating range, and simple control. Digi-
tal regulation has become the mainstream solution for

accelerator magnet supplies because of their excellent
stability, configurability, and high integration.

The STCF power supply system shares similar design
goals with facilities or projects such as the Hefei Light
Source (HLS) and the Hefei Advanced Light Facility
(HALF). Long-term R&D and construction experience
from these facilities demonstrate the technical feasibility
and maturity of this design.

4.2.5 Summary

Based on the requirements from accelerator physics and
magnet design, we have adopted rational parameters and
topologies for the magnet power supplies of the STCF
accelerator complex. SMPS serves as the foundational
architecture, supplemented by digital control, enabling
high-precision software tuning of power loop param-
eters. Modular construction ensures that the system meets
stringent performance goals, reliability, flexibility, and
maintainability.

4.3 Ring RF system
4.3.1 Design requirements and specifications

The STCF ring RF system compensates for energy losses in
the electron and positron beams of the collider and positron
damping/accumulation rings, caused by synchrotron radiation,
vacuum chamber impedance, and other effects. As a result, it
is a critical subsystem directly influencing beam performance.
The RF system design focuses on selecting suitable cavity
technology and defining key physical parameters.

Operating at 499.7 MHz, harmonized with the 2998.2 MHz
linac frequency, the ring RF system may employ either super-
conducting or room-temperature cavities. However, given the
relatively low RF requirements of the damping/accumulation
rings, the collider ring RF system can operate at reduced cavity
voltage to also serve these rings—a cost-effective approach
successfully implemented at SuperKEKB. Therefore, separate

Table 33 Comparison of room-

. Cavity type ARES (Japan) PEP-II (USA) BESSY-II TMO020 (Japan)

temperature RF cav'lty schc.‘-:mes (Europe)

for STCEF collider rings (Single

Ring) Beam power (kW) 3000 3000 3000 3000
Total voltage (kV) 6000 6000 6000 6000
Number of cavities 10 15 30 12
Voltage per cavity 600 400 200 500
Wall loss per cavity (kW) 209 23 6 49.7
Beam power per cavity (kW) 300 200 100 250
Input power per cavity (kW) 509 223 106 299.7
Detuning per cavity (kHz) 12 283 557 75
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Fig. 177 (Color online) Electric field (left) and magnetic field (right)
distributions in the TM020 cavity

RF system studies for the damping/accumulation rings are
unnecessary.

At abeam energy of 3.5 GeV and a beam current of 2 A, the
synchrotron radiation power in the collider rings reaches 2.954
MW. Additional losses due to vacuum impedance, cavity wall
dissipation, and HOMs will be further refined in collaboration
with the accelerator physics design and are not yet included
in the current estimate. Consequently, the RF system must
provide an accelerating voltage of 6 MV and approximately
3 MW of beam power for each of the electron and positron
beams.

To minimize the number of RF cavities—and thus fabri-
cation cost—each cavity must deliver more than 0.5 MV of
accelerating voltage and supply over 250 kW of RF power
to the beam. The cavity design targets are summarized in
Table 31. A minimum of 12 cavities per collider ring is
required for normal operation, with 2—-3 additional units
reserved for redundancy. The high beam current and power
impose stringent demands on both the RF input couplers
and HOM dampers. Each cavity is driven by a dedicated RF
power source and equipped with an LLRF control system
that stabilizes its frequency, amplitude, and phase against
beam loading and environmental fluctuations. Accurate
beam control and synchronization are essential for machine
stability and experimental data quality. Since phase drift in
reference signals directly affects beam energy stability, a
common reference signal must be distributed to all cavities
to maintain inter-cavity phase synchronization. The design
requirements for the LLRF system are listed in Table 32.

4.3.2 Key technologies and technical approach
Both superconducting and room-temperature RF cavities are

widely used in modern electron—positron colliders. Super-
conducting cavities provide higher accelerating gradients

Table 34 RF parameters of the TM020 room-temperature cavity

Parameter Value
Operating frequency (MHz) 499.7
Shunt impedance (MQ) 5.03
Unloaded quality factor 65,110
Leakage power of the accelerating mode to the HOM damp- 1.38%
ing slot/total power

E,/Ey 2.12
B, /E,.c (MA/V) 2.55

and superior HOM damping but require complex cryogenic
systems, involve higher maintenance costs, and are more
sensitive to single-cavity failures. In contrast, room-temper-
ature cavities offer greater operational stability, lower cost,
and simpler maintenance, while still achieving adequate
HOM suppression.

Given the low-energy, high-luminosity characteristics of
the STCF collider rings—featuring high beam current but
moderate cavity voltage requirements—a superconducting
solution would be over-specified and constrained by coupler
power limits. Considering cost, operational reliability, and
maintainability, STCF adopts a room-temperature RF cavity
design for both the collider rings and the positron damping/
accumulation rings.

To compensate for beam loading under high-current
operation, all cavities will operate with intentional detun-
ing. As summarized in Table 33, among the four types of
available room-temperature cavities, the ARES-type cavi-
ties used at SuperKEKB and the TM020-type cavities used
at NanoTerasu exhibit single-cavity detuning frequencies
much smaller than the revolution frequency, making them
less susceptible to coupled-bunch instabilities driven by the
fundamental mode. The ARES cavity employs a complex
triple-cell configuration (storage, coupling, and accelerating
cells), which makes fabrication difficult and costly. In con-
trast, the TM020 cavity, developed by KEK and RIKEN, fea-
tures strong HOM damping, a compact structure, and high
cavity voltage. Its total R/Q is approximately half that of
conventional designs, significantly mitigating coupled-bunch
instabilities. This cavity has demonstrated stable operation
at approximately 250 kW per cavity in the NanoTerasu light
source [77, 78].

Accordingly, the TMy,,-type cavity is selected for the
STCEF collider ring RF system. At 3.5 GeV beam energy,
each collider ring requires at least 12 cavities to provide
3 MW of beam power and 6 MV of accelerating voltage.
Including operational margin, a total of 15 cavities per ring
will be installed.

The core challenges of the LLRF system include sta-
bilizing the cavity field amplitude and phase, maintaining
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Fig. 180 (Color online) Assembly diagram of the input coupler

accurate frequency control, and suppressing longitudinal
coupled-bunch instabilities. The STCF LLRF system adopts
a direct-sampling architecture with non-IQ demodulation
algorithms, which enhance noise immunity—particularly
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against temperature drift and harmonic noise—while main-
taining overall system stability [79].

The reference distribution system must provide phase-
synchronized, low-jitter signals to all RF cavities. STCF
employs a continuous-wave optical carrier scheme, in which
the reference signal from the RF master oscillator (RMO) is
transmitted along an optical fiber and partially reflected at
the far end. The reflected signal is compared with the origi-
nal to form a feedback loop, locking the receive-end phase.

4.3.3 Design scheme and system configuration

The RF system of the STCF collider rings consists of room-
temperature RF cavities, solid-state power amplifiers, digital
LLRF control systems, interlock and protection systems, and
a reference distribution network. The room-temperature RF
cavities supply the required accelerating voltage to the beam,
compensating for radiation and other energy losses, while
also ensuring a low HOM impedance environment. A 500
MHz solid-state RF amplifier with a maximum output power
of 250 kW has been jointly developed by Chengdu Kaiteng
Sifang Digital Broadcast Equipment Co., Ltd., the National
Synchrotron Radiation Laboratory (NSRL), and the Institute
of High Energy Physics, CAS. With minor upgrades, this
amplifier can satisfy the power requirements of the STCF RF
system. The digital LLRF system ensures stable amplitude
and phase control of the cavity field. The interlock protec-
tion system guarantees equipment safety, while the reference
distribution network ensures phase synchronization among
all system nodes.

4.3.3.1 Design of the room-temperature RF cavity The
TMO020-mode room-temperature cavity with HOM damp-
ing operates at 499.7 MHz. A higher R/Q value often
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Fig. 182 (Color online) Mechanical model, thermal load, and stress
distribution at the waveguide window
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Fig. 183 (Color online) 3D model of the 499.7 MHz TM020 room-
temperature RF cavity

leads to a larger cavity detuning frequency for compensat-

ing beam loading, increasing the risk of coupled-bunch
instabilities due to the fundamental mode. To avoid this
risk, the optimized R/Q was set to 77.2. The cavity adopts
a nose-cone-shaped geometry. The electric and magnetic
field distributions are shown in Fig. 177, and the opti-
mized RF parameters are listed in Table 34.

The cavity is equipped with elliptical coupling slots and
ferrite dampers located at the magnetic field radial node.
This ensures that the fundamental mode field remains
confined, while unwanted HOMs can propagate into the
damping system. Simulation results confirm that all the
longitudinal monopole and transverse dipole modes are
effectively suppressed to a beam current less than 2 A, as
shown in Fig. 178, meeting the coupled-bunch instability
(CBI) thresholds required by STCF.

The coupling section adopts a half-height WR1800 rec-
tangular waveguide. The coupler features an asymmetric,
off-center rectangular port on the broad side of the wave-
guide. An adjustable tuner near the coupling port enables
the real-time tuning of the coupling strength by modifying
the electromagnetic field distribution on both sides of the
port. As shown in Fig. 179, with tuner insertion depth

Insert_I varying from O to 67 mm, the coupling coefficient
ranges from 0.99 to 10.25, satisfying operational needs.

A waveguide window isolates the vacuum inside the
cavity from atmospheric pressure in the RF transmission
system. The window comprises 99.5% high-purity alumina
ceramic and matches the half-height WR1800 waveguide
by optimizing the length, width, and thickness of the win-
dow. The transition between the main WR1800 waveguide
and the coupler’s half-height WR1800 is realized via a
step transformer. The final assembly model of the input
coupler is shown in Fig. 180.
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Fig. 184 (Color online) Design block diagram of the STCF ring's digital LLRF system for room-temperature cavities

=z = T

Fig. 185 (Color online) Schematic of the storage ring phase reference
system

To ensure the stable operation of the high-power input
coupler, thermal load issues, secondary electron multipact-
ing, and stress must be evaluated. At a beam power of 250
kW per cavity, the cavity wall loss is 49.7 kW. Therefore,
the input coupler is designed to stably operate at a CW
power larger than 300 kW. For the waveguide couplers,
suppressing secondary electron multipacting in the design
phase is critical but complex. Simulations on the SEY at
the coupling port and waveguide window have been per-
formed. The results in Fig. 181 show that structural multi-
pacting does not occur for CW operation at 300 kW.
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At a CW power of 300 kW, the RF forward pass through
the coupler produces significant RF heating. Therefore,
active water cooling is applied to the coupling port, tuner,
and waveguide window, and air convection is provided to the
ambient environment. The ceramic window of high-purity
alumina contributes to resisting heat load but still requires
water-cooling around its frame. With the discussed inter-
ventions, operation at a CW power of 300 kW results in a
maximum temperature of 49.15 °C and produces stress and
deformation that is within acceptable limits, as shown in
Fig. 182.

Figure 183 shows the 3D model of the 499.7 MHz TM020
room-temperature RF cavity, combining the cavity and cou-
pler designs. Each cavity provides a cavity voltage of 500 kV
and RF power of 300 kW, with 250 kW contributing to the
power of the beam. At least 12 such cavities per collider ring
are required to meet performance goals. To ensure redun-
dancy and prevent sustained operation at maximum capac-
ity, additional cavities will be installed. In addition, designs
with two input couplers per cavity are under development to
further reduce power demands of each coupler.

4.3.3.2 Digital low-level RF (LLRF) system The STCF com-
prises two separate collider rings for electrons and posi-
trons, each equipped with at least 12 room-temperature RF
cavities. Every cavity is controlled by an LLRF system.
The overall design of the digital LLRF system is shown
in Fig. 184. A direct RF sampling architecture is adopted,
in which the 499.7 MHz signal is directly sampled by the
ADC.

The LLRF system acquires the cavity input, reflected,
and cavity field signals, as well as BPM signals. The
reflected signal is used to monitor the cavity’s operational
status, while the input and field signals are processed in
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real time by an FPGA-based logic unit. One output con-
trols the solid-state amplifier and klystron to stabilize the
RF field amplitude and phase; another drives the tuner
mechanism to maintain frequency stability. In addition, a
third control output modulates the reference signal from
the frequency synthesis system to suppress longitudinal
coupled-bunch instabilities, particularly in the zero-mode.

4.3.3.3 Interlock protection system The interlock protec-
tion system provides rapid response to equipment faults,
safeguarding RF components from potential damage.
Implemented using FPGA technology, it offers both high
reliability and fast reaction time. The data acquisition and
interlock control software is developed within the Experi-
mental Physics and Industrial Control System (EPICS)
framework, with long-term data storage managed by the
Archiver Appliance.

To enhance modularity and distributed control, the sys-
tem operates on a Linux-based platform with full EPICS
integration. Automated control is achieved through the
EPICS sequencer module, enabling functions such as
data acquisition, real-time analysis, and interlock event
filtering.

4.3.3.4 Reference distribution system As shown in
Fig. 185, the synchronization system comprises a refer-
ence master oscillator (RMO), frequency synthesizer, syn-
chronization modulator, transmitter, receiver, microwave
phase compensation system, femtosecond phase compara-
tor, and synchronization calibration controller.

The RMO generates the reference signal, which is sub-
sequently amplified and modulated. Using a continuous-
wave laser carrier, the reference signal is distributed via
optical fibers. A portion of the optical signal is reflected
back to the transmitter, allowing the system to perform
phase comparison and compensation using a femtosecond-
level phase comparator and an adjustable optical delay
line.

4.3.4 Feasibility analysis

In summary, while the TM020-mode room-temperature cav-
ity offers significant technical advantages, it is a relatively

new design with limited operational experience worldwide
and poses challenges in precision mechanical fabrication. To
ensure domestic production and technological independence,
STCF is actively pursuing development through prototyping
and manufacturing process studies.

To mitigate beam-loading effects, each cavity is intention-
ally detuned by 75 kHz. HOMs are effectively suppressed,
preventing coupled-bunch instabilities. The NSRL has
extensive experience in the development and operation of
digital LLRF systems. Independently developed LLRF units
have demonstrated reliable operation at the NSRL micro-
wave test facility and have been successfully integrated into
the SSRF RF system in collaboration with the Shanghai Syn-
chrotron Radiation Facility (SSRF).

4.3.5 Summary

The conceptual design of the ring RF system—including the
RF cavities, power sources, and LLRF systems—has been
completed, and theoretical and simulation studies have been
conducted for key technologies. Some components are under
prototype development and fabrication testing. Most devices
will adopt proven, cost-effective technologies and products
to reduce risk and ensure a successful implementation.

4.4 Injection and extraction system

The STCEF facility includes multiple circular accelerators:
two collider rings (for electrons and positrons) and one posi-
tron DR (or accumulation ring). Each of these rings requires
dedicated injection and extraction systems, which connect
to the beam transport lines to ensure efficient electron and
positron beam injection and extraction.

4.4.1 Design objectives

The overall objective is to satisfy the injection physics
design requirements for each ring and to develop magnet
systems that ensure efficient injection and extraction of both
electron and positron beams.

Collider Rings: The current design accommodates
two injection schemes—off-axis injection and swap-out

Table 35 Technical
requirements for key

Kickers

Septum magnets

components in injection systems Collider rings

Off-axis: Central field <5%, pulse width <3 ps

Septum thickness <2
mm, residual field at
orbit<0.1%

Swap-out: Rise time <2 ns, pulse width <6 ns

Damping ring

Accumulation ring

Single-turn injection: Rise time <90 ns, pulse <190 ns

Off-axis injection: Rise time <120 ns, pulse <250 ns

Same as above

Same as above
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Fig. 186 (Color online) Simulation model and magnetic field distribution of the eddy-current-type septum magnet: a simulation model; b longi-
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Fig. 187 (Color online) Simulation model and magnetic field distribution of the reverse-field septum magnet: a schematic; b simulation model; ¢

longitudinal magnetic field distribution

injection—each with distinct requirements and technical
challenges. For off-axis injection, the focus is on the struc-
tural design of nonlinear kicker magnets and the optimiza-
tion of their magnetic field distribution. For swap-out injec-
tion, emphasis is placed on the electromagnetic design of
stripline-type ultra-fast kickers and the development of pro-
totypes. For beam abort and single-bunch swap-out extrac-
tion, kicker magnets with a long pulse width are developed
for full-bunch train extraction, while the same ultra-fast
kickers used for injection handle single-bunch extraction.
Additionally, the thin pulsed septum magnet must be opti-
mized to eliminate perturbations to the circulating beams.
DR: The ring stores 5 bunches spaced 100 ns apart, using
an on-axis single-turn injection scheme to reduce dynamic
aperture requirements. Ferrite-loaded transmission-line-
type kicker magnets are employed to improve excitation
efficiency, with a focus on achieving fast field rise times
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and impedance matching to suppress reflections. Extraction
is single-bunch, technically similar to injection.

Accumulation Ring: This ring stores 4 bunches with 130
ns spacing, using local orbit bumps to allow multiple injec-
tions for positron accumulation. Kickers are similar to those
in the DR and are technologically mature. Extraction is also
single-bunch, with technical requirements comparable to
those of injection.

4.4.2 Design requirements and key technical specifications
e Septum magnets

Designs are being developed for two types of septum
magnets: eddy-current focused and reverse-field. Key per-

formance targets include a septum thickness <2 mm and a
residual magnetic field on the circulating beam orbit <0.1%
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Fig. 188 (Color online) Air-core coil type nonlinear kicker: a principle; b structure; ¢ integrated magnetic field distribution

Fig. 189 (Color online) Engi-
neering design of the air-core
coil type nonlinear kicker: a
complete ceramic chamber
structure; b conductor structure

()

of the main field. These parameters may be adjusted to meet
specific physics design requirements.

e Nonlinear kickers

Three types of nonlinear kickers are under development:
air-core coil, pseudo-octupole, and shielded types. Criti-
cal criteria include a central magnetic field amplitude <5%
of the injection field and a pulse width <3 ps, adjustable
according to the physics design.

e Stripline-type ultra-fast kickers

These are currently in the design and prototyping stage.
Key specifications include a magnetic field rise/fall time <2
ns and a total pulse width <6 ns, tunable to meet injection
requirements.

The kickers and septum magnets are the core components
of the injection and extraction systems for all three types of
rings. Their main technical requirements are summarized in
Table 35, while other structural parameters will be adjusted
based on specific design details.

(b)

4.4.3 Key technologies and technical approaches
e Septum magnets

The primary function of septum magnets is to bring the
injected beam path as close as possible to the stored beam
trajectory, minimizing orbit disturbances and beam loss in
off-axis injection schemes. For on-axis injection, they also
reduce the required magnetic field strength of the kickers.

Technical approach at STCF: Based on injection phys-
ics requirements, theoretical electromagnetic analysis and
parameter optimization are performed first. Numerical
simulations using the OPERA code validate and refine
the design. Comparative performance analyses of the two
septum magnet types are conducted under different opera-
tional scenarios, and the final design is selected according
to STCF-specific injection/extraction needs.

e Nonlinear kickers

The defining feature of a nonlinear kicker is a zero mag-
netic field at the center, ensuring transparency to the stored
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Fig. 190 (Color online) Model and field distribution of the shielded type nonlinear kicker: a simulation model; b magnetic field distribution
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Fig. 191 (Color online) Simulation model of the stripline-type kicker: a full model; b cross-sectional structure; ¢ tapered end transition
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Fig. 192 (Color online) Field distribution in the stripline-type kicker: a electric field; b magnetic field

beam, while producing sufficient field in the offset regionto  types are analyzed electromagnetically and parametrically.
meet off-axis injection requirements. OPERA-based numerical simulations are used to validate

Technical approach: Injection requirements are converted  and optimize the field profiles, and a comparative study iden-
into magnetic field profile specifications. Three structural tifies the final design based on injection/extraction physics.
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Fig. 193 (Color online) Performance comparison of the stripline kicker before and after end-structure optimization: a beam coupling impedance;
b longitudinal impedance per harmonic; ¢ loss factor versus bunch length; d electrode power dissipation

e Stripline-type ultra-fast kickers

The swap-out injection scheme requires ultra-fast, pre-
cisely timed pulses within the narrow interval between adja-
cent bunches to steer the injected bunch into the pre-emptied
bucket of the stored beam without perturbing the neighbor-
ing bunches.

Technical approach: Electromagnetic parameters are first
analyzed theoretically. The structure is designed to meet the
field waveform requirements specified by the physics design.
CST simulations optimize pulse shape, pulse width, and flat-
ness; minimize impedance mismatches with adjacent com-
ponents; and ensure the desired time structure. Final perfor-
mance is validated through prototyping and iterative testing.

4.4.4 Design scheme and system configuration
e Septum magnets

Eddy-Current-Type Septum Magnet: A simulation
model of the eddy-current-type septum magnet [80, 81]

was constructed using OPERA, as shown in Fig. 186a. The
magnet is 650 mm long. The excitation current is a half-sine

wave with a peak of 6270 A and a bottom width of 60 ps.
The longitudinal distribution of the main magnetic field is
present in Fig. 186b. Within the good field region, the peak
field reaches 9832 Gs, the integrated field is 0.66686 T-m,
and the leakage field at the circulating beam center is less
than 0.01% of the main field.

Opposite-Field-Type Septum Magnet: This design
effectively comprises three dipole magnets [82]. The
upstream and downstream compensating magnets each
have a longitudinal length of 0.3 m, and the length of the
central main septum magnet is 0.6 m, as illustrated in
Fig. 187a, b. The magnetic field distribution is shown in
Fig. 187c: the integrated magnetic field on the circulating
beam side is canceled, while the integrated field on the
injection beam side is doubled. Additionally, the electro-
magnetic forces on the septum plates cancel each other,
reducing the structural design complexity of the coils.

¢ Nonlinear kicker magnets
Air-Core Coil Type Nonlinear Kicker: As shown in

Fig. 188, the required nonlinear magnetic field distribu-
tion is formed by adjusting the relative positions of eight
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current-carrying conductors [83, 84, 85]. Both 2D and
3D simulation models were built in OPERA, with results
shown in Fig. 188c. At the injection point x=—5 mm, the
field magnitude is 297.20 Gs; while in the zero-field region
(x= +0.5 mm), the field is less than 0.28% of that at the
injection point. The field distribution can be controlled by
adjusting the conductor positions and excitation currents
based on injection physics requirements.

The engineering design of air-core coil-type nonlinear
kickers has commenced. The design drawings are shown
in Fig. 189. The driving power supply was successfully
tested in mid-July 2025, followed by the fabrication of the-
prototype kicker. Comprehensive integration tests of the
entire system were completed in September 2025, and the
preliminary results confirmed the validity of the design.

Shielded-Type Nonlinear Kicker: The structure of
the shielded-type nonlinear kicker is shown in Fig. 190a.
The magnet consists of two C-type ferrite cores, separated
by eddy-current plates to form opposing magnetic fields.
Two copper arc-shaped shielding plates are placed in the
magnet center to suppress the central field via induced
eddy currents, creating a flat zero-field region. The peak
field distribution at a specific time simulated in OPERA is
shown in Fig. 190b. A key advantage of this design is its
uniform field distribution at the injection point.

e Stripline-type kicker magnet

To meet the strict time-structure requirements of pulsed
electromagnetic fields for swap-out injection, the stripline
kicker magnet’s electrode structure is optimized to match
the impedance of the pulsed transmission cables, eliminat-
ing waveform distortion from distributed parameters [86].
Figure 191a shows the simulation model of the kicker, while
Fig. 191b provides a cross-sectional view of the electrode
and vacuum chamber. The yellow regions indicate the cop-
per electrodes, which, together with the chamber, form a
coaxial structure with an odd-mode impedance of 50 Q,
achieving impedance matching with the pulsed cables and
enhancing response time and pulse quality. The effective
electrode length is 300 mm, with a 12 mm gap between
electrodes. Figure 191c shows the tapered end transition,
designed to reduce beam coupling impedance.

Figure 192 shows the kicker center field distribution
when the excitation voltage reaches 17.5 kV. Within the
range y=—>5 mm to 5 mm, the electric field exceeds 1.44
MV/m, with a field uniformity of 0.9%, and the magnetic
flux density exceeds 48.2 Gs. These results indicate that the
electric and magnetic fields have comparable effects on the
electron beam.

A comparison of beam coupling impedance before and
after end-structure optimization is shown in Fig. 193a, where
the peak impedance decreases from 856.8 Q to 390.72 Q.
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Figure 193b shows the longitudinal impedance Z/n per
harmonic, with the effective impedance (Z/n), dropping
from 45.24 mQ to 39.21 mQ, a 13.33% reduction. Fig-
ure 193c presents the loss factor versus bunch length, with
the optimized design consistently exhibiting lower losses.
Figure 193d shows electrode power dissipation, with total
loss reduced from 89.2 to 59.4 W, a 33.4% decrease. These
results demonstrate that the tapered end structure signifi-
cantly mitigates beam coupling impedance and thermal
effects. A conical-tapered transition section will be designed
in the future to further reduce beam coupling impedance.

4.4.5 Feasibility analysis
e Septum magnets

Eddy-current-type septum magnets are widely used in the
accelerator field and represent a mature technology, with
successful domestic development experience. In contrast,
the opposite-field-type septum magnet is a relatively new
international design and carries certain technical risks. To
mitigate these risks, the team is advancing the design of both
eddy-current and reverse-field septum magnets concurrently.

¢ Nonlinear kicker magnets

The air-core-coil nonlinear kicker magnet imposes strin-
gent requirements on the positional accuracy of the excita-
tion conductors. It also faces several engineering challenges,
such as achieving the necessary machining precision of the
ceramic vacuum chamber. These challenges will need to be
addressed progressively during engineering implementation.
In comparison, pseudo-octupole and shielded-type nonlinear
kicker magnets carry lower technical risk and are based on
more mature technologies.

e Stripline-type ultrafast kicker magnet

The stripline-type ultrafast kicker magnet must meet
extremely strict timing requirements for its magnetic field
structure. Its electromagnetic geometry, together with the
pulse power supply, determines the response waveform of
the magnetic field. The design is technically challenging and
requires gradual refinement during engineering develop-
ment. The necessary nanosecond-level fast-response pulsed
power supply is commercially available from international
vendors such as FID, without export restrictions. Addition-
ally, the domestic team at IHEP (Institute of High Energy
Physics, CAS) has relevant development experience. There-
fore, the technical risks associated with the power supply are
considered manageable.
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Fig. 194 (Color online) Cross-sectional schematic of the positron
ring vacuum chamber

4.4.6 Summary

A high-efficiency injection and extraction system is essen-
tial for achieving the ultra-high luminosity goals of STCF.
Meeting the physical requirements for beam injection and
extraction in the collider rings, DR, and accumulation ring
necessitates specialized magnet designs. The focus is on
addressing the most technically challenging magnet designs
to ensure the safe and efficient operation of bunch swap-out
injection, off-axis injection, and extraction processes.

4.5 Vacuum system
4.5.1 Technical requirements and design objectives

In the STCF accelerator complex, the vacuum system
encompasses all environments requiring pressures below
atmospheric levels, including both the collider rings and
the injector components. The collider rings consist of the
electron and positron rings, while the injector includes mul-
tiple accelerator sections: the electron linacs, positron linac,
positron DR (or accumulator ring), ML, and various beam
transport lines.

The vacuum requirements for the collider rings and injec-
tor are defined by the physics system. The vacuum system is
designed to ensure that vacuum chambers and pumps main-
tain pressure levels across all accelerator components that
satisfy the physical requirements of the STCF design.

First chamber 2.4m

Bellows 1

Cooling water
feedthrough

According to specifications from the accelerator phys-
ics team, the dynamic vacuum pressure must be better than
1 x 107 Pa for the collider rings and 6.5 x 107> Pa for the
injector. The corresponding static vacuum requirements are
better than 2 x 1078 Pa and 1.3 107> Pa, respectively.

The structural dimensions of the vacuum chambers for
each section of the collider rings and injector are provided
in the parameter tables from the accelerator physics design
groups.

4.5.2 Key technologies and design approach

The most challenging part of the STCF vacuum system is
the collider rings, with the primary challenges arising from
two factors:

First, the high-current beams of 2 A generate intense syn-
chrotron radiation, leading to high thermal loads and sig-
nificant production of photoelectrons, which in turn trigger
substantial gas desorption. This effect is particularly pro-
nounced in the positron ring, which is sensitive to electron
cloud formation. Additionally, the short bunch length and
high bunch charge exacerbate HOM effects, imposing strin-
gent requirements on the impedance of vacuum components.

Second, beam—gas scattering in the IR contributes signifi-
cantly to experimental background, necessitating especially
high vacuum levels in the IR, where space constraints make
the installation of vacuum pumps challenging.

International experience from previous high-current
ete” colliders, such as KEKB [33, 87, 88] and PEP-II [89,
90, 91], provides valuable guidance. The STCF vacuum
design strategy incorporates:

e A carefully optimized global design.

e Arc-section vacuum chambers with antechambers to
manage synchrotron radiation absorption and gas pump-
ing.

e Appropriate material selection for vacuum chambers.

e Efficient vacuum pump configurations.

In the positron ring, additional electron cloud mitigation

measures will be employed, including TiN coating, localized

Second chamber 2.1m
Bellows 2

|

NEG strip feedthrough

Fig. 195 (Color online) Vacuum layout for one arc cell of the collider rings
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Table 36 Major vacuum components in the collider rings

Component Quantity Material

Beam position monitors 105 Stainless steel
Various vacuum chambers 458 Oxygen-free copper
Ton pumps 194 -

NEG pumps 158 -

Vacuum valves 102 Stainless steel
Vacuum gauges 96 Stainless steel
Residual gas analyzers 70 -

magnetic fields, and grooved chamber geometries. In the
IR, non-evaporable getter (NEG) pumps will enhance local
vacuum conditions, and low-impedance synchrotron radia-
tion masks will be installed.

For the injector system—including the linacs, damping/
accumulator rings, and transport lines—the vacuum require-
ments are conventional and well within the technological
capabilities already established by several accelerator labo-
ratories in China.

4.5.3 Design scheme and system composition

4.5.3.1 Collider ring vacuum system The STCF collider
rings are similar, each with a circumference of approximately
860 m. Each ring is divided into arc sections, straight sec-
tions, and the IR. The vacuum requirements for the collider
rings are defined by accelerator physics, primarily based on
factors such as beam-residual gas scattering—which con-
tributes to experimental background near the IP—beam life-
time, and emittance growth. The design must also account
for fast ion beam instabilities in the electron ring.

A key aspect of the collider ring vacuum system is the
vacuum chamber design. Drawing from the experience
of SuperKEKB [92], the positron ring will adopt a dual-
symmetric side chamber design, as illustrated in Fig. 194.
One side is used for absorbing synchrotron radiation, while
the other is dedicated to pumping. For the electron ring, a
single-sided chamber may also be considered. All vacuum
chambers in the DW sections will adopt dual-side symmetry.
Flanges, bellows, and vacuum pump ports must be equipped
with RF shielding to minimize impedance contributions.

The pressure distribution in the collider ring vacuum sys-
tem is determined by the gas load and the configuration of
the pumping system. The design employs a vacuum chamber
structure that integrates the beam duct with side chambers.
Synchrotron radiation is directed onto the cooled sidewalls
of the vacuum chamber to reduce photoelectron entry into
the beam channel and suppress electron cloud formation.
The pumping configuration combines both centralized and
distributed pumping systems, which must efficiently remove
the substantial gas loads generated by synchrotron radiation
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Table 37 Major vacuum components for off-axis and swap-out injec-
tion schemes

Component Off-axis Swap-out Material
Thermionic e-gun 1 2 -
Photocathode e-gun 1 0 -

S-band accel. tubes 100 133 OFHC Copper
X-band accel. tubes 1 0 OFHC Copper
Beam diagnostics 40 45 Stainless Steel
Vacuum chambers 300 400 Stainless Steel
Magnetic chicanes 2 1 -

Ton pumps 343 473 -

Vacuum valves 27 36 Stainless Steel
Vacuum gauges 203 278 Stainless Steel

to achieve the vacuum levels required for acceptable beam
lifetime. Once the distribution and rate of photon-induced
desorption and thermal outgassing are quantified, the pump-
ing scheme can be finalized. The collider rings will employ
a combination of distributed NEG pumping and centralized
ion pumping.

Collision ring arc section

In the arc sections of the collider rings, the vacuum
pumping scheme uses NEG-coated chamber surfaces or dis-
tributed NEG strips in combination with centralized vacuum
pumps (see Fig. 195). The centralized pumps consist of 400
L/s ion pumps paired with NEG hybrid pumps. For vacuum
measurement in the arc section, a vacuum gauge and a cold
cathode gauge are installed at the entrance of each standard
cell, corresponding to one set every 4.7 m on average. Resid-
ual gas analyzers are placed at selected locations to moni-
tor partial pressure distributions. The arc section is divided
into 10 segments, each separated by full-metal gate valves
equipped with RF shielding. Each segment also includes a
roughing valve and a venting valve.

¢ Collision ring straight section

The vacuum pumping strategy for the straight sections
also employs either NEG-coated vacuum chamber surfaces
or distributed NEG strips in combination with centralized
vacuum pumps, configured as 400 L/s ion pumps paired with
NEG hybrid systems. Vacuum measurement is implemented
by placing a set of vacuum gauges and cold cathode gauges
at the entrance of each standard cell, averaging one set every
5 m. Residual gas analyzers are installed at selected loca-
tions to monitor gas composition and partial pressures. Each
straight section is divided into 10 segments, each isolated
by RF-shielded full-metal gate valves, and each segment
includes a roughing valve and a venting valve.

e Interaction region
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Table 38 Major vacuum components in transport lines for off-axis
and swap-out injection schemes

Component Off-axis ~ Swap-out  Material
Circular vacuum chambers 87 59 Stainless steel
Rectangular chambers 38 30 Stainless steel
Ton pumps 82 50 -

Vacuum valves 29 19 Stainless steel
Vacuum gauges 47 29 Stainless steel

Based on the layout of beamline components near the
IP (see Fig. 62), preliminary 3D modeling and simulations
have been conducted. The beam pipe within the detector
spectrometer relies on NEG coatings to maintain vacuum
levels, providing an effective pumping speed of 500 L/s. In
regions near the spectrometer, high-capacity NEG pumps
and ion pumps are installed to remove gas loads generated
by synchrotron radiation, delivering an effective pumping
speed of 1000 L/s per meter.

The IR is divided into 12 sections, each separated by all-
metal gate valves equipped with RF shielding. Each sec-
tion includes a roughing valve and a vent valve. The sec-
tion containing the IP has very limited space, extending
from the IP to the end of the cryostat, leaving no room for
vacuum pumps or related components. Consequently, high-
speed vacuum pumps are installed at more distant locations,
accompanied by a vacuum gauge and cold cathode gauge
to monitor vacuum levels. A residual gas analyzer is also
installed to measure partial pressures. In the remaining sec-
tions, a vacuum gauge and cold cathode gauge are installed
approximately every 10 m.

Based on the collider ring physics design, the preliminary
list of major vacuum components is presented in Table 36.

4.5.3.2 Linac vacuum system The vacuum system for the
injector linacs primarily consists of accelerating tubes,
vacuum pipelines, and ion pumps. The DR (or accumula-
tion ring) has a vacuum system similar to that of the col-
lider rings but is somewhat simplified, relying mainly on
ion pumps. The vacuum system for the transport lines is
straightforward and also uses ion pumps.

Currently, two injection schemes are under consideration.
In the off-axis injection scheme, the electron beam is directly
injected into the collider electron ring through the linac and
transport line, while the positron beam passes through the
DR and then through the final-stage linac and transport line
before being injected into the collider positron ring; this is
referred to as the off-axis injection scheme. In the second
scheme, the electron gun provides high-charge electron
bunches that are directly accelerated and injected into the
collider electron ring, while the positron beam is first accu-
mulated in the accumulation ring to reach the required bunch

charge, then accelerated by a downstream linac before injec-
tion into the collider positron ring; this is referred to as the
bunch swap-out injection scheme.

The linac beamline includes the electron gun, pre-
buncher, buncher, accelerating tubes, vacuum compo-
nents, beam diagnostics, magnets, and ancillary micro-
wave equipment such as waveguides and RF power loads.
The vacuum system components include the electron gun,
S-band accelerating tubes, collimators, vacuum cham-
bers for diagnostics, bellows, ion pumps, valves, and
turbopump stations for initial vacuum setup. All vacuum
valves are all-metal gate or angle valves.

Vacuum in the accelerating tubes is maintained by sput-
ter ion pumps located at pumping ports near the input and
output couplers. Two 3 m accelerating tubes form a 6 m
segment, with a 100 L/s sputter ion pump at each micro-
wave input interface and another pump at the output of the
first tube, between the two. Shielded bellows separate adja-
cent 6 m segments, and an all-metal gate valve is installed
every two 6 m segments for vacuum isolation. Outside the
accelerating tubes, sputter ion pumps are placed approxi-
mately every 2 m along the beamline.

A cold cathode gauge is installed at the input of the
upstream accelerating tube in each 6 m segment to moni-
tor vacuum levels.

Based on accelerator physics parameters and the
selected injection schemes, the major vacuum components
required for the two schemes are listed preliminarily in
Table 37.

4.5.3.3 Damping ring (accumulation ring) vacuum sys-
tem In the off-axis injection scheme, the positron DR is
used to reduce the emittance of positron bunches generated
at the target through synchrotron radiation damping, achiev-
ing the emittance required for injection into the collider
positron ring. In the swap-out injection scheme, the positron
accumulation ring is used to accumulate charge and opti-
mize emittance. Both systems include injection and extrac-
tion lines, with the ring having a circumference of approxi-
mately 150 m.

According to the DR design, the vacuum system can be
divided into eight relatively independent sections by all-
metal gate valves. Each section is equipped with roughing
and venting valves. Initial evacuation of the system is per-
formed using oil-free turbopump stations, and the vacuum is
subsequently maintained by conventional sputter ion pumps.
Ton pumps rated at 100 L/s are installed approximately every
6 m, each paired with a vacuum gauge and a cold cathode
gauge. The transport line vacuum system includes approxi-
mately 32 ion pumps, 27 vacuum gauges, and nine VAT
gate valves.
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Table 39 Beam instrumentation technical requirements for collider rings

Beam parameter Measurement method

Specification Value/Detail

Beam position Button electrodes and digital processors

Beam current DCCT, PCT, data acquisition system

Bunch charge BPM sum signal with fast digitizers or
photodiodes
Betatron tune Sweep/FFT method

Beam size & Emittance Absolute (X-ray diffraction imaging)
Relative (X-ray pinhole imaging)
Relative (visible/X-ray interferometry)

Bremsstrahlung Dedicated detector

Bunch length Streak camera (visible light)

Bunch-by-bunch feedback  Transverse feedback (stripline, FPGA)

Longitudinal feedback (RF cavity, FPGA)

IP feedback Slow and fast feedback
BPM drift compensation Capacitive sensor and temperature probe
Beam loss Scintillator

Optical fiber

SA: 50 nm @ 10 Hz; FA: 100 nm @
10 kHz

1 pm

Closed orbit resolution

Turn-by-turn resolution

Bunch-by-bunch resolution 5 pm (transverse), 0.2 ps (longitudinal)

Dynamic range

-50to 0 dBm

Measurement range 0.01-3000 mA
Resolution 2 pA
Accuracy (>200 mA) 10 pA
Measurement range 0.1-50 mA
Resolution 25 pA @ 50 mA
Update rate 1 Hz
Resolution 1x10~*

Range 10-50 pm
Resolution 2 pm

Range 20-80 pm
Resolution 5 pm

Range 5-50 pm
Resolution 1 pm

Measure polarization -

Range 20-100 ps
Resolution 2 ps
Bandwidth 250 MHz
Drive power 50-100 W
Damping time 0.1-0.3 ms
Bandwidth 250 MHz
Drive power 100-200 W
Damping time 0.5 ms
Stability Better than 10% of beam size
Resolution 50-100 nm
Time response <8ns

Spatial resolution <lm

4.5.3.4 Beam transport line vacuum system The beam
transport lines are divided into four parts according to
area and function: the electron beam bypass line, the DR
(accumulation ring) transport section, the positron—electron
merging section, and the final injection section into the col-
lider rings.

The main vacuum chambers in the transport lines have
circular cross sections, while rectangular cross sections are
used in dipole magnet regions depending on the magnetic
aperture and deflection or splitting angles. All vacuum
chambers are constructed from low-magnetic-permeability
stainless steel.

The pumping system employs conventional 50 L/s sput-
ter ion pumps, installed approximately every 5 m along the
beam path. Cold cathode vacuum gauges are placed every
10 m, and all-metal gate valves are installed every 20 m.

@ Springer

Based on the structural and design parameters provided
by the accelerator physics team, the preliminary list of vac-
uum components required for the two injection schemes is
shown in Table 38.

4.5.4 Vacuum control and interlock

The vacuum control system primarily consists of ion pumps
and their power supplies, radiation-resistant vacuum gauges,
and isolation gate valves. Ion pump power supplies include
built-in protection functions and interface with the EPICS
control system via 0—5 V analog output signals. These sig-
nals are used both for safety interlocks in the accelerating
tubes and for displaying ion current and voltage. Gauge out-
put signals are transmitted through high-voltage cables to
vacuum meters, which are then processed and monitored by
the control system.
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Gate valve operation is interlocked with vacuum gauge
readings. When vacuum at a specific location degrades
below a predefined threshold, the two nearest gate valves
automatically close to protect adjacent vacuum sections.
During accelerator maintenance, only the affected segment
needs to be purged with nitrogen gas, preventing exposure
of the entire vacuum system to atmospheric pressure and
preserving vacuum integrity in other regions.

4.5.5 Feasibility analysis

The design, construction, and operation of the STCF collider
ring vacuum system present significant technical challenges,
particularly in the positron ring, which requires additional
measures to suppress electron cloud instabilities. While
these technologies are largely mature internationally and
BEPCII provides a strong domestic reference, there is cur-
rently no precedent in China for designing or operating an
electron storage ring with circulating currents above 1 A.

In recent years, China has made substantial advances in
ultra-high vacuum technologies through the construction of
large-scale accelerator facilities and improvements in indus-
trial capabilities. These include high-temperature-tolerant
copper production, extrusion of non-standard structural
profiles, and widespread application of NEG coatings in
new-generation light sources such as HEPS and HALF. TiN
coating technology has been extensively used in the CSNS
accelerator. For the collider IR, vacuum chamber design
techniques such as remotely controlled vacuum connec-
tions (RVC) have also been applied domestically. Although
further R&D is required for some critical vacuum structures
and technologies before construction begins, the overall
technical risks are considered manageable.

The injector vacuum system can be fully realized using
mature and well-established technologies and presents no
technical risk.

4.5.6 Summary

The STCF accelerator vacuum system is extensive and com-
plex, with a total vacuum pipeline length of approximately
2500 m. Each accelerator section requires specific design
approaches and vacuum technologies. Through compre-
hensive surveys and preliminary design studies, a basic
structure and framework for the vacuum system have been
established. The design plans and technical approaches for
each subsystem have been preliminarily clarified, providing
a solid foundation for continued technical development. Key
vacuum technologies requiring further R&D have also been
identified.

Fig. 196 (Color online) Sche-
matic of the BPM probe

Table 40 Specifications for signal acquisition in bunch-by-bunch 3D
position measurement

Parameter System component Minimum  Recom-
require- mended
ment configuration

Number of chan- — 4 8

nels
Analog bandwidth ~ Acquisition board 500 MHz  >1 GHz
Oscilloscope 500MHz >6 GHz
Sampling rate Acquisition board 500 MS/s  >1 GS/s
Oscilloscope 5 GS/s >20 GS/s
Sampling resolu-  — 8-bit > 10-bit

tion

4.6 Beam instrumentation system
4.6.1 Design requirements and specifications

The beam instrumentation system is a critical diagnostic
tool for accelerator operation and tuning. It measures a wide
range of beam parameters, providing essential support for
machine commissioning, suppression of beam instabilities,
and optimization of beam position and angle at the collision
point. It also forms the data foundation for beam dynamics
analysis and the evaluation of integrated luminosity perfor-
mance. The STCF beam instrumentation system is designed
to support both the collider rings and the injector, enabling
accurate measurement and stabilization of beam parameters.
Its primary objective is to maintain stable beam operation at
a high luminosity of 5x 10** cm™2 s~!, with time resolution
sufficient to distinguish bunch spacing at integer multiples of
2 ns (expected to be 4-6 ns), while delivering high-precision
data for beam dynamics analysis. The technical specifica-
tions are listed in Table 39.

4.6.2 Key technologies and development strategy
In the collider rings, BPMs will be installed adjacent to

quadrupole magnets, using button electrodes with hetero-
dyne detection and high-speed, high-precision electronics to
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Fig. 197 (Color online) Integrated bunch-by-bunch 3D position sig-
nal processor

enable turn-by-turn and bunch-by-bunch position measure-
ments. Visible photon monitors will employ diamond-coated
extraction mirrors to minimize thermal deformation caused
by synchrotron radiation. An X-ray bunch size monitor based
on coded aperture imaging will provide bunch-by-bunch
measurements of transverse beam size, while an X-ray inter-
ferometry system will offer higher-resolution diagnostics. At
the IP, a large-angle bremsstrahlung radiation monitor will
measure the polarization of emitted light to infer geometric
characteristics of the colliding beams.

Bunch-by-bunch transverse and longitudinal feedback
systems will integrate low-noise front-end electronics and
high-resolution digital filters to suppress instabilities. The
collision point feedback system will detect orbit offsets in
the IR, which are linearly related to experimental luminosity,
and will also use the luminosity monitor signal to maximize
and stabilize luminosity.

In the injector, beam position will be monitored using
stripline pickups combined with high-speed, high-resolution
electronics for bunch-by-bunch measurements. Bunch charge
and length will be measured via passive resonant cavities,
providing a large dynamic range and good signal-to-noise
ratio. For high-resolution measurements of longitudinal

Comb Filter

beam structure, a transverse deflecting cavity may also be
employed.

Most of the beam diagnostics technologies required for
the STCF collider rings and injector have been validated at
the NSRL’s HALF [93], SuperKEKB at KEK [94], and the
BEPCII/BEPCII-U collider in China [95]. Key techniques
are also being developed as part of the STCF Key Technol-
ogy R&D project [96].

The development strategy for STCF beam instrumenta-
tion will follow the principles outlined below:

Prioritize mature and proven technologies when perfor-
mance specifications are met.

Draw design references from the latest international pro-
jects of similar scope, subject to expert review.
Undertake targeted development—uvia internal R&D or
collaborations—will address diagnostics tasks beyond
existing technological capabilities, supported by pre-
research programs.

4.6.3 Design scheme and system configuration

4.6.3.1 Beam instrumentation system of the collider
rings BPM and displacement/temperature monitoring
Each STCEF collider ring is equipped with 402 button-
type BPMs, positioned as uniformly as possible near each
quadrupole magnet. The number of BPMs can be adjusted
in response to updates in the physical design, similar to
other beam diagnostic instruments. BPMs near the injection
points provide real-time monitoring of the injected beam,
while those near the collision region deliver precise posi-
tion measurements prior to collisions, ensuring effective
beam interactions. Uniformly distributed BPMs also enable
comprehensive monitoring throughout the entire ring. For
the current STCF collider ring parameters, the button-type
BPM probe design has been optimized. Its resonant mode
frequencies are well separated from the operating frequency
of 499.7 MHz and are shifted away from higher harmonics

Fig. 198 (Color online) Block
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generated during multi-bunch operation. The BPM probe
structure is shown in Fig. 196.

The four electrode signals from each BPM are transmitted
via long cables to the BPM electronics, where the analog
signals are conditioned before computing the 3D position
of each bunch. For transverse position measurements, the
system captures the peak negative signal from each bunch,
while longitudinal phase measurements require sampling
near the BPM signal’s zero-crossing. Based on these signal
characteristics and measurement requirements, the system
specifications for bunch-by-bunch 3D position measure-
ments are summarized in Table 40.

Two acquisition methods are considered. One employs
high-bandwidth, high-sampling-rate oscilloscopes [97],
which offer high precision but require complex data pro-
cessing due to their non-phase-locked nature and limited
memory depth, making them less suitable for online, real-
time bunch-by-bunch monitoring.

To meet STCF’s requirements, a high-speed data acquisi-
tion board is selected for real-time, online bunch-by-bunch
3D position monitoring. The system block diagram is shown
in Fig. 197. Domestic signal processors have achieved 1
GSPS [98] sampling rates, enabling the development of an
integrated processor that combines an analog front-end with
eight ADC channels and a digital FPGA-based module. The
processor also supports external clock and trigger inputs.

As a high-current machine, STCF experiences thermal
variations from synchrotron radiation and other effects,
which can affect BPM measurements. Temperature moni-
toring and compensation are therefore necessary. Following
methods implemented at SuperKEKB [99], temperature sen-
sors are installed near BPM probes to monitor environmental
fluctuations in real time. The BPM processor collects both

position and temperature data, which are then used to build
compensation models correcting temperature-induced dis-
placement errors. Feedback control systems may later be
added to apply real-time corrections.

The button-type BPM probe design and signal process-
ing capabilities ensure effective operation across the full
1-3.5 GeV energy range of STCF. Although beam charac-
teristics such as shape, intensity, and pulse width may vary
with energy, these variations have minimal impact on BPM
measurement precision. Additionally, the BPM electronics
feature high-sensitivity amplification and filtering circuits,
maintaining a high signal-to-noise ratio and resolution under
varying beam conditions.

Bunch-by-bunch feedback and tune measurement

The bunch-by-bunch feedback system suppresses cou-
pled-bunch instabilities [100] and comprises three main
components: oscillation signal detection, digital signal pro-
cessing, and feedback implementation.

Oscillation signals acquired by the front-end RF circuit
are filtered, amplified, and down-converted to remove the
DC component before ADC sampling and transmission to
a digital signal processor. Within the FPGA, appropriately
ordered digital filters extract beam oscillation information,
and a 90° phase shift can be implemented via FIR filter-
ing algorithms. The processed signal is then converted by a
DAC, delayed, amplified by a power amplifier, and applied
to the beam through a kicker to suppress instabilities [101].

High-frequency beam signals are mixed with nfyp to
generate an oscillation signal near fzz/2 with an improved
signal-to-noise ratio [102]. To capture beam oscillations at
the fundamental frequency, the digital signal processor oper-
ates at a 500 MHz sampling rate, with high-order FIR filters

Fig. 199 (Color online) Loca-
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Fig.200 Schematic of the IP feedback detector system

in a high-performance FPGA providing both phase shifting
and DC component removal (Fig. 198).

The feedback actuator is the feedback kicker. The feed-
back signal, generated by the digital signal processor and
amplified by an RF power amplifier, is applied to the kicker.
In the longitudinal feedback system, the baseband signal
must first be modulated to the operating frequency band of
the power amplifier and longitudinal kicker. The kicker then
generates an electromagnetic field that applies a corrective
kick to the bunch, damping its transverse or longitudinal
oscillation. To suppress all coupled-bunch instability modes,
the bandwidths of the power amplifier and kicker must be
at least frr/2. The central frequencies differ between the
transverse and longitudinal feedback channels.

Compared with SuperKEKB, whose collider rings are
3016 m in circumference [103], the STCF collider rings are
significantly shorter at approximately 860 m, resulting in a
shorter revolution period. Additionally, while SuperKEKB’s
low-energy ring operates at 4 GeV, the STCF beam energy
is tunable from 1 to 3.5 GeV. Thus, the damping time in

Fig. 201 (Color online) Sche-
matic of X-ray diffraction imag-
ing with Fresnel zone plates

STCEF is expected to be shorter than in SuperKEKB, which
is advantageous.

High-energy beams impose more stringent requirements
on the electronics of bunch-by-bunch feedback systems.
Digital signal processors must provide high-resolution, fast-
sampling, low-latency feedback signals. The entire system,
including power amplifiers, must operate with minimal
latency to ensure precise and timely correction.

Beam tune is a critical machine parameter that must be
continuously monitored and recorded, as it is directly related
to beam quality and stability. Other parameters, such as the
envelope function and chromaticity, can be derived from
tune measurements. Because the amplitude of free oscil-
lations is very small during stable operation, an excitation
signal must be applied to the beam for measurement. To
avoid disturbing the entire beam, a single bunch can be
selectively excited while remaining undamped within the
bunch-by-bunch feedback system, ensuring that all other
bunches remain stable while the tune is measured.

Interaction point feedback

Beam orbit deviations at the IP can lead to significant
luminosity losses and must be corrected. Such deviations
may arise from vertical motion of the final focus (FF) mag-
nets due to ground vibrations or mechanical fluctuations
in cryogenic components, such as cold boxes, which pro-
duce closed orbit distortions at the IP that cannot be fully
compensated.

The collision point feedback system uses beam—beam
kick measurements to correct these deviations, exploiting
the linear relationship between beam—beam deflection and
beam displacement at the IP. By measuring changes in
BPM readings near the IP caused by beam—beam kicks,
the system can infer orbit deviations. Correction signals
are calculated in real time and applied via correction mag-
nets. Operating in a high-frequency closed-loop mode, this
feedback system dynamically compensates for orbit errors

Fig.202 Schematic of X-ray
pinhole imaging system SR I
Bend . I
Pinhole
Magnet
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caused by mechanical noise or ground motion, ensuring
precise alignment of the colliding beams at the IP and
enhancing collision efficiency and luminosity [104, 105].

The IP feedback system primarily relies on beam
position signals, supplemented by luminosity and beam-
induced radiation measurements. To measure beam posi-
tions as close to the IP as possible, two eight-electrode
BPMs are positioned approximately 60 cm to the left and
right of the IP (subject to updates based on MDI design
evolution). At this location, the electron and positron
beams remain co-linear, and each BPM must monitor both
beams simultaneously. Based on STCF beam parameters,
maintaining orbit deviations within 5% of the bunch size
at the IP requires BPM resolution better than 5 pm. In
the horizontal plane, where the beam size is very small,
beam—beam kicks are no longer sufficiently sensitive to
serve as indicators of collisions (Fig. 199).

2r

Ay/*p,e — e éfeAyas (39)
By

ypem = L - AY"P¢ (40)

BPM dimensions are optimized based on the beam
pipe diameter, signal strength, resolution requirements,
and beam parameters. The chamber diameter matches the
transverse beam size and vacuum chamber design. The
diameter of the button electrodes balances signal strength
and spatial resolution while meeting bandwidth require-
ments. Because the beam pipe near the IP has a small
aperture, the power output of the BPM near the IP is much
higher than that of conventional BPMs; hence, specialized
feedthroughs must be designed (Fig. 200).

The analog section uses low-pass and band-pass filters
to convert beam signals into passband signals centered at
the RF frequency of 499.7 MHz. An analog mixer then
down-converts the 499.7 MHz component of the BPM
signal to an IF signal to reduce the impact of ADC clock
jitter on the signal-to-noise ratio.

To ensure that the FOFB system operates with low
latency and high bandwidth, the power sources of fast cor-
rection magnets must respond rapidly. The IP fast feedback
system requires a correction magnet power supply with
a bandwidth of at least 10 kHz. Fast corrector magnets
must be capable of precise magnetic field control to mini-
mize orbit correction errors and suppress feedback jitter
around the target value. Improving power supply resolu-
tion requires reducing the quantization error of the DAC
chips.

STCF may operate at energies ranging from 1 to 3.5
GeV. Beam-beam effects are energy-dependent and
become more pronounced at lower energies. As energy

increases, the same position offset results in smaller BPM
signal changes, thereby raising the resolution requirements
of the BPMs.

Beam diagnostics based on synchrotron radiation

High-energy charged particle bunches emit SR when
deflected, with the SR characteristics reflecting the beam
parameters at the light emission location, making it a
valuable non-interceptive diagnostic tool. Considering
the beam characteristics of the STCF, both X-rays and
visible light from SR will be used to measure the trans-
verse dimensions and length of the electron and positron
bunches.

The beam size in the transverse direction and emittance
can be monitored through X-ray diffraction imaging, X-ray
pinhole imaging, and synchrotron light interferometry.
Emittance is typically calculated by combining accurate
measurements of the bunch transverse size with the beam’s
Twiss parameters.

X-ray diffraction imaging is a direct method for observ-
ing the beam spot. Figure 201 illustrates a beam size meas-
urement system based on Fresnel zone plate (FZP) X-ray
diffraction imaging [106]. The synchrotron light is first
monochromatized by a monochromator and then imaged
directly through two FZPs. The system typically operates
with a total magnification factor of 15-30. This method
offers high spatial resolution but may be affected by dif-
fraction effects, limiting its overall measurement range.

X-ray pinhole imaging uses a small aperture to project
the transverse beam profile [107]. As shown in Fig. 202,
X-rays extracted from the vacuum chamber pass through
a pinhole and illuminate a downstream fluorescent screen,
where the image is converted to visible light and recorded
by a CCD camera for profile reconstruction. This method
is simple, monochromator-free, robust to thermal loads,
and reliable. However, it has lower resolution than diffrac-
tion-based methods.

Synchrotron light interferometry is implemented using
a Michelson-type stellar interferometer [108]. After pass-
ing through a double slit, optical filters, and a focusing
system, the light forms an interference pattern on a detec-
tor. The contrast of this pattern is used to deduce the beam
spot size. This method can achieve sub-micrometer resolu-
tion but requires a complex optical path.

Bunch length is typically measured using a streak cam-
era [109], which is capable of recording ultrafast optical
phenomena. It can simultaneously provide information
about light intensity, temporal structure, and spatial (or
spectral) distribution.

In designing the STCF synchrotron light diagnostic sys-
tem, beam energy variability must be considered. Beam
energy affects both the synchrotron spectrum and radia-
tion divergence: higher energies lead to an increased yield
of high-energy (X-ray) photons and a narrower radiation
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cone. Therefore, optical elements must accommodate a
wide dynamic range, and energy absorbers and related
components must be designed with sufficient thermal
capacity and safety margins.

Beam loss monitoring

According to the beam loss diagnostics requirements
of the STCF, a hybrid detector configuration combining
optical fibers and scintillators is adopted. Optical fibers
are installed along the DR and linac to monitor abrupt
losses and localize the position of the loss event. Scintil-
lator detectors are deployed along the dual-ring collider to
provide a prompt response to frequent beam loss incidents.
The entire beam loss monitoring system is designed to
provide high spatial and temporal resolution.

In future upgrades, a self-developed scintillator detector
with an overall response time below 2 ns will be consid-
ered to realize bunch-by-bunch resolution. This will con-
tribute to maintaining high operational luminosity.

4.6.3.2 Beam diagnostics system in the injector Beam
diagnostics in the linacs and transfer lines

The beam diagnostics system for the linacs and trans-
fer lines with energies of 1-3.5 GeV includes independ-
ent subsystems for beam position measurements, bunch
charge measurements, beam transverse profile measure-
ments, kinetic energy measurements, and energy spread
measurements.

The beam position measurement system mainly consists
of BPM probes (stripline and button types), signal trans-
mission cables, digital BPM (DBOM) electronics, timing/
trigger distribution systems, and frequency synthesizers.
The BPM probes receive beam position signals, which are
processed by DBPM electronics to extract beam position
data, and feed them to the control network. This system
is primarily used for position and orbit measurement and
BBA.

The beam charge measurement system mainly includes
integrated current transformers (ICTs), signal transmission
cables, digital oscilloscopes for current signal acquisition,

Fig. 203 (Color online) Con-

IRSM-L Cryostat

and data processing terminals. The ICT signal is oversam-
pled using digital oscilloscopes, and the collected waveform
is processed to determine the bunch charge.

The beam transverse profile measurement system is
based on view screen optical imaging. It includes beam spot
screens, screen vacuum chambers, motion mechanisms, tel-
ecentric optical lenses, digital cameras, cabling, image pro-
cessing terminals, motor drivers, and controllers. The local
beam diagnostics station sends camera trigger signals via
coaxial cables to the cameras. Control signals for stepper
motors are sent via Ethernet to operate the screen actuators.
Captured beam spot images are also transmitted via Ethernet
to the server for remote control and image acquisition.

Beam energy and energy spread measurements are con-
ducted using a spectrometer system. The beam is deflected
by a bending magnet onto an energy-dispersive screen. By
measuring the beam spot on the screen, beam energy and
energy spread can be calculated. The imaging and motion
control system for the energy screen shares infrastructure
with the transverse profile system.

Beam diagnostics in the damping ring

The positron beam of 1 GeV is injected into the DR to
reduce its emittance through SR damping. Once the target
emittance is achieved, the beam is injected into the collider.
The diagnostics system in the DR uses this process to moni-
tor the evolution of beam parameters, ensuring the beam
meets injection requirements [110] .

Beam position monitoring in the DR typically uses but-
ton-type BPMs. The four electrodes of a button BPM detect
the bunch signal, which is transmitted through feedthroughs
and coaxial cables to the readout electronics. The electronics
compare the four signals (typically using difference-over-
sum algorithms) to determine beam position. This system is
simple, based on mature technology, easy to fabricate, and
compatible with commercially available readout electronics.

A fluorescent screen is used during tuning phases to
observe the beam spot position and shape. To ensure imped-
ance continuity, a custom-designed beam shielding chamber

IRSM-R Cryostat

ceptual layout of the IRSM
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point, ASL/ASR =left/right e
anti-solenoid, OCRP/E = orbit .
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Table 41 Requirements for the STCF IRSMs

Coil type Parameter QDO_e'/e QF1_e*/e”
Quadrupole Field gradient (T/m) 50 40
Integrated field harmonic (excluding b2) <0.2 %0 @R=10 mm <0.2 %0 @R=15 mm
Beam pipe inner radius (mm) 15 25
Magnetic length (mm) 400 300
Distance from IP (mm) 900 1800
Coil inner radius (mm) 20-22 20-22
Coil outer radius (mm) <27 <27
Correctors Multipole orders al, bl, a2 al, bl, a2
Strength @Rref 0.016/0.016/0.6 0.03/0.03/0.3
Anti-solenoid Integrated field Within +2 m from IP, residual field less than
1% of detector solenoidal field
Table 42 Comparison of IR Collider SuperKEKB  FCC-ee CEPC SCTF STCF
quadrupole magnet technologies
in new-generation e*e” colliders Country/Region Japan Europe China Russia China
Beam energy (e /e*) (GeV) 7.0/4.0 104.5/104.5 120/120 1.3/1.3 3.5/3.5
Beam crossing angle (mrad) 83 30 33 60 60
L* distance (mm) 935 2200 2200 905 900
Detector field (T) 1.5 2.0 3.0 1.0 1.0
Quadrupole coil technology cos20 CCT cos26 CCT CCT
Max gradient (T/m) 68.9 100 142.3 100 50
Magnetic length (mm) 334 1200 1210 200 400

that ensures that the vacuum chamber remains smooth when
the screen is retracted is required.

A DC current transformer (DCCT) is employed to meas-
ure the DC current in the DR. The system includes a probe
and its associated electronics. The probe is typically installed
in the straight sections, and commercially available models
with various apertures are available.

Beam loss in the DR is monitored using a combination
of optical fibers and dual PIN diodes. Optical fibers cover
the ring to enable the real-time localization of loss events,
while dual PIN diodes are deployed at key points for local-
ized radiation monitoring.

Charge monitors such as FCT/ICT are installed at the
injection and extraction points of the DR to assess over-
all transmission efficiency. An optical transition radiation
(OTR) screen is installed at the extraction point to measure
beam spot size and calculate the transverse emittance, ensur-
ing that the beam satisfies injection requirements.

4.6.4 Feasibility analysis

Most subsystems, such as BPMs, bunch-by-bunch feedback,
beam loss monitors, and synchrotron radiation monitors,
are based on mature, standardized, and well-validated tech-
nologies already implemented at facilities such as HALF,

HEPS, and SuperKEKB. These solutions meet the engineer-
ing requirements and are feasible for deployment, posing
no significant technical risks. Some of the more demanding
technologies, compared to those in existing storage ring light
sources or colliders, have already been applied in FEL facili-
ties and have undergone verification through dedicated R&D
initiatives and beam test platforms.

Most technology subsystems will rely on domestically
procured or independently developed equipment. For subsys-
tems involving imported components—such as zone plates,
streak cameras, and precision displacement stages—alterna-
tive strategies are under consideration, including diversify-
ing import sources and developing domestic substitutes.

4.6.5 Summary

Based on the technical specifications and requirements
derived from the STCF accelerator physics design, the beam
diagnostics system will provide measurements of parameters
including beam position and closed orbit, DC and bunch-by-
bunch current, tune (working point), beam transverse pro-
file and emittance, bunch length, and beam losses. These
measurements support beam commissioning and accelerator
physics studies.
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SC magnet ( < 6.26 mm)
Liquid helium pipe (1 mm)
gap (3 mm)

beam pipe (1 mm)

Fig. 204 (Color online) Schematic of radial space allocation in QDO
magnet

Table 43 Design parameters for the CCT-type QDO coil

Parameter Value
Good field region radius (mm) 10

Coil inner radius (mm) 20
Max QDO outer radius (mm) <26.23
Operating current (A) 638
Peak field on coil (T) 1.64
Field gradient (T/m) 50
Magnetic length (mm) 400
Superconductor working point (at 4.2 K) 67%

The overall system is largely composed of well-estab-
lished technologies that have been used at other facili-
ties, with a few cutting-edge components expected to be
validated within the next 2-3 years. Whenever possible,
the system will utilize domestically produced and self-
developed equipment. Future collaboration with leading
domestic research institutes and instrumentation manufac-
turers will be pursued to promote localization and develop
viable domestic alternatives.

(a)

4.7 Interaction region superconducting magnet
system

4.7.1 Design requirements and layout

To achieve extreme compression of the beam spot size at
the IP and thereby enhance the luminosity of the STCF
collider, a set of high-gradient superconducting quadru-
pole magnets is installed symmetrically on both sides of
the IP, positioned as close as possible to it. These magnets
are placed within the experimental spectrometer, where
available space is severely constrained. In addition, they
must effectively cancel the solenoidal magnetic field of the
detector to prevent adverse effects on the accelerator beam.

Following accelerator physics requirements, the super-
conducting quadrupole magnets in the IR adopt a double-
aperture design and accommodate a beam crossing angle
of 60 mrad. The distance from the front face of the focus-
ing quadrupole magnet to the IP (denoted as L*) is 900
mm (see Sect. 2.1). A conceptual layout of the IR super-
conducting magnet (IRSM) system is shown in Fig. 203.
Each IRSM system, symmetrically placed on either side of
the IP, comprises two sets of superconducting quadrupole
magnets (QDO and QF1), one anti-solenoid (AS), and two
sets of corrector coils. These superconducting magnets
operate within the 1.0 T solenoidal field generated by the
detector spectrometer. The main physical parameters of
the magnets are summarized in Table 41.

4.7.2 Key technologies and roadmap selection

Double-aperture superconducting quadrupoles in the IR
are a critical and distinguishing feature of new-generation
electron—positron colliders. To date, only SuperKEKB in
Japan has completed the engineering design and fabrica-
tion of such a system. Other projects such as the FCC-ee at
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Fig. 205 (Color online) a Magnetic field distribution on the QDO double-aperture coil; b Current load line
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Table 44 Optimized field harmonics of QDO

Table 45 Design parameters for anti-field solenoid coils

Harmonic A, (T-m) Unit (4,) B, (T-m) Unit (B,)
order

1 3.41x107° 0.17 —1.17x107%  —0.06
2 2.80x107° 0.14 2.04x107! 10,000
3 —1.56x107%  —0.08 —427x107%  —0.21
4 —347x107%  -0.17 —2.64x1077  -0.01
5 -332x107%  —0.16 3.87x107° 0.19

6 1.13x1076 0.06 -298x107%  —0.15
7 4.58x1077 0.02 —294x107%  —0.14
8 -6.61x1077  —0.03 2.99%107° 0.15

9 2.20% 1077 0.01 -2.70x1077  —0.01
10 —851x10%  —0.00 2.97x1077 0.01

AR

(@)

)
) /////////IA////////////I///I/////////I/////////I///////////////I/////////////////I//////////////////////////////////////////////////I////.

(b)

Fig.206 a Inner former of the CCT superconducting quadrupole
magnet; b Outer former of the CCT superconducting quadrupole
magnet

CERN, SCTF in Russia, and CEPC in China remain in the
key technology R&D phase.

The focusing quadrupole coils are the core components of
the IR quadrupole magnets. Several technical options exist
for their construction:

¢ Cosine-theta (cos20) coils, as adopted by SuperKEKB
[111]

¢ Serpentine coils, as used in BEPCII [112]

e Canted Cosine Theta (CCT) coils, adopted by FCC-ee
[113] and SCTF at BINP [114]

Table 42 compares the IR quadrupole magnet technolo-
gies used in various international e*e™ collider projects. The
key technical requirements include high magnetic field gra-
dient, excellent field uniformity, compact structure, and light
weight. After evaluation, the STCF has selected the CCT
coil technology route for the prototype IR quadrupole mag-
net owing to its design flexibility, superior magnetic field
quality, lighter structure, and smaller end curvature.

Superconductor parameters Coil parameters

Bare wire size (mm?) 1.38x0.93 Operating current (A) 231

Insulated size (mm?) 1.48x1.03 Peak field (T) 4.11
Cu/SC ratio 1.7 1/1, 20%
RRR 150 Number of coils 15
Filament count 1500 Coil length (m) 1.905

Filament diameter (pm) 19

Critical current (4.2 K, 5 1400
T) (A)

Inductance (H) 3.0
Stored energy MJ)  0.081

4.7.3 Design scheme and system configuration

4.7.3.1 Double-aperture superconducting quadrupole
magnets Each of the two quadrupole magnet assemblies
comprises two vertically focusing magnets (QDO0) and two
horizontally focusing magnets (QF1). These magnets are
symmetrically arranged on both sides of the IP, with a total
crossing angle (260) of 60 mrad between the electron and
positron beams. The front end of the QDO is located 0.9 m
from the IP, while that of the QF1 is positioned 1.8 m away.
The relative positions of the eight quadrupole magnets are
illustrated in Fig. 203, and their design specifications are
listed in Table 41.

Due to the high field gradient and extremely compact spa-
tial constraints, the QDO magnet development presents the
greatest challenge. Consequently, the main R&D effort on
superconducting quadrupole coils is focused on the QDO. At
the entrance of QDO, the center-to-center spacing between
the electron and positron beam pipes is 54 mm. Consider-
ing the end length of the CCT-type magnet and assuming an
equivalent field length of 450 mm, the center spacing at a
60 mrad beam crossing angle decreases to 52.52 mm. This
indicates that the maximum outer diameter of each quadru-
pole coil is 26.26 mm.

Accounting for the beam pipe wall thickness of 1 mm,
an installation clearance of 3 mm, and a helium channel
thickness (installed directly on the inner surface of QDO)
of 1 mm, the minimum required inner diameter of the QDO
coil is 20 mm. The available radial space for coil construc-
tion is therefore less than 6.26 mm, making this one of the
most technically demanding components. A schematic of the
radial space allocation is shown in Fig. 204.

To mitigate magnetic hysteresis loss and enhance field
stability, superconducting wires with a fine filament diam-
eter (< 10 pm) are prioritized for coil design. The test pro-
totype of the QDO uses superconducting wire with filaments
less than 10 pm in diameter. The main design parameters for
the CCT QDO magnet are listed in Table 43. The magnetic
field contour and current load line are shown in Fig. 205.
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Fig. 207 (Color online) a Layout of anti-solenoid coils (yoke hidden); b Magnetic field distribution after compensation

Table 46 Specifications for the beam correction coils

Magnet  Rref (mm) Al (T-m) BI1(T-m) A2(T) B2(T)
QDO 10 0.016 0.016 0.6 0.6
QF1 15 0.03 0.03 0.3 0.3

The maximum magnetic field on the quadrupole coil is
1.64 T, and the working point is at 67% of the load line.
The QDO coil is wound with superconducting wire of 0.9
mm diameter, using a pattern of 2 strands horizontally and
2 layers vertically, with 4 strands wound in parallel along
pre-machined grooves on the CCT former.

Owing to the electromagnetic coupling between the two
apertures of the double-aperture quadrupole magnet, a cross-
talk compensation technique is applied. This involves intro-
ducing reversed harmonic components and optimizing the
overall coil trajectory.

3 rsin(n,,0) rcos (n,0)
°= Z [K” ny, tan o ] +; P n, tan a

My

(4D

Fig. 208 (Color online) Prelimi-
nary design and field map of al
(b1) correction coil
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Table 44 summarizes the optimized values of the 1st to
10th order harmonics of the QDO double-aperture supercon-
ducting magnet. After optimization, the integrated harmon-
ics of each order are less than 2 units (< 0.2%o).

The groove-embedded former structure is designed based
on the CCT coil parameters. The inner and outer formers are
shown in Fig. 206. Both formers are machined with heli-
cal grooves according to the CCT trajectory equations, with
opposite winding inclinations. The inner and outer form-
ers are aligned via positioning pins. Jumper and terminal
structures are designed into the former to ensure continuous
winding and allow for wire joint welding. The maximum
mechanical stress in the CCT magnet coil is 1.6 MPa and
within allowable limits.

4.7.3.2 Anti-field superconducting solenoid The supercon-
ducting magnet system is embedded within the detector and
operates under the background field of the detector sole-
noid, which is approximately 1.0 T. To eliminate the influ-
ence of the detector’s magnetic field on the beam trajectory,
a set of anti-solenoid coils (including field screening and
field compensation coils) is used to compensate for the inte-

Map contours: B
— 7.476095€-004
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gral magnetic field. The specific technical requirements are
as follows:

1. The residual integrated field within the beam pipe from
the IP to QDO and beyond QF1 must be <0.01 T-m;

2. The residual longitudinal magnetic field within the beam
pipe from QDO to QF1 must be <300 Gs;

3. The field distribution of the anti-solenoid must satisfy
the vertical beam divergence constraint;

4. The axial layout and outer diameter must comply with
the mechanical detector interface (MDI) spatial con-
straints.

The anti-solenoid coils adopt a “NbTi-conductor, low-
temperature superconducting coil + vacuum impregnation”
technical approach. The coils are arranged in a stepped
configuration along the central axis and powered in series.
An additional current lead is included in the central coils
to enable fine adjustment of the integral field during beam
commissioning and operation.

As part of the combination magnet, the field-screening
anti-solenoid coils are positioned between the quadrupole
magnets and the outer cryostat. The structure consists of the
NbTi anti-solenoid coils, coil former, mechanical supports,
and current leads. Specifically:

1. The anti-solenoid coils generate a counteracting field
to the spectrometer field; their parameters are listed in
Table 45;

2. The coil former maintains the geometric profile of the
coils;

3. The support structure connects the coil former to the
combination magnet cryostat, providing mechanical sta-
bility and thermal isolation;

4. The end current leads power the anti-solenoid, while a
center-tapped lead allows integral field tuning.

Figure 207a shows the half-model layout of the detector
coil and the anti-solenoid (right side only), with the spec-
trometer yoke iron hidden for clarity. Figure 207b illustrates
the magnetic field distribution: the blue curve represents
the spectrometer field, the red curve the anti-solenoid field,

— —=

Fig.209 (Color online) Cross-sectional view of the IR magnet cry-
ostat

Fig.210 (Color online) Structural diagram of the IR magnet cryostat

and the black curve the resulting field after superposition.
The QDO and QF1 locations (marked by black dots) exhibit
nearly zero net axial field, confirming successful integral
compensation.

4.7.3.3 Corrector magnets and coils Among various types
of accelerator magnets, harmonic correction coils (or har-
monic trim coils) are essential components. They are typi-
cally categorized into field correction coils and orbit correc-
tion coils, as summarized in Table 41.

Field correction coils are used to improve magnetic
field quality and correct quadrupole misalignments. By
generating higher-order fields that counteract the intrinsic
multipole components of the magnet, they enhance field uni-
formity and stability, thereby ensuring consistent particle
trajectories.

Orbit correction coils primarily include low-order correc-
tion coils that generate forces or coupling terms to adjust the
dispersion function and correct motion coupling induced by
alignment or magnetic errors. The al and b1 coils produce
horizontal and vertical dipole fields, respectively, to correct
beam orbits and control dispersion. The a2 coil generates a
skew quadrupole field to mitigate x—y coupling.

Owing to the spatial constraints imposed by the IR lay-
out (e.g., the crossing angle and L*), only approximately 6
mm of radial space is available—insufficient to accommo-
date both quadrupole and correction coils. Consequently, a
self-compensating harmonic design based on a CCT-type
quadrupole coil is adopted, leveraging high-precision CNC
machining of the coil former. This approach may eliminate

Fig.211 (Color online) Cross-sectional view of cryogenic transfer
line
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the need for dedicated field correction coils. However, sad-
dle-type coils remain under consideration as candidates for
low-order, beam-based corrections.

Currently, the initial specifications for the orbit correction
coils, including their order and strength, are summarized in
Table 46. The correction coils are positioned longitudinally
between QDO and QF1 and are wound in single-layer con-
figurations with low current. The inner radius of these trim
coils matches that of the quadrupole magnets (20 mm). At a
reference radius of 10 mm, the design strengths of the a; and
b, coils for QDO are 0.016 T-m. The design and simulated
magnetic field distribution of the al (bl) coil are shown in
Fig. 208. The design parameters will continue to evolve as
the machine optics and physics requirements become further
refined.

4.7.3.4 Cryostat for the interaction region superconduct-
ing magnet system To meet the cryogenic requirements of
the IRSM, the cryogenic system provides 4.5 K subcooled
helium to cool the superconducting magnets and their cur-
rent leads. It simultaneously provides sturdy mechanical
support to extend the superconducting magnets into the
detector. The system consists of cryostats, distribution valve
boxes, and transfer lines. Each cryostat handles a thermal
load of approximately 37.2 W and is cooled by a helium
refrigerator with a total cooling capacity of 1000 W at 4.5
K. The refrigerator delivers up to 24 g/s of subcooled liquid
helium to each IRSM system.

The core technical challenges of the IRSM cryogenic
system are the thermal insulation of components and the
precise allocation and control of cryogenic working fluids.
The technical route to address these challenges involves the
following steps:

1. Based on the magnet and current lead configuration,
the structure of the cryostat is determined and designed
for thermal insulation. The static thermal load at 4.2 K
is analyzed and used in combination with the dynamic
thermal load from magnet operation to determine the
required total cooling power.

2. From the cooling requirement, the subcooled helium
flow rate and pressure are estimated. These parameters
are then used to design the cryogenic transfer lines,
whose insulation structure is also optimized to minimize
transmission losses.

3. Using the determined flow and pressure requirements,
the flow scheme of the distribution valve box is designed
to allocate, regulate, and recycle the cryogen efficiently.
Adequate monitoring and control components are
installed to ensure precise system regulation.

4. Based on the valve box flow scheme, its structure is
finalized and thermally insulated. The cooling losses in
the distribution stage are then calculated, and the final

@ Springer

total cooling requirement of the system is determined,
which in turn defines the upper-level refrigerator capac-

ity.

Referencing the cryostat design for SuperKEKB’s IR
magnets [115, 116] and adapting it for the STCF IRSM
geometry, the cryostat is designed to be composed of an
outer shell, liquid helium vessel, liquid nitrogen radiation
shields, and a support structure. The internal cross-section
is shown in Fig. 209. The cryogenic structure of the magnet
cryostat is illustrated in Fig. 210. The liquid helium vessel is
suspended by eight titanium alloy (Ti-6Al-4V) rods installed
at inclined angles. This layout ensures that the relative posi-
tions of support points remain unchanged upon cool-down
to 4.5 K.

The cryogenic distribution system layout depends on the
spatial configuration of the cryostats and the refrigerator.
It consumes cooling power during operation, and thus, the
structure, process, and scale of the valve boxes and trans-
fer pipelines directly affect the overall system performance.
The transfer and distribution system must meet the follow-
ing technical specifications: room-temperature vacuum pres-
sure < 1.0x 10* Pa and a total leak rate <5.0x 10~ Pa-m¥/s.
Within the valve box, helium flow is split, collected, regu-
lated, and routed as required. The cryostat and valve box are
connected by a 4-channel cryogenic transfer line that has the
cross-sectional structure shown in Fig. 211. The heat load of
the 4.5 K line is less than 0.3 W/m. Liquid nitrogen at 77 K
is split into two paths in the valve box, supplying the valve
box radiation shield and the shields on the cryostat via the
transfer line. Subcooled helium at 4.5 K flows to the cry-
ostat, cools the magnet, and then returns via a helium vapor
return line to the valve box.

4.7.4 Feasibility analysis

All superconducting magnets will be based on domestically
available NbTi superconducting wire, thereby avoiding any
risk of foreign export restrictions.

For the superconducting quadrupole coils, the design tar-
get has been set more stringently than the technical require-
ment to provide adequate margin against potential magnetic
field quality deviations during production. Since the groove
shape of the CCT coil support structure determines both the
conductor path and magnetic field quality, tight control over
the machining precision of the coil formers is essential. In
addition, careful control of coil fabrication and assembly
tolerances is required to prevent degradation of magnetic
field quality due to misalignments.

The prototyping effort for the QDO magnet will explore
and verify the CCT-based technical approach, providing the
experience needed for full-scale development. The high-gra-
dient, high-field-quality double-aperture quadrupole coils
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Table 47 Main specifications of thermionic and PC Electron Guns

Injection scheme Electron source

Expected specification

Off-axis injection Thermionic
Photocathode

Swap-out injection Thermionic
Photocathode

Beam current > 16 A, anode voltage > 150 kV, repetition rate 30 Hz

L-band (1300 MHz) gun, static vacuum < 1 X 1077 Pa, bunch charge > 1.0 nC
Beam current > 16 A, anode voltage > 150 kV, repetition rate 90 Hz

L-band (1300 MHz) gun, bunch charge > 8.5 nC, repetition rate 30 Hz

form the core of the IRSM system. The CCT approach has
already been validated through prototype work in the FCC-
ee project, and the STCF team will build on both interna-
tional developments and domestic expertise through multiple
expert reviews and prototype iterations.

The anti-solenoid will adopt an integrated stepped sup-
port structure with pull-rod lifting mechanisms and end
mounting holes. The support will be fabricated as a welded
structure with full machining to ensure accurate coaxial
alignment across the multiple stepped coils. The anti-
solenoid itself will be vacuum-impregnated to produce a
compact, precise, high-strength coil capable of generating a
high-quality reverse field and withstanding electromagnetic
forces resulting from coupling with the spectrometer mag-
net. The design, fabrication, and testing of NbTi-based anti-
solenoid coils are well-established technologies in China and
pose no technical risk.

Orbit correction coils are designed based on SuperKEKB
specifications. Their technical approach is similar to that of
the superconducting quadrupole coils but simplified through
the use of single-turn, single-layer saddle coils, making them
highly feasible.

Cryogenic cooling for the superconducting magnets
in the IR is a mature technology, widely applied in both
domestic and international accelerators. In particular, the
SuperKEKB and BEPCII-U projects have conducted com-
prehensive simulation and experimental studies that clarified
the thermal-hydraulic characteristics of subcooled helium
and magnet behavior during cooldown, steady operation, and
warmup. Proven technologies and protocols are already in
place. As the technical requirements of STCF are consistent

Fig.212 (Color online) 200 kV
extraction simulation result for
thermionic electron gun

with those of these established projects, the cryogenic sys-
tem and distribution infrastructure are considered mature
and technically feasible.

4.7.5 Summary

The core component of the IRSM system—the high-gra-
dient quadrupole coil—has completed conceptual design
and meets STCF requirements for both field gradient and
field quality. Prototype development of the CCT-type coil is
underway, focusing on electromagnetic optimization of the
double-aperture layout and harmonic control. Other compo-
nents, such as the anti-solenoid and correction coils, employ
mature technologies or off-the-shelf solutions, ensuring
manageable technical risk for the overall system.

4.8 Electron source system
4.8.1 Design requirements and specifications

The primary options for the STCF electron source system
are thermionic grid-controlled electron guns and PC RF
electron guns, which serve as critical components of the
STCEF injector. Injector schemes for both off-axis injection
and bunch swap-out injection in the collider rings have been
studied and incorporated into the overall accelerator design.

In the off-axis injection scheme, the directly injected
electron beam is generated by an S-band PC electron gun
with a bunch charge of 1.5 nC, while the positron beam
is produced by accelerating 10 nC bunches from a thermi-
onic electron gun to 1.5 GeV for target bombardment. In
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Fig. 214 (Color online) Structural schematic of the L-band PC elec-
tron gun

the bunch swap-out injection scheme, the electron beam is
generated by either a thermionic or an L-band PC electron
gun with an 8.5 nC bunch charge, and the positron beam is
produced by accelerating 11.6 nC bunches from a thermionic
electron gun to 2.5 GeV before striking the target.

A compatible injector scheme supporting both injection
options has been finalized, with the off-axis scheme planned
for initial implementation. In this configuration, the elec-
tron beam directly injected into the collider electron ring
is generated by an L-band PC gun producing 1.0 nC per
bunch. The positron beam is produced by accelerating 11.6
nC bunches from a thermionic gun to 1.0 GeV before strik-
ing the target. For the bunch swap-out injection scheme, the
same L-band PC gun is used to deliver 8.5 nC per bunch,
while the positron beam is generated from 11.6 nC bunches
accelerated to 2.5 GeV prior to target impact. The bunch
swap-out injection places significantly higher performance
demands on the electron source system compared to the off-
axis injection.

The design requirements and specifications for the elec-
tron guns in the compatible injector scheme, applicable to
both off-axis and swap-out injection modes, are summarized
in Table 47.
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4.8.2 Key technologies and technical roadmap

4.8.2.1 Thermionic electron gun: physical design and opti-
mization The thermionic electron gun system consists of
the gun, a cathode-grid assembly, and a pulsed high-voltage
supply of up to 200 kV. The gun design must address factors
such as beam energy, structural voltage hold-off capabil-
ity, high-current stable emission, beam transverse size and
divergence angle, ease of fabrication, assembly, and main-
tenance, long operational lifetime, and reliability. Achieving
high current requires an ultra-high vacuum, which requires
special attention.

The gun design was optimized using the EGUN simu-
lation software. The design provides the gun with a per-
veance of 0.2 pP and a voltage of 200 kV, allowing it to
deliver electron bunches of up to 16 nC with beam quality
suitable for the injector. The SHB and accelerator system
were designed in coordination with beam dynamics studies
to ensure the feasibility and appropriateness of the electron
gun parameters.

4.8.2.2 Photocathode electron gun: core technologies
and physical design The generation of 1.0 nC per bunch
using an L-band PC microwave gun is a mature technol-
ogy and is applicable to the off-axis injection scheme. The
bunch swap-out scheme requires at least 8.5 nC per bunch,
and plans are in place to use an L-band gun to meet this
requirement.

The core technologies involved include the structural
design of the RF electron gun, PC preparation, the load-lock
system, and laser shaping schemes. The gun’s acceleration,
focusing, and laser beam shaping must also be optimized.

4.8.2.3 Technical roadmap selection For the thermionic
gun system, EGUN simulations were used to perform
design optimization. SHBs and accelerator sections were
also designed with beam dynamics to validate performance.

For the PC source technology, the feasibility of using
Cs,Te semiconductor cathodes in an L-band gun to produce
8.5 nC and 1.0 nC per bunch has been confirmed. In the
future, GaAs PCs may be considered for generating polar-
ized electron beams.

4.8.3 Design scheme and system composition

The electron source system consists of both the thermionic
and PC electron gun systems.

4.8.3.1 Thermionic electron gun design scheme CST sim-
ulations for the electron gun have been performed, and the
results shown in Fig. 212 indicate that the extracted beam
charge and quality meet the requirements of the STCF injec-
tor.
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Isr:ﬁ:ﬁnz};clz system parameters Parameter Value

Main operating frequency (MHz) 2998.2

Accelerating structure operating temperature (°C) 35

Effective gradient of accelerating structures (conventional for electrons) >20

(MV/m)

Pulse mode Single-bunch acceleration

Aperture of positron accelerating structures (mm) 30

Effective gradient of positron accelerating structures (MV/m) >15

Phase stability (rms, online closed loop) (°) 0.09

Amplitude stability (rms, online closed loop) 0.04%

Phase noise jitter at reference signal input (rms) (fs) <30

Synchronization accuracy (long-term) (fs)

<50 @24h (rms)

The gun cavity is primarily composed of a cathode,
anode, focusing electrode, insulating ceramic tube, corona
rings, and structural support. To prevent breakdown, corona
rings are installed on both the vacuum (inner) and atmos-
pheric (outer) sides of the welded area between the ceramic
tube and metal. The 3D design of the thermionic electron
gun is shown in Fig. 213.

This thermionic gun uses the EIMAC Y796 cathode-grid
assembly or a component of equivalent specifications. The
beam pulse generator for the electron gun includes a DC
power supply, a control box, and a pulser. The pulser’s DC
supply is continuously adjustable from O to 1 kV, with the
pulse having an FWHM of approximately 1.1 ns and a base
width of approximately 1.6 ns.

4.8.3.2 Photocathode electron gun design scheme An
L-band gun is used as the PC electron gun used for direct

Table 49 Microwave power distribution for the off-axis injection scheme

electron beam injection under both the off-axis and bunch
swap-out schemes, as illustrated in Fig. 214. This gun is
compatible with high-quantum-efficiency semiconductor
PCs. The L-band cavity is relatively large, and the aperture
between the full and half cells provides sufficient space to
support the generation of high-charge electron bunches.

4.8.4 Feasibility analysis

Thermionic electron guns are mature technologies that
have been widely adopted in accelerator facilities such as
SuperKEKB and BEPCII [117]. It is well established that
beam currents of approximately 12 A can be extracted at 150
kV. Simulations indicate that 16 A can be achieved at 200
kV, demonstrating the feasibility of the design. The remain-
ing key subsystems are also technically mature, indicating a
high overall level of feasibility.

Beamline Frequency (MHz) Acc. structure type Quantity Peak power per RF power Number of RF
klystron (MW) source to Acc. power sources
structures ratio
PGun 2998.2 RF gun 1 10 1:1 1
2998.2 3 m Std. Acc. structure 4 50 1:2 2
11,992.8 X-band Acc. structure 1 6 1:1 1
TGun 166.57 Subharmonic pre-buncher (SHB1) 1 - 1:1 1
499.7 Subharmonic pre-buncher (SHB2) 1 - 1:1 1
2998.2 Buncher 1 Shared use of 1
next RF power
source
2998.2 3 m Std. Acc. structure 4 50 1:2 2
EL1 2998.2 3 m Std. Acc. structure 16 50 1:2 8
EL2 2998.2 3 m Std. Acc. structure 10 50 1:2 5
PAS 2998.2 2 m large aperture Acc. structure 1 50 1:1 1
2998.2 3 m Large aperture Acc. structure 14 50 1:2 7
PL1 2998.2 3 m Std. Acc. structure 8 50 1:2 4
ML 2998.2 3 m Std. Acc. structure 50 50 1:2 25
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Fig. 215 (Color online) Layout of accelerating structures and RF power sources for the off-axis injection scheme

For the L-band PC gun, Tsinghua University’s accelera-
tor laboratory has extensive experience in both design and
operation. Internationally, research groups such as PITZ
(Germany) have conducted long-term and in-depth stud-
ies of L-band guns, which have been successfully deployed
in large-scale facilities such as the European XFEL. At
Argonne National Laboratory, the AWA project developed
L-band PC guns capable of operating with bunch charges at
the tens-of-nC level. Tsinghua University has also designed
L-band guns [118] for the China Academy of Engineering
Physics and the SHINE facility in Shanghai. Established
precedents exist for high-charge optimization of L-band
guns to support single-bunch charges of approximately 10
nC.

For polarized electron sources, design approaches can
draw on international experience. For example, Jefferson
Lab operates a high-performance polarized source [119],
and the EIC project has proposed next-generation polarized
sources capable of producing 7-16 nC per bunch. The STCF
project will continue to survey and analyze these proven and
emerging technologies to inform upgrade pathway decisions.

4.8.5 Summary

The thermionic electron gun system comprises the gun body,
cathode-grid assembly, and a 200 kV pulsed high-voltage
power supply. In addition to gun design, achieving high
beam current depends critically on maintaining an ultra-
high-vacuum environment, which will be a key focus during
system development. SHBs and accelerator sections have
been designed and analyzed through beam dynamics studies
to verify and confirm the feasibility and appropriateness of
the gun parameters.

@ Springer

The L-band high-gradient RF gun forms the core of the
PC electron source and determines the upper limits of bunch
charge, repetition rate, and beam quality. Innovations have
been introduced in the structural design of the L-band PC
gun to accommodate large-charge semiconductor cathodes,
including integration with a cathode load-lock system.

The L-band gun cavity geometry has been optimized
to generate high-charge bunches while maintaining good
beam quality. The gun must also ensure long-term, stable
operation with high-quantum-efficiency PCs to deliver large-
charge, high-quality electron beams.

4.9 Linac RF system
4.9.1 Design requirements and specifications

The accelerating structures of the microwave system not
only provide the strong electric fields required for elec-
tron and positron beam acceleration and bunching but also
function as vacuum components, maintaining the required
vacuum environment during beam transport. The reference
signal synchronization system distributes low-phase-noise
reference signals across the RF stations of the facility,
ensuring synchronization among the microwave and clock
systems driven by multiple power sources. It also provides
precise timing references for other time-critical subsystems
of STCF. The digital LLRF system automatically regulates
the amplitude and phase of the accelerating field, maintain-
ing them near their set values and forming a closed feedback
loop with the beam pulse. The key parameters and design
targets are summarized in Table 48.
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Table 50 Swap-out injection scheme—accelerating structures and microwave power distribution

Beamline Frequency (MHz) Acc. structure type Quantity Peak power per Power source to Acc. struc-  Repeti- Number of
klystron (MW) tures ratio tionrate  RF sources
(Hz)
TGun 166.57 Subharmonic pre-buncher 1 - 1:1 90 1
(SHB1)
499.7 Subharmonic pre-buncher 1 - 1:1 90 1
(SHB2)
2998.2 Buncher 1 - Shared use of next RF power 90 -
source
2998.2 3 m Std. standard Acc. 4 50 1:2 90 2
structure
EL1 2998.2 3 m Std. standard Acc. 46 50 1:2 90 23
structure
EL2 166.57 Subharmonic pre-buncher 1 - 1:1 30 1
(SHB1)
499.7 Subharmonic pre-buncher 1 - 1:1 30 1
(SHB2)
2998.2 Buncher 1 - Shared use of next RF power 30 0
source
PAS 2998.2 3 m Std. Standard Acc. 20 50 1:20 90 110
structure
2998.2 2 m large aperture Acc. 14 50 1:2 90 7
structure
PL1 2998.2 3 m Large aperture Acc. 8 50 1:2 90 4
structure
ML 2998.2 3 m Std. standard Acc. 14 50 1:2 30 25
structure

\ 2 4 Yy v Yy v

SHB1&2 BUN

ACC.x4  200MeV

ACC. x 46

2.5 GeV

LAACC.(2m) x 1 LAACC.(3m) x 14 600MeV
Large Aperture ACC. tube

BUN ACC. x 2 ACC.x 18

\ 4 A\

ACC. x 8 ACC. x 50 3.5 GeV

Fig.216 (Color online) Layout of accelerating structures and microwave power sources for the STCF swap-out injection scheme

4.9.2 Key technologies and technical path

Since the STCF linacs operate predominantly in pulsed
mode, the baseline design adopts room-temperature trave-
ling-wave accelerating structures with pulsed power opera-
tion (including pulse compressors in the waveguide system).

This configuration offers a high performance-to-cost ratio.
Considering the high bunch charge requirements of the
injector, the S-band frequency is selected as the principal
frequency for the linacs, with an operating frequency of
2998.2 MHz, which is six times the collider ring RF fre-
quency of 499.7 MHz.
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Table 51 Design parameters for standard accelerating structures

Parameter Value
Frequency (MHz) 2998.2
Operating temperature (°C) 30

Number of cells 90

Length (mm) 3165

Cell length (mm) 33.330

Disk thickness (mm) 4

Iris diameter (2a) (mm) 25.31-18.89
Shunt impedance (M€/m) 63.41-74.37
Quality factor 15,510-15403
Group velocity, v,/c 0.0264-0.0101
Filling time (ps) 0.57
Accelerating gradient (with pulse compressor) 23.5

(MV/m)

Table 52 Design parameters for large-aperture accelerating structures

Parameter 2 m tube 3 m tube
Frequency (MHz) 2998.2 2998.2
Operating temperature (°C) 30 30
Number of cells 60 90
Length (mm) 2165 3165

Iris diameter (2a) (mm) 30 30

4.9.3 System design

The RF system is designed to accommodate the two injector
configurations currently under parallel study: the injector for
the off-axis injection scheme and that for the bunch swap-
out injection scheme in the collider rings. For the swap-out
injection option, multiple linac configurations have been
considered for delivering the electron beam to the collider
electron ring. The RF system design described in this section
corresponds to the configuration employing a thermionic
electron source.

4.9.3.1 Off-axis injection scheme microwave system
design The microwave system is organized into multiple
acceleration sections. Table 49 summarizes the types of
accelerator structures, the number of structures, the peak
klystron power requirements, and the power distribution
strategies for each beamline segment. The corresponding
final beam energy at the end of each segment and the over-
all topological layout are shown in Fig. 215. In the off-
axis injection scheme, the macro pulse repetition rate of
the klystrons is 30 Hz. According to the physical design,
each 3 m conventional accelerating structure provides an
energy gain of 50 MeV.

Figure 215 illustrates the sequential arrangement of the
accelerating structures and the distribution of RF sources
across the various linac sections in the off-axis injection
scheme.

4.9.3.2 Swap-out injection scheme microwave system
design The swap-out injection scheme requires more
powerful linacs. The layout is similarly divided by accel-
eration sections, each with its corresponding number of
accelerating structures, RF power sources, and macro-

Cell length (mm) 33.330 33.330
Nose-cone length, d (mm) 9.34-11.97 8.42-12.33
Shunt impedance (M€2/m) 53.27-48.45 54.37-47.60
Quality factor 13,998-12,877 14,318-12,695
Group velocity, v/c 0.027-0.020 0.030-0.020
Fill time (ps) 0.28 0.41
Accelerating gradient (with 21.59 20.90
pulse compressor) (MV/m)
{ MO
(2998.2Mllz)
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Fig. 217 (Color online) Block diagram of the linac microwave synchronization and calibration system
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pulse repetition rates. Table 50 provides the detailed con-
figuration. The beam energy at the end of each section and
the overall topological layout are illustrated in Fig. 216.
According to the physical design of the injector, each 3
m standard accelerating structure provides an energy gain
of 50 MeV.

This figure illustrates the sequential configuration of
the accelerating structures and their associated RF power
sources along the injector beamline designed for the bunch
swap-out injection scheme. The use of 2998.2 MHz S-band
accelerating structures and subharmonic pre-bunchers ena-
bles effective beam manipulation at high bunch charges
and across varying repetition rates, depending on the spe-
cific beamline function. The overall layout is optimized
for compactness and high accelerating efficiency to meet
the performance requirements of the swap-out injection
configuration.

4.9.4 System composition

The microwave system primarily comprises the accelerat-
ing structures, reference signal distribution and synchroni-
zation systems, digital LLRF systems and their auxiliary
equipment, as well as solid-state amplifiers and microwave
transmission components. The solid-state amplifier and
microwave transmission subsystems adopt standard, well-
established designs and are therefore not discussed in detail
here.

4.9.4.1 Traveling-wave accelerating structures The accel-
erating structures for the STCF linacs include standard
traveling-wave accelerating tubes, large-aperture traveling-
wave accelerating tubes, and subharmonic pre-bunching
cavities.

The standard accelerating structures are designed with
elliptical-rounded irises and incorporate internal water-
cooling channels [120]. Based on the power source layout
shown in Figs. 215 and 216, these structures can achieve a
maximum energy multiplication factor of 1.94 and an aver-
age effective accelerating gradient of up to 23.5 MV/m. The
key design parameters are summarized in Table 51.

The large-aperture accelerating structures are employed
for positron capture and initial acceleration. These struc-
tures utilize fixed iris diameters, while the gradient dis-
tribution is adjusted by modifying the nose-cone lengths
[121]. The structure dimensions and cavity distribution are
optimized to ensure a uniform distribution of peak surface
electric fields. According to the injector design require-
ments, two types of large-aperture structures are imple-
mented: one 2 m tube and fourteen 3 m tubes. The 2 m
tube, located immediately downstream of the positron tar-
get, serves as the primary capture structure and is powered
by a single 40 MW klystron, with an assumed waveguide

loss of 0.6 dB. Each pair of 3 m structures is powered by
a standard microwave station. The corresponding design
parameters are listed in Table 52. The subharmonic pre-
bunching cavities adopt a standard standing-wave single-
cell design.

4.9.4.2 Low-level RF (LLRF) processor The LLRF system
employs a down-conversion sampling scheme. The detected
signal is mixed with a local oscillator (LO) signal and
passed through a band-pass filter to obtain an intermediate
frequency (IF), which is then sent to the FPGA via an ADC
for demodulation [122]. A direct conversion scheme is used
for signal output, generating VM signals with lower phase
noise and eliminating the need for digital modulation using
numerically controlled oscillators (NCOs) in the FPGA or
DSP, thereby improving system reliability. Feedback con-
trol can be implemented using either amplitude—phase or IQ
control schemes. In the amplitude—phase feedback scheme,
two independent loops are used to detect and regulate ampli-
tude and phase separately [123].

4.9.4.3 Reference signal synchronization system The ref-
erence signal synchronization system of the STCF injector
provides low-phase-noise 2998.2 MHz signals for lasers and
microwave power sources. It ensures phase synchronization
between microwave stations along the linacs and supplies
reference signals to other time-sensitive systems. The sys-
tem maintains a phase drift of less than 100 fs (rms) over
24 h. The overall configuration is shown in Fig. 217 and
includes synchronized reference signals to LLRF units and
calibration terminals near the accelerating structures. The
principle is based on modulating the RF reference signal
from the RMO onto a continuous optical carrier transmitted
via fiber. A portion of the signal is reflected at the remote
end and returned to the transmitter, where it is compared
with the reference. Phase locking between the sender and
receiver is achieved by adjusting the fiber length based on
this phase comparison [124].

4.9.5 Feasibility analysis

The linac microwave system adopts mature, cost-effective
technologies and products, presenting no insurmountable
technical risks. The NSRL has extensive experience in
designing and fabricating constant-gradient accelerating
structures. The 3 m, 2n/3-mode traveling-wave accelerat-
ing tubes have been successfully applied in the HLS-II
injector, demonstrating excellent performance and reli-
ability. The ongoing construction of the HALF linac will
further enhance this experience. The previously untested
large-aperture accelerating structures are currently being
verified through the STCF key technology R&D project
using the positron—electron beam test platform. NSRL
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Fig. 218 (Color online) RF power source layout for the off-axis injection scheme

Table 53 S-band RF power source technical specifications

Parameter Specification
Microwave frequency (MHz) 2998.2
Maximum repetition rate (Hz) 90

Klystron peak power (MW) 45
Modulator peak power (MW) 130

Pulse flat-top width (pus) >4.0

Pulse high voltage stability (rms) Jitter <0.03%
Output pulse rise time jitter (rms) (ns) <10ns

Table 54 X-band microwave power source technical specifications

Parameter Specification
Microwave frequency (MHz) 11,992
Maximum repetition rate (Hz) 30

Klystron peak power (MW) 6

Modulator peak power (MW) 20

Pulse flat-top width (us) >4.0

Pulse high voltage stability (rms) Jitter <0.03%
Output pulse rise time jitter (rms) (ns) <10

also has extensive experience in microwave transmission
and LLRF systems and maintains close collaboration with
IHEP, IMP, and Tsinghua University, ensuring smooth
project development.
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4.9.6 Summary

The design of the linac microwave system comprehensively
considers performance requirements, technical feasibility,
and cost-effectiveness based on the physical design of the
STCEF injector. A detailed and rational technical route has
been established, prioritizing mature and proven technolo-
gies to minimize technical risks while meeting application
demands. The design achieves a balance between innovation
and practicality, providing a solid foundation for subsequent
system integration and optimization.

4,10 Linac microwave power source system
4.10.1 Design requirements and specifications

The STCF injector comprises multiple segments of elec-
tron and positron linacs. The microwave power source sys-
tem supplies S-band (2998 MHz) microwave power to the
linac microwave system, enabling full-energy injection of
electrons and positrons into the collider rings. The system
primarily consists of high-power S-band klystrons and cor-
responding pulse modulators.

According to the collider’s physics design, both off-axis
and swap-out injection schemes are considered, each requir-
ing a distinct injector configuration. The RF power system
described here corresponds to the design using a thermionic
electron source for direct electron beam injection, consistent
with the microwave system.
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Fig. 219 (Color online) System layout of the pulsed power source for the STCF swap-out injection scheme

Table 55 S-band klystron modulator design parameters for swap-out
injection

Parameter Design value
Pulse voltage (kV) 335

Pulse current (A) 400
Modulator pulse power (MW) 135

Pulse width (ps) 4

Maximum repetition rate (Hz) 90

Pulse amplitude stability (rms) <0.03%
Output pulse rise jitter (rms) (ns) <10

In the off-axis injection scheme, the macro-pulse rep-
etition rate is 30 Hz. The microwave power source system
includes a total of 56 pulsed power units: one 6 MW X-band
source, one 10 MW S-band source, and 54 45 MW S-band
sources.

In the swap-out injection scheme, the macro-pulse repeti-
tion rates are 30 Hz and 90 Hz. The microwave power source
system includes 72 pulsed power units, all employing 45
MW S-band klystrons. The system is developed based on
the selected injection scheme, with emphasis on microwave
power source stability.

4.10.2 Key technologies and roadmap selection

The linac microwave power source system consists of S-band
and X-band klystrons and their associated high-voltage pulse
modulators. It also integrates auxiliary systems such as the
microwave drive and LLRF, vacuum, waveguide transmis-
sion, and water cooling subsystems.

For low repetition rates (<50 Hz), high-power S-band
klystrons—such as the commercial Canon E37302A—are

technically mature and readily available. With support from
the Institute of High Energy Physics (IHEP, CAS), domestic
manufacturers, including Hanguang Tech (Hubei) and the
CETC No. 12 Institute, have developed indigenous 2998
MHz klystrons. The Hanguang high-power klystron is cur-
rently undergoing validation at the Wuhan Light Source.

Given the need for large-scale deployment in major facili-
ties and potential procurement constraints, advancing the
maturity of domestically developed high-peak-power klys-
trons is essential.

For the modulator design, a “fractional turn ratio trans-
former” type solid-state modulator is selected due to its
superior performance characteristics and alignment with
modern trends in modulator technology [125]. This design
reduces insulation requirements, offers excellent pulse sta-
bility and uniformity, eliminates lifetime limitations asso-
ciated with thyratrons, enables low-voltage power supply
operation, and provides improved electromagnetic compat-
ibility and safety. These advantages support stable system
operation and facilitate future upgrades [126].

4.10.3 Design scheme and system configuration

The microwave power source system delivers microwave
power with specified stability and performance to acceler-
ate electrons and positrons in the STCF linacs. Different
injector configurations require tailored microwave system
integration.

4.10.3.1 Microwave power source configuration for off-axis
injection scheme For the off-axis injection scheme, the sys-
tem includes 56 pulsed microwave power units: one 6 MW
X-band unit, one 10 MW S-band unit, and fifty-four 45 MW
S-band units. The system layout is shown in Fig. 218.
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Fig. 221 (Color online) Engineering layout of the linac microwave
power source unit

In this scheme, the macro-pulse repetition rate for the
klystrons reaches up to 90 Hz (ML section). The specific
performance requirements of the involved RF power sources
are listed in Tables 53 and 54.

4.10.3.2 Microwave power source system configuration

for swap-out injection scheme For the swap-out injection
scheme, the system consists of 72 sets of pulsed power
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equipment, all utilizing S-band 45 MW RF sources. The
macro-pulse repetition rate of the klystrons reaches up to 90
Hz in the EL1, PAS, and PL1 beamlines. The system layout
is illustrated in Fig. 219.

According to the operating parameters of the klystrons
and the injector physics requirements, and with a margin
considered in the design, the fractional-turn transformer-
type solid-state modulator paired with the 45 MW klystrons
has the parameters shown in Table 55.

Given the large number of RF sources required for the
STCEF, the design of the microwave power source system
follows a modular design philosophy. The system is stand-
ardized as much as possible, adopting a unified design across
multiple frequency bands to simplify the complexity of high-
power systems and enhance maintenance efficiency. This
modular, highly integrated, compact, and reliable approach
applies to both the X-band 6 MW and S-band 45 MW Kklys-
trons and their associated high-voltage pulse modulators.

Each microwave power unit comprises a klystron, a mod-
ulator, and auxiliary power supplies. The solid-state modu-
lator includes a pulse transformer and oil tank, solid-state
modulation components, a high-voltage power supply, aux-
iliary power units, and measurement devices. Although the
klystron structure varies across frequency bands and power
levels, the modulation components are designed using a uni-
fied modular architecture, and the auxiliary power supplies
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Table 56 Main parameter

. . Parameter
specifications of the STCF

Off-axis injection Swap-out injection

positron source

Positron beam for collider injection 1.0 nC/30 Hz 8.5 nC/30 Hz

Electron beam on target 1.0 GeV/11.6 nC/30 Hz 2.5 GeV/11.6 nC/90 Hz
Average power (W) 348 2443

Peak energy deposition density (PEDD, J/g) 5.6 322

AMD magnetic field (T) 0.5-5 0.5-5

Positron conversion efficiency (%) 9.1 25

Solenoidal magnetic field (T) 0.5 0.5

Aperture of accelerating structure (mm) 30 30

are standardized as much as possible to facilitate engineering
implementation and large-scale production.

Taking the main 45 MW klystron power unit as an exam-
ple, the system diagram is shown in Fig. 220.

Each 45 MW microwave power unit consists of a klys-
tron, a matching high-voltage pulse modulator, and an aux-
iliary power supply. A DC power supply of approximately 1
kV provides input to the solid-state pulse modulator, which
converts it into pulsed voltage applied to the primary wind-
ing of the pulse transformer. The primary-to-secondary
turns ratio is designed to deliver the required cathode pulse
voltage. The auxiliary power supply includes units for the
titanium pump, cathode heater, and focusing solenoid. The
pulse modulator converts electrical energy into microwave
power, which is then delivered to the accelerating structures
in the linacs.

An engineering layout diagram of a single 45 MW micro-
wave power source unit is shown in Fig. 221.

4.10.4 Feasibility analysis

For pulse repetition rates up to 50 Hz, commercial klystrons
such as Canon’s E37302A are technically mature and widely
deployed in accelerator facilities. Domestic manufacturers,
including Hanguang Technology and the CETC No.12 Insti-
tute, have the capability to develop 2998 MHz klystrons, and
their high-power designs are currently being tested at the
Wuhan Light Source. To mitigate procurement risks, it is
necessary to further advance the maturity of these domestic
klystrons through dedicated beam test platforms.

For higher repetition rates (up to 90 Hz), the limiting fac-
tor is the klystron’s performance. Discussions with Canon
and Hanguang indicate that high-repetition variants of exist-
ing products are technically feasible, with further develop-
ment possible during STCF’s R&D phase.

The pulsed modulator adopts an advanced fractional-turn
transformer-type solid-state design, offering high integra-
tion, maintainability, and reliability. This approach is already
applied at the HALF. The system's auxiliary power units—
including the focusing solenoid, filament, biasing trans-
former, and titanium pump supplies—use mature, digitally
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Fig. 224 (Color online) Power deposition simulation for the swap-out
injection

controlled technology, widely adopted at facilities such as
HLS and HALF.

4.10.5 Summary

The linac microwave power source system is based on a
technically advanced and feasible overall design, demon-
strating high system maturity.

Fig. 225 (Color online) Wob-
bling water-cooled positron
target system

Beam focusii

2020/4/9 21:49
1515.5 Max
13491
11827
1016.2
849.84
68343
517.03
350.62
18422
17.812 Min

Fig.226 (Color online) Thermal simulation of oscillating target system
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4.11 Positron source system
4.11.1 Design requirements and specifications

The STCF positron source uses the conventional method
of bombarding a tungsten target with an electron beam to
generate the required positron beam. As a core component
of the STCF injector, the positron source must support both
off-axis and swap-out injection schemes in the collider rings,
with priority given to off-axis injection during initial con-
struction. In the off-axis scheme, the electron beam has an
energy of 1.5 GeV, a single-bunch charge of 10 nC, and a
repetition rate of 30 Hz (1.5 GeV/10 nC/30 Hz) to bom-
bard the target. The swap-out injection scheme requires a
more demanding electron beam of 2.5 GeV/11.6 nC/90 Hz,
resulting in significantly higher average power on the target
and stricter requirements for positron yield, target thermal
resilience, and cooling performance. With the compatible
injector design, the initial off-axis injection phase achieved
target beam parameters of 1.0 GeV/11.6 nC at 30 Hz. In
the subsequent upgrade to swap-out injection, the electron
beam on the positron target is increased to 2.5 GeV/11.6
nC at 90 Hz.

To develop a high-intensity, high-quality positron source
suitable for STCEF, it is essential to master the design and

22.461 Min

0.00
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Table 57 STCF AMD design parameters

Parameter Value
Peak pulsed current (kA) >15
Pulse width (FWHM) (ps) 5+0.5

Pulse waveform Half-sine wave

Repetition rate (Hz) 50
Long-term stability (8 h) 0.5%
Charging peak voltage (kV) 15
Time jitter (ns) +20ns
Equivalent load inductance (uH) 0.8

manufacturing techniques of key components such as the
positron conversion target, AMD, and the capture acceler-
ating structures. The main parameter specifications of the
STCEF positron source are listed in Table 56.

4.11.2 Key technologies and technical approaches

Given the high positron current requirements of STCF, only
positron sources based on conventional electron beams
bombarding a heavy-element target can meet the injection
specifications. The positron source comprises three main
components: the conversion target system, the matching sys-
tem, and the capture accelerator system.

4.11.2.1 Positron conversion target system The primary
function of the conversion target is to generate electron—
positron pairs from a high-energy electron beam. Tungsten

Fig. 227 (Color online) AMD
pulse magnetic field simulation

Fig. 228 (Color online) Positron i T

capture and acceleration section

layout electron beam

- capture cavity

v bend

is typically chosen as the target material due to its high
atomic number, high-temperature resistance, favorable
performance, and low cost. Target structures may include
amorphous tungsten, single-crystal tungsten, and multilayer
composite designs. STCF plans to adopt a conventional sin-
gle-layer amorphous tungsten target, balancing operational
stability with technical maturity.

Since the target directly absorbs the electron beam
energy, thermal management is critical. STCF has designed
two cooling schemes according to the injection mode: a con-
ventional fixed tungsten target for off-axis injection and a
wobbling water-cooled target for swap-out injection, which
improves heat dissipation.

4.11.2.2 Positron matching system Post-target positrons
exhibit large divergence angles and wide energy spreads.
The matching system collects and transforms these posi-
trons in phase space. Two common designs are the quarter-
wavelength transformer (QWT) and AMD. Since the AMD
provides superior energy dispersion acceptance compared
to the QWT, the STCF positron source adopts the AMD as
its matching system, leveraging the pulsed high-strength
magnetic field to facilitate the capture and phase-space
manipulation of positrons.

4.11.2.3 Capture and acceleration section As positrons
traverse the AMD under a longitudinally varying magnetic
field, they undergo Larmor rotation. Low-energy positrons
spiral outward, while high-energy positrons remain near the
axis, resulting in a large transverse size and extended bunch
length at the AMD exit. To improve capture efficiency,
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STCF employs large-aperture (30 mm) S-band accelerating
structures in the pre-acceleration section. A 0.5 T solenoidal
field suppresses beam divergence and accelerates positrons
to 200 MeV. A chicane structure deflects the beam, and
a collimator removes positrons that do not meet damping
requirements. Finally, positrons are accelerated to 1 GeV
via standard linear acceleration. Additional details on beam
dynamics are provided in Sect. 3.

4.11.3 Design scheme and system composition

4.11.3.1 Positron target design PEDD is a critical param-
eter for evaluating the thermal shock tolerance of a tungsten
conversion target. Research at SLAC indicates that the upper
PEDD limit for tungsten is 35 J/g [127, 128]; exceeding this
limit can cause severe damage. For off-axis injection (1.0
GeV/11.6 nC/30 Hz), simulations (Fig. 222) indicate a safe
PEDD of 12.6 J/g. The target is fixed and surrounded by a
water-cooled copper jacket (Fig. 223).

For the swap-out injection mode, a 2.5 GeV/11.6 nC/90
Hz electron beam with a diameter of 1 mm is used for posi-
tron production. Simulations, shown in Fig. 224, indicate a
PEDD of 32.2 J/g in the tungsten target, which is close to
the damage threshold. Thus, a new target design is required
to ensure lifetime and reliability.

High-energy pulsed electron beams cause thermal shock
and long-term heating effects. Shock can damage the tar-
get mechanically, while the high temperatures due to the
heat deposition can change the tungsten lattice. Experi-
mental results show that tungsten recrystallization begins
at 800-900 °C, reducing yield strength and positron yield
[129]. ILC uses a rotating water-cooled target [130]; how-
ever, this design has vacuum sealing challenges, which is
unsuitable for STCF.

To address thermal issues, STCF proposes a wobbling
water-cooled target design (Fig. 225). Simulations show that
without motion, the target temperature peaks at 1515 °C,
above the recrystallization point. With a wobbling motion,
the temperature drops to 394 °C, preventing lattice damage
and ensuring target longevity (Fig. 226).

4.11.3.2 AMD design The positron beam produced by the
electron bombardment of the conversion target features
a wide energy spectrum and large angular divergence. To
ensure effective matching with downstream accelerating
structures, positrons must be captured and transformed into
a beam with small divergence and larger transverse size.
STCF will adopt an AMD to perform this transformation
and optimize positron collection, capture, and acceleration.
The design parameters of the STCF AMD are shown in
Table 57.
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The AMD consists of a radially centered conductor sur-
rounded by a primary coil. The central conductor is formed
by several connected thin disks. When a time-varying cur-
rent flows through the primary coil, magnetic flux is induced
in the conical central conductor. Owing to skin effects, the
induced current flows along the inner surface, generating a
peak magnetic field at the center. The design target for the
AMD peak field is above 5 T. Figure 227 shows simulation
results under an excitation current of 15 kA and a pulse
width of 5 ps, indicating a peak field exceeding 6 T, satisfy-
ing design requirements.

4.11.3.3 Positron capture and acceleration design The key
challenge of a positron accelerator lies in the capture and
matching acceleration section, which differs significantly
from conventional electron accelerators. To enhance cap-
ture efficiency by increasing transverse acceptance, large-
aperture accelerating structures are often employed. For
instance, a 1298 MHz L-band cavity with a 35 mm aperture
provides approximately three times the acceptance of a 20
mm S-band cavity. However, L-band structures have larger
outer diameters, which substantially increases the cost of the
solenoid magnet surrounding the accelerating structure.

To balance performance and cost, STCF adopts a com-
promise solution: a 30 mm aperture S-band accelerating
structure, with optimized RF phase to enhance capture and
acceleration efficiency. This large-aperture S-band section
is positioned immediately after the positron target. A 0.5 T
solenoidal field surrounds the structure to suppress beam
divergence and maximize positron yield. Downstream, the
positron beam passes through a chicane for charge sepa-
ration, and a collimator removes off-spec particles. The
positrons are then accelerated conventionally to 1 GeV.
Figure 228 shows the layout of the capture and acceleration
section. The detailed lattice design is provided in Sect. 3 on
injector beam dynamics.

4.11.4 Feasibility analysis

Positron generation via high-energy electron bombardment
is a well-established technique. In the off-axis injection
scheme of STCF, producing positron bunches of 1.0 nC
using an electron beam of 1.0 GeV/11.6 nC/30 Hz presents
no significant challenges. However, the swap-out injection
scheme requires an electron beam of 2.5 GeV/11.6 nC/90
Hz to bombard the tungsten target, imposing much higher
demands on the positron source—a first-of-its-kind chal-
lenge in China.

Such high average power may cause thermal manage-
ment and lifetime issues for the positron target. These risks
can be mitigated through optimized target designs, such as
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Fig. 229 (Color online) Overall architecture of the control system

the use of movable targets. The STCF key technology R&D
project includes a positron—electron beam test platform for
validating critical components and simulating high-power
beam impacts. Preliminary experimental studies have been
conducted, providing a strong technical foundation for future
development.

In conclusion, despite certain technical challenges, the
positron source design is feasible. STCF possesses the theo-
retical foundation, experimental experience, and engineering
capabilities to ensure the positron source meets the collider’s
injection requirements.

4.11.5 Summary

The positron source is a critical subsystem for achieving
high luminosity in STCF. It uses conventional high-energy
electron bombardment on a target to generate positrons.
To meet luminosity goals, the source must deliver a high-
current positron beam, imposing stringent demands on the
target’s yield efficiency, thermal resilience, and heat dissi-
pation. This necessitates the development of a high-power,
high-reliability positron target and an optimized positron
collection, matching, and acceleration system. Together,
these components ensure the positron source meets the
requirements of both injection schemes under considera-
tion for STCF.

4.12 Control system

The accelerator control system provides comprehensive
management of all equipment within the injector and

collider rings, serving as the operational platform for both
commissioning and routine operation of STCF. It must meet
the needs of accelerator physicists and engineers for device
monitoring, data acquisition, and analysis while remaining
flexible enough for future upgrades. Specifically, the control
system shall:

Initialize the accelerator and transition it into operational
status under safe interlock conditions.

Enable operators to adjust device parameters as required
by physicists to achieve optimal performance.

Utilize beam diagnostics to optimize beam performance
and satisfy physics requirements during commissioning.
Safely bring the accelerator to shutdown status under
interlock supervision.

Additionally, the system shall:

Support device status inspection and alarm functionali-
ties.

Provide a timing system to synchronize signals among
subsystems.

Maintain a central database for machine parameters and
operational data to support online and offline physics
analysis.

Establish a beam tuning software development platform
to assist in achieving accelerator physics objectives.
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4.12.1 Design requirements and specifications

Based on STCF’s practical requirements and referencing
the control systems of BEPCII and SuperKEKB, the main
design requirements and specifications are:

e Control Network: Must support accelerator-wide data
communication. Core backbone switches must support
40 Gb/s, while access layer switches must support 10
Gb/s.

e Device Control: Must monitor and control all accelera-
tor equipment. Parameter monitoring refresh rate >2 Hz;
parameter setting response time <200 ms.

e Timing System: Must ensure trigger signal synchroni-
zation. Delay and pulse width of each signal should be
independently adjustable. Inter-signal jitter < 30 ps.

e Interlock System: Must ensure operational safety. Fast
interlock intra-station signal response < 10 ps; inter-
station response < 100 ps. Slow interlock intra-station
response < 20 ms; inter-station response < 100 ms.

Beam Tuning Platform: Must support remote device
control and remain open and extensible, providing tools
and interfaces for developing and debugging beam tuning
software.

4.12.2 Key technologies and strategy

Large-scale accelerator control systems increasingly adopt
integrated solutions based on mature technologies and com-
mercial products, reducing development cost and timeline
while ensuring reliability. Due to the diversity and geo-
graphic spread of STCF devices, a distributed architecture
will be employed.

After evaluating major control frameworks used in large
accelerator facilities—such as EPICS [131], TANGO [132],
DOOCS [133], TINE [134], MADOCA [135], and commer-
cial SCADA systems—EPICS stands out as a mature and
widely adopted solution.

EPICS is a software toolkit based on the distributed con-
trol system (DCS) standard for developing and operating
distributed control systems. Originally co-developed in
the early 1990s by LANL and ANL for large accelerator
facilities, EPICS has evolved through global collaboration,
with ongoing contributions to core software, device drivers,
record types, and application tools.

EPICS features modularity, scalability, and ease of main-
tenance and upgrades. It has been used in over 100 major
research infrastructures worldwide, including:

e Colliders: KEKB (Japan)

e Synchrotron light sources: Diamond (UK)
e Free electron lasers: LCLS I/II (USA)
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e Spallation neutron sources: SNS (USA), ESS (Europe)

In China, EPICS underpins the control systems of BEP-
CIL HLS, SSRF, CSNS, SXFEL, and SHINE. Considering
performance, development schedule, and resource availabil-
ity, the STCF control system will adopt EPICS as its core
framework.

4.12.3 Design scheme and system composition

Based on the EPICS architecture, the STCF control system
is organized into three layers:

e Operator Interface Layer (OPI)
e Input/Output Control Layer (I0C)
e Device Control Layer (DCL)

The overall architecture is illustrated in Fig. 229.
The control system is composed of the following major
components:

Control platform

Control network

High-level application software
Device control

Interlock system

Timing system.

Control platform

The control platform provides a reliable and stable runt-
ime environment for the control system. It includes central
servers capable of long-term stable operation, storage sys-
tems, a high-reliability network, OPI systems, and various
support services such as account management, network
file systems, time synchronization, channel access, and
version control. These components ensure the consistency,
integrity, and security of control software and data.

Control network

The control network acts as the nervous system of the
entire control infrastructure, connecting all subsystems. Its
performance and reliability are critical to overall system
effectiveness, covering communication, network security,
and operational management. A star topology is adopted,
with the central server room at its core. Local control sta-
tions are connected to core switches via fiber optics, with
dual redundancy employed for the core switch. The net-
work is divided into the backbone control network, local
device networks, and dedicated data networks.

High-level application software

High-level applications support accelerator opera-
tion and beam tuning. Key functions include system sta-
tus monitoring and control, real-time and historical data
access and analysis, event logging, alarm management,
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Table 58 Mechanical adjustment specifications for the STCF accel-
erator components

Parameter Specification
Horizontal adjustment range (X/Y) (mm) +10
Horizontal resolution (X/Y) (um) <10
Vertical adjustment range (Z) (mm) +8

Vertical resolution (Z) (upm) <5

and accelerator physics tuning. Key components include
graphical user interfaces, data archivers, alarm systems,
and beam tuning toolkits.

Device control

The system provides comprehensive control of all accel-
erator subsystems. Based on device type, it is divided into
multiple subsystems: magnet power supply control, vac-
uum control, cryogenic control, electron source control,
injection/extraction control, RF and microwave control,
power system control, beam diagnostics, motion control,
and more. All control software is developed and run under
EPICS. Control hardware includes protocol converter serv-
ers, network switches, IOC controllers, and other auxiliary
Servers.

Interlock system

The interlock system, or Machine Protection System
(MPS), protects critical equipment from beam-related
damage by aborting the beam or disabling power when
abnormal conditions are detected. It consists of a PLC-
based slow interlock and an FPGA-based fast interlock
system. A layered design is adopted, with a master station
handling inter-subsystem logic and slave stations manag-
ing internal logic and protection.

Timing system

The timing system delivers precision timing and trigger
signals to devices such as electron guns, kickers, modula-
tors, microwave systems, RF cavities, and beam diagnos-
tics, ensuring synchronized operation. White Rabbit tech-
nology is employed, including master nodes, WR switches,
and slave nodes. The master node locks to the RF reference
signal, while WR switches distribute synchronized time
and frequency signals via optical fibers to downstream
switches or end nodes. The end nodes generate trigger
signals for connected devices.

4.12.4 Feasibility analysis

Key components of the STCF accelerator control sys-
tem include the control platform, device control, inter-
lock system, and timing system. EPICS, a widely adopted
control framework in the global accelerator community,
has been selected for development and operation. Most

control solutions have already been successfully validated
at HLS and SSREF, significantly reducing overall system
risk. Mature and stable device support/driver support is
available for EPICS-based device integration.

The fast and slow interlock systems, as well as the
White Rabbit timing system, have already been deployed
and are operating stably in the SHINE injector. This dem-
onstrates solid technical experience across major subsys-
tems of the STCF control system. No significant techni-
cal barriers or unforeseen risks are anticipated during
construction.

4.12.5 Summary

Large-scale accelerator control systems are complex engi-
neering challenges due to:

e High device count and variety
e Interface complexity

Critical success factors include:

e Unified architecture design
e Standardized protocols

Through extensive studies of international systems and
STCEF-specific requirements analysis, we have:

e Established a distributed EPICS-based architecture
e Defined preliminary standards, protocols, and specifica-
tions

This foundation ensures efficient progression to detailed
design and implementation.

4,13 Mechanics system

The STCF accelerator complex consists of two main parts:
the injector and the collider rings. Within the collider rings,
the machine detector interface (MDI) section at the IR has a
unique structural design.

The collider consists of two intersecting electron and
positron storage rings at the IR. The injector features two
design schemes based on off-axis and swap-out injection
in the collider rings. While their layouts differ, the main
linac (0-2.5 GeV, alternating acceleration of electrons and
positrons) is shared by both schemes. Other accelerator seg-
ments are largely similar, and the linac’s mechanical support
system is comparable to conventional linacs.

Each ring of the dual-ring collider contains four arc sec-
tions and four long straight sections. The primary devices are
housed in a radiation-shielded tunnel. Beamline elevation is
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Fig. 230 (Color online) Collider
ring layout and short arc region
beam physics design require-
ments

1.2 m, with the inner ring 3.5 m from the tunnel’s inner wall
and the outer ring 1.5 m from the outer wall. Arc sections are
composed of standard cells with nearly identical structures
(Sect. 2.2).

The IR MDI mechanical system is highly specialized,
with a complex arrangement of components, confined spa-
tial constraints, and stringent alignment requirements. It is
one of the most challenging aspects of collider design [136].
The IR, located at the center of the detector, contains an
ultra-thin IP chamber, superconducting magnets with mul-
tiple coils, and cryostats. It integrates cryogenic, magnetic,
vacuum, and detector systems within a 7 m-long region
(diameter under 300 mm), where conventional mechanical
and adjustment components cannot be installed or operated.

The collider rings also require beam collimators to adjust
the physical aperture using movable absorbers, define beam
acceptance, and scatter or absorb halo particles outside the
acceptance. Collimators help localize beam losses, reduce
radiation in critical areas, suppress experimental background
in the IR, and protect sensitive instrumentation [137].

Beam dumps absorb high-energy discarded beams. As
part of the engineering infrastructure, dumps maximize
energy absorption and provide sufficient radiation shield-
ing to protect surrounding equipment, the environment, and
personnel [138].

4.13.1 Design requirements and specifications

4.13.1.1 Accelerator mechanics design requirements The
mechanical system adopts a modular, stepwise integration
approach. Major accelerator components are grouped into
independent support assemblies, pre-installed offline, then
integrated into units and finally into the full accelerator on
site [136].

Design parameters vary with component requirements,
but the overall mechanical system must meet criteria related

@ Springer

M Buiduieq

amping W

121661/

Mo fa,elmlc|t:‘qnls|sis|nls|ol3|als|sl =

0 [10 20) 30 40 50 60

l s [m]
| BB Oy A

to adjuster selection, range, resolution, structural dynamic
stability, cost-effectiveness, disassembly workflow, and
alignment methodology. Table 58 summarizes the mechani-
cal adjustment specifications.

4.13.1.2 Interaction region design requirements The IR
includes: the IP vacuum chamber inside the detector, bel-
lows, remote vacuum connection (RVC) structures, BPMs,
superconducting magnets and cryostats (IRSM), as well as
surrounding room-temperature magnets, cryo-pipelines,
and movable platforms.

Key component specifications:

1. IP Chamber

Material: Beryllium 4+ Tantalum

Inner beryllium pipe diameter: 30 mm
IP chamber length: 1000 mm
Vacuum: better than 5x 1073 Pa

2. Movable Platform

Foundation flatness: < 0.5 mm

Guide rail parallelism after installation: < 0.05 mm
Guide rail flatness after installation: < 0.05 mm
Alignment accuracy of platform: < 0.1 mm
Positioning accuracy of platform: < 0.2 mm

3. RVC (Remote Vacuum Connection)

e Alignment accuracy between IRSM vacuum cham-
ber and IR vacuum chamber bellows: <0.1 mm

e Remote-controlled locking/unlocking capability

e Remote vacuum diagnostics and pumping capability

e Must meet vacuum requirements of the IR
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Fig. 231 Short arc standard
unit layout (left) and magnet
mechanical support system
(right)
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Fig. 232 (Color online) Components of the IR

4.13.1.3 Beam collimator design requirements Primary
design specifications for the beam collimator include:

e Length (beam direction): 1000 mm
Taper angle of scraper: <0.15 rad

e Travel range of scraper: >24 mm (D;,=60 mm); >23.5
mm (D;,=67 mm)
Motion positioning accuracy: <50 pm

e Radiation tolerance: > 1 MGy

Fig. 233 (Color online) Mechanical structure schematic of the IR

4.13.1.4 Beam dump design requirements Main specifica-
tions for the beam dump system include: e Must meet vacuum specifications

e Positioning accuracy: <0.1 mm
¢ Environmental radiation dose: < 2.5 pSv/h
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Fig. 234 (Color online) IP beam pipe schematic

Fig. 235 (Color online) Schematic of the movable platform design

4.13.2 Key technologies and technical approaches

The primary challenges in accelerator mechanical sup-
port lie in meeting the stability and precision requirements
imposed by beam physics and the accelerator components
themselves. For most components not subject to extremely
tight tolerances, conventional mechanical alignment and
support designs are generally sufficient.

For the IR, the mechanical system includes several criti-
cal technologies:

Key Technology 1: IP Chamber Fabrication. The cen-
tral beryllium vacuum chamber, with a wall thickness of
only 0.4-0.6 mm, presents major challenges in welding and
assembly. Ensuring uniform cooling performance is particu-
larly difficult, as coolant must circulate through a cavity 200
mm in length with only a 1 mm gap.

Key Technology 2: RVC. This device must enable
reliable and convenient remote operation. Key challenges
include selecting a suitable sealing material for the vacuum
interface, achieving precise mechanical alignment, and
maintaining long-term vacuum integrity under operational
conditions.

Key Technology 3: IP Chamber Integration with
Detector. The innermost layer of the detector (ITKW/
ITKM) has a diameter of only 70 mm, while the IP chamber
reaches a maximum radial size of 100 mm. This extremely
limited space requires that the entire assembly be integrated
externally and installed as a single unit. Ensuring accurate
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Fig. 236 (Color online) Finite element simulation of front-end defor-
mation

positioning and future maintainability is a significant design
challenge.

Key Technology of Beam Collimators. The beam
absorber (scraper) is exposed to multiple effects, including
energy deposition, synchrotron radiation, Touschek scat-
tering, and beam-induced impedance heating. Design must
address these factors through simulation-driven material
selection and structural optimization, reducing impedance
while ensuring high reliability and long operational life.

4.13.3 Design scheme and system composition

4.13.3.1 Accelerator mechanical design scheme and system
composition Injector mechanics

The injector system is designed for two injection
schemes—off-axis and swap-out—in alignment with the
collider ring layout (Fig. 1). The injector mechanical sys-
tems cover linac segments for both electrons and positrons,
including the shared ML, the positron target station, the
damping/accumulation ring, and associated beam transport
lines.

The main component of the injector is the accelerating
structure. Its support design largely follows standard practice
established by domestic synchrotron light sources. Mechani-
cal prototypes for the STCF injector support structures will
be refined based on the finalized injector lattice.

Collider ring mechanics

The STCF collider employs a dual-ring layout, com-
posed of an electron ring and a positron ring, as illustrated
in Fig. 230. Both rings lie in the same horizontal plane and
intersect at the IP and at the symmetric crossing point oppo-
site the IP. Each ring is twofold symmetric, with the arcs of
the inner and outer rings slightly differing in length due to
the crossing geometry, resulting in approximately 2 m spac-
ing between rings.



Conceptual design report of the Super Tau-Charm Facility: the accelerator

Page 147 of 170 242

Fig. 237 (Color online) Con-
ceptual prototype of the RVC
structure

Fig. 238 (Color online) Struc-
tural model of the collider ring
beam collimators

Water Cooling System:

Spring-shaped RF Shielding Finger:

Each ring includes one IR, four large arc sections (each
with a 60° bend), two short arc sections (each with a 30°
bend), one crossing region, and several straight sections. The
total ring circumference is 860.321 m.

Taking a short arc section as an example, Fig. 231 (left)
shows the mechanical support system layout. The tunnel
is 7.5 m wide, with each ring 2.5 m from the tunnel wall.
Beamline height is 1.2 m, and spacing between the rings is
2 m. The tunnel height is 4.5 m, with ring-shaped lifting
equipment installed overhead.

In the local support structure, second-order (B2) mag-
nets are mounted on individual supports, while fourth-order
(B4) and sixth-order (B6) magnets are installed on a shared
girder. Each magnet is equipped with three-directional
mechanical adjusters, as shown in Fig. 231 (right).

Shielding Bellow

Vacuum Chamber

Support and Adjustment Mechanism

Slanted Transition Structure

Comb-shaped RF Shielding Finger

4.13.3.2 Structure and design scheme of the interaction
region The composition of the IR is shown in Fig. 232. The
STCF IR is defined as the +8 m region centered on the IP.
It includes the beryllium IP vacuum chamber extending into
the detector, bellows, RVCs, BPMs, superconducting mag-
nets and cryostats (IRSM), room-temperature magnets out-
side the cryostat, cryogenic piping, and support structures,
such as movable platforms.

Figure 62 illustrates the crossing angle of the electron
and positron beams in the IR, as well as the positions and
lengths of the associated beamline components. A beryl-
lium vacuum chamber is located at the collision point in the
detector center, with bellows at both ends connecting it to
the upstream and downstream vacuum chambers. These bel-
lows are designed to accommodate thermal expansion of the
beryllium chamber and provide flexible connections between
vacuum sections. The outer vacuum chambers are connected
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Fig. 239 (Color online) Structural model of the beam dump station

to the superconducting magnet vacuum chambers via RVCs,
which are critical mechanical-vacuum components of the IR.
These connectors enable automatic alignment and remote
locking/unlocking of vacuum flanges, facilitating equipment
installation and maintenance.

The IRSM magnets, along with the upstream and down-
stream warm magnets, are mounted on a movable platform.
The cryogenic valve box and transfer lines supplying liquid
helium to the IRSM magnets are also installed on the plat-
form’s sides. Figure 233 depicts the mechanical structure of
the movable platform, based on the physical design.

IP chamber design scheme

The IP beam pipe is designed symmetrically around the
IP. To minimize the material budget in the IR, beryllium is
used due to its low density and high radiation transparency,
making it ideal for high-energy physics applications [138].
According to the preliminary MDI design, the central beryl-
lium beam pipe adopts a double-layer structure: the inner
tube has an inner diameter of @30 mm and a wall thickness
of 0.6 mm, internally coated with 10 pm of gold. The outer
tube has a wall thickness of 0.4 mm, with a 1.0 mm gap
between layers through which electric spark oil or paraffin is
circulated [136, 139, 140]. The beryllium section is 205 mm
long, and the total beam pipe length is 1000 mm.

The beryllium section is flanked by tantalum pipes that
transition from @30 mm circular diameters to a special
elliptical shape with a long diameter of 60 mm and a short
diameter of 30 mm at the flange ends (see Fig. 234). These
tantalum sections are water-cooled, with their inner walls
coated with 10 pm of copper [5]. To prevent deformation
from long-span sagging, the beam pipe is supported by
an axial alignment system and fixed to the detector inner
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Table 59 Alignment precision requirements for the STCF collider
rings

Parameter Index
Relative horizontal precision within a support (mm) 0.050
Relative vertical precision within a support (mm) 0.100
Relative horizontal precision between supports (mm) 0.050
Relative vertical precision between supports (mm) 0.100
Magnet attitude angle precision (mrad) 0.100
Superconducting quadrupole magnets in the IP region (mm)  0.020
Ring closed orbit circumference precision (mm) 2.000

chamber for precise installation. The outer structure includes
inlet and outlet piping for coolant circulation and integrated
sensors for monitoring.

Movable platform design scheme

Ensuring the alignment accuracy of accelerator beamline
components in the MDI region requires precise mechani-
cal design and motion control of the movable platform (see
Fig. 235). Due to space constraints, the IRSM on the plat-
form is implemented as a cantilever structure. Finite ele-
ment analysis, assuming a uniform 2 ton load on the IRSM,
indicates a deflection of 0.29 mm at the platform end, as
shown in Fig. 236.

RVC structure design scheme

Based on the RVC design used in SuperKEKB, a related
RVC concept was proposed for the STCF. When the IRSM
is pushed into the detector region, initial flange alignment
is achieved via two tapered pins. A remote handle rotates
a gear disc, gradually pushing the vacuum flange faces
together. Clamping force is provided by custom butterfly
springs. A prototype of the STCF RVC structure is shown
in Fig. 237.

4.13.3.3 Structure and design scheme of the beam collima-
tors Based on design experience from major international
colliders and synchrotron radiation sources, the STCF beam
collimator primarily consists of the absorber, vacuum cham-
ber, motion control system, support and adjustment mecha-
nism, water-cooling system, and radiation shielding struc-
ture, as illustrated in Fig. 238.

To handle high thermal loads from direct beam impact,
Touschek scattering, beam impedance, and synchrotron

Table 60 Alignment precision requirements for the STCF injector

Parameter Precision
Accelerator structure position precision (mm) 0.1
Accelerator structure attitude angle precision (mrad) 0.1
Corrector magnet position precision (mm) 0.5
Corrector magnet attitude angle precision (mrad) 0.5
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radiation, the absorber material is preliminarily selected as
Glidcop-AL-15, a dispersion-strengthened copper reinforced
with nano-scale alumina. The vacuum chamber of the col-
limator is 800 mm long, with 100 mm shielding bellows
installed at both upstream and downstream ends.

To reduce impedance contributions, the vertical internal
surfaces of the vacuum chamber are capped with plates to
eliminate cavity-like structures. A tapered end section of
100 mm length is designed with optimized slanted surfaces
to ensure a smooth longitudinal transition. Comb-shaped
RF shielding fingers are installed between the absorber and
vacuum chamber along the longitudinal gap of the beam,
while spring-shaped RF shielding fingers are added across
the vertical gaps.

4.13.3.4 Structure and design scheme of the beam dump
station The beam dump station mainly comprises an
absorber, shielding structure, and support and adjustment
mechanism, as shown in Fig. 239.

4.13.4 Feasibility analysis

The mechanical support schemes for accelerators have been
widely adopted in major facilities worldwide and thoroughly
validated, providing a solid foundation for implementation.

The IP chamber design is optimized based on experience
from SuperKEKB. However, further refinements are needed
in physics design, mechanical integration, fabrication, and
detector interfacing. Prototype development and mock instal-
lation tests are recommended. Only after repeated validation
and verification that design specifications are met should the
system be deployed for operational use.

The RVC design must satisfy both vacuum integrity and
remote operability requirements. Mechanical prototyping
and preliminary studies are recommended, including the
establishment of a vacuum docking simulation platform.
The system should undergo repeated testing to verify per-
formance before final implementation.

The beam collimator adopts a relatively mature tech-
nical approach. Nonetheless, critical processes such as
material bonding, machining, and welding require further
validation to ensure safety and reliability for large-scale
engineering deployment.

The beam dump station design is well-established.
Thermal and radiation shielding analyses, based on actual
beam energy and power parameters, confirm that the
design meets all operational requirements.

4.13.5 Summary
The total beamline length of the STCF accelerator exceeds

2.5 km and includes numerous beamline elements with
diverse requirements. The side-by-side layout of the

double storage rings in the collider presents demanding chal-
lenges for mechanical system integration and tunnel space
allocation.

Mechanical support requirements for the collider ring arc
sections are similar to those in existing domestic and inter-
national accelerator facilities. With the recent development
and operation of new accelerators in China, technical and
manufacturing capabilities are sufficiently mature to meet
these requirements.

However, the mechanical system of the IR represents a
particular challenge for STCF. It involves multiple subsys-
tems, complex interfaces, and high technical risks. A thor-
ough review of successful and unsuccessful experiences
from similar international facilities will be conducted. Based
on this analysis, detailed scheme design and technical stud-
ies will be carried out in combination with the overall STCF
design and current engineering capabilities in China. Only
after rigorous prototyping, testing, and verification will the
system be implemented in the full-scale project.

4.14 Alignment system
4.14.1 Design requirements and specifications

The alignment task of the STCF accelerator is to ensure
a smooth beam trajectory along the magnetic centers of
components for both the electron and positron beams
under high-precision control. Therefore, alignment is gen-
erally implemented in two phases. During the construction
period of STCF, a unified control network is established
across the facility using high-precision alignment instru-
ments and optimized schemes. Equipment is adjusted to
its theoretical positions within specified accuracy ranges,
providing the initial trajectory for accelerator operation.
In the operation phase, online monitoring of equipment
positions and trajectory smoothing is performed.

As shown in Table 59, the alignment precision require-
ments for the STCF collider rings are as follows: within
and between supports, the relative horizontal alignment
precision of components is 50 pm, and the vertical preci-
sion is 100 um. Additionally, the attitude angle control
precision for all magnet equipment must be better than 0.1
mrad. The absolute precision of the closed orbit circum-
ference of the collider rings should be better than 2 mm.

Overall, the alignment accuracy requirements are high-
est and most stringent for the collider rings. The damping
and accumulation rings require similar precision but are
less challenging due to their smaller scale. The linacs and
transport lines of the STCF injector have the lowest preci-
sion requirements, as listed in Table 60.

Moreover, equipment alignment and monitoring in
the constrained and compact IR, as well as trajectory
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smoothing and differential control in the dual-ring struc-
ture, are among the key alignment challenges.

4.14.2 Key technologies and roadmap selection

Considering the high-precision alignment requirements in
the compact IR and the dual-ring structure of the STCF tun-
nel, the following core alignment technologies are identified:

4.14.2.1 FSl-based high-precision positioning technology
for compact regions For precise alignment of supercon-
ducting quadrupole magnets in the compact MDI region,
traditional methods such as multi-laser systems requiring
cooperative targets are impractical. Frequency Scanning
Interferometry (FSI) is therefore employed. FSI uses a laser
with linearly varying frequency as the light source. Due
to time delays in the measured distance, the reference and
return beams generate a small and stable frequency differ-
ence upon overlap, producing an interference beat signal.
This method offers a wide measurement range, high preci-
sion, strong anti-interference ability, and low return power
requirements (suitable for non-cooperative diffuse reflection
surfaces). FSI is also being considered for alignment sys-
tems in FCC-ee [141, 142] and CEPC study projects.

4.14.2.2 Multi-sensor fusion monitoring of deformation
in confined spaces Distributed fiber-optic sensor technolo-
gies, widely used in tunnels and bridges, are adopted for
long-term deformation monitoring of key equipment nodes
in the MDI region. These sensors provide real-time data
with high precision, interference resistance, and distributed
sensing capabilities. Fiber Bragg Grating (FBG) sensors can
achieve distance measurement precision on the order of tens
of microns, with each sensor segment covering centimeter-
scale ranges. By placing multiple FBG sensors at critical
locations, long-term mechanical deformation monitoring
becomes feasible. This approach has also been applied in
FCC-ee [143] and CEPC and can be supplemented with
CCD or other fusion sensor technologies.

4.14.2.3 Trajectory smoothing and ring-to-ring differen-
tial control for dual-ring layouts Trajectory smoothing is
essential for high-precision alignment and serves as a key
guarantee for accelerator tuning. Given that the STCF col-
lider adopts a dual-ring structure for electrons and positrons
with limited tunnel space and correlated alignment errors
between the two rings, dedicated research is needed on
alignment-based trajectory smoothing and differential con-
trol in such a configuration [144].

4.14.2.4 Accurate magnet  center  determination

and high-precision transfer techniques Precise determina-
tion of magnet centers is critical for successful alignment
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and beam tuning. Depending on magnet design, techniques
such as rotating coil, vibrating wire, magnetic targets,
image-based methods, capacitive wire position sensors,
coordinate measurement machines (CMMs), and precision
photogrammetry are used for reference point extraction and
high-precision mapping [145].

4.14.2.5 Accuracyand efficiency enhancement under strong
reference constraints in tunnel alignment networks Owing
to the STCF’s large scale and the long-term need for align-
ment maintenance, precision, efficiency, and reliability
must be improved under strong-reference-constrained tun-
nel alignment control networks. This is achieved by provid-
ing geometric constraints (position and attitude) to the laser
tracker stations, thereby controlling cumulative measure-
ment errors in the secondary network and resolving direc-
tional instability in intermediate sections [146—149].

4.14.3 Design scheme and system composition

The STCF alignment system is designed with seven key
processes:

e Establishment and measurement of the first-level surface
control network;

e Establishment and measurement of the second-level tun-
nel control network;

e Extraction and calibration of physical centers of equip-
ment;

e Pre-alignment installation of magnet units on support
structures;

e Initial alignment of equipment inside the tunnel;

e Beamline trajectory smoothing and dual-ring differential
control alignment;

e Monitoring of ground settlement and deformation.

4.14.3.1 Establishment and measurement of first-level sur-
face control network The first-level control network con-
sists of permanent control points for the injector, collider
rings, and surface installations. It is typically constructed
using downward excavation and permanent rock pile foun-
dations, with vertical projections aligned to the building
roof. Measurements are performed using GNSS receivers
and total stations. This network serves two purposes:

e Maintain global spatial relationships between the linacs,
transport lines, DR, and collider rings;

e Provide absolute accuracy constraints to ensure relative
positional requirements from the physics design are met
across the facility.
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4.14.3.2 Establishment and measurement of second-level
tunnel control network The second-level control network
is deployed along the tunnel every 3—6 m, with five refer-
ence points per segment: two on the floor, one each on the
inner and outer walls, and one on the ceiling. Reference
points are custom-machined and permanently bonded to
tunnel surfaces with epoxy. This network reestablishes a
unified facility coordinate system and provides essential
spatial positioning references for equipment installation.

4.14.3.3 Extraction and calibration of physical centers
of STCF equipment The physical center of STCF equip-
ment refers to the magnetic or electric center, which is
not directly observable and must be transformed into a
mechanical center for alignment. This transformation
introduces inevitable conversion error, so strict control
of extraction accuracy is essential. For components with
moderate accuracy requirements, the mechanical center is
used as a substitute. The standard edge method laser track-
ers enable measurement and extraction of the mechanical
center with up to 0.05 mm accuracy.

4.14.3.4 Pre-alignment installation of equipment on sup-
portstructures Pre-alignment installation is performed in
controlled laboratory environments using high-precision
tools. Equipment is locally aligned on support modules
before tunnel installation, improving local alignment pre-
cision and reducing installation time and complexity dur-
ing assembly.

4.14.3.5 Initial alignment of equipment in the tun-
nel Once equipment is coarsely positioned in the tunnel,
laser trackers use the tunnel control network to reestab-
lish the facility-wide coordinate system, enabling accurate

alignment of magnets and other components to their theo-
retical spatial positions.

4.14.3.6 Beamline trajectory smoothing and dual-ring
differential control alignment Tunnel foundation settle-
ment, environmental effects, and installation errors can
cause deviations from theoretical trajectories, resulting
in trajectory irregularities that affect machine tuning. A
global smoothing algorithm is used post-installation to
minimize local corrections while achieving globally opti-
mized beamline smoothness. Given the unique dual-ring
layout of the STCF, additional studies and optimization
are required for differential control and trajectory smooth-
ing between the two rings to meet operational physics
requirements.

4.14.3.7 Monitoring of ground deformation Foundation
movement can cause cumulative displacement of accel-
erator equipment. Long-term monitoring is therefore
required to track such deformations and enable timely cor-
rection during operational maintenance.

4.14.4 Feasibility analysis

Unlike fourth-generation diffraction-limited synchrotron
light sources, which require sub-micron alignment preci-
sion over entire storage rings, the most stringent alignment
requirements at STCF are concentrated in the IR. Multiple
fourth-generation light sources, such as HEPS, have been
successfully constructed and commissioned both in China
and internationally. In comparison, the technical solutions
proposed for STCF are generally mature and feasible.
Among STCF subsystems, the collider rings pose the
greatest alignment precision challenge, followed by the

Table 61 The control limits of induced radioactive gas in tunnel during STCF operation (Bg/cm?)

Isotope ‘H "Be e 150

35S 37Ar 38Cl 41Ar

Limit 1.23x10° 1.23%10° 1.23%x 10!

1.23x107!

1.23x 107 1.22%10° 1.22%x 1072 1.23x107!

Table 62 The clearance levels

. . ) Isotope Activity conc.  Total activity (Bq) Isotope Activity conc.  Total activity (Bq)
of solid radioactive waste (Bg/e) (Bq/e)
*H 1.0x10° 1.0x10° 3Mn 1.0x 10! 1.0x10°
46sc 1.0x 10! 1.0x10° %Co 1.0x 10! 1.0x10°
By 1.0x10! 1.0x10° Co 1.0x10% 1.0x10°
Sicr 1.0x10° 1.0x 10 BCo 1.0x10! 1.0x10°
S'Mn 1.0x10! 1.0x107 “Mo 1.0x10% 1.0x10°
2Mn 1.0x10! 1.0x 10 S2mMn 1.0x 10! 1.0x10°
*Mn 1.0x10' 1.0x10° BmCo 1.0x10* 1.0x107
3Fe 1.0x10* 1.0x10° 99mTe 1.0x10% 1.0x 107
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DR, linacs, and beam transport lines. The IR of the collider
rings is particularly complex due to limited space, cryogenic
conditions, and the need for high precision in hard-to-access
locations. The dual-ring structure further increases complex-
ity compared to single-ring light sources.

Targeted research has been conducted on five key
technologies:

e FSI-based high-precision alignment in confined spaces;

e Multi-sensor deformation monitoring in elongated
enclosed environments;

e Dual-ring trajectory smoothing and differential control;

e High-precision magnetic center extraction;

e High-efficiency accuracy enhancement under strong-
reference tunnel control networks.

These studies indicate that the alignment requirements of
the STCF can be realized with good confidence.

4.14.5 Summary

Through the systematic description of the STCF alignment
system—including design, specifications, core technologies,
system composition, and feasibility analysis—it can be con-
cluded that the proposed technical approach is highly execut-
able and capable of meeting the alignment requirements of
the STCF accelerator.

4.15 Radiation protection system

The STCF accelerator is a high-energy electron—positron
collider comprising multiple linac sections, a damping/accu-
mulation ring, several beam transport lines, and two collider
rings. The maximum beam energy for both electrons and
positrons is 3.5 GeV, with a center-of-mass energy range
of 2-7 GeV and a maximum circulating current of 2 A in
the collider rings. In addition to synchrotron X-ray radiation
emitted during normal operation, other radiation sources
include bremsstrahlung produced by interactions between
the beam and residual gas and secondary particles generated
when beam losses interact with accelerator components and
shielding materials via nuclear reactions. These sources can
result in radiation exposure to personnel and the surrounding
environment.

The primary goal of radiation shielding is to ensure that
the dose outside shielding structures remains within design
and regulatory limits. Following the ALARA principle (As
Low As Reasonably Achievable), radiation exposure to per-
sonnel and the environment should be minimized. Accord-
ingly, the radiation protection system is an essential compo-
nent of the STCF facility. It encompasses studies and design
considerations for operational and maintenance radiation
fields, shielding calculations and layout, dose estimation,
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monitoring systems, personnel safety interlocks, personal
and environmental dose monitoring, evaluation of radioac-
tive gaseous, liquid, and solid waste, and overall radiation
safety management.

4.15.1 System design requirements and criteria

4.15.1.1 Dose constraint values and limits According to the
Basic Standards for Ionizing Radiation Protection and the
Safety of Radiation Sources (GB 18871-2002) [150] and
Regulations for Radiation Protection of Particle Accelera-
tors (GB 5172-85) combined with the specific needs of the
STCEF project, the following requirements must be met:

e Basic Dose Limits:

e For occupational exposure, the average effective dose
limit over five consecutive years is 20 mSv/year.

e For members of the public: the annual effective dose
limit for individuals in critical groups is 1 mSv.

Dose Constraints (used for design purposes):

e STCF radiation workers: 5 mSv/year

e Visiting scientists or users: 1 mSv/year, assuming up
to 400 h of work per year

e General public: 0.1 mSv/year

4.15.1.2 Dose rate control levels Under normal operating
conditions, the ambient dose equivalent rate at 30 cm from
the shielding surface of the beamline enclosure must be less
than 2.5 pSv/h.

Under beam loss accident scenarios, the maximum accu-
mulated dose at the outer surface of the shielding must be
less than 1 mSv per incident.

4.15.1.3 Control levels for induced radioactive gases
and clearance levels for solid waste Induced radioactive gas
control levels are based on the exemption activity concen-
tration limits in Appendix A, Table Al of GB 18871-2002
[150], assuming an air density of 1.225x 107> g/cm®. The
control limits of induced radioactive gas in tunnel during
STCEF operation are given in Table 61.

For radioactive solid waste, the clearance levels are also
based on Appendix Al of GB 18871-2002 [150]. Table 62
lists the clearance levels of solid radioactive waste.

4.15.1.4 Wastewater discharge standards According to
GB 18871-2002, Section 8.6.2, radioactive wastewater may
be discharged to regular municipal sewage systems with a
flow rate at least 10 times higher than the discharge rate,
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after treatment and approval by regulatory authorities. The
discharge limits are

e Monthly total discharged activity: <10 ALImin

e Per-discharge activity: <1 ALImin

e After each discharge, flush the system with water at least
3 x the discharge volume.

Note: ALImin refers to the smaller value between the
annual intake limits for ingestion or inhalation relevant to
occupational exposure.

4.15.2 Key technologies and technical approaches

4.15.2.1 Source term analysis As a high-energy electron—
positron accelerator, the STCF involves a variety of beam—
matter interactions, including interactions of electrons and
positrons with residual gas, collimators and targets, vacuum
chamber walls, and with each other during beam—beam
collisions. Electromagnetic cascades and nuclear reactions
dominate these processes, giving rise to ionizing radiation
fields (instantaneous and mixed) and the formation of radio-
active nuclei inside target materials (induced radioactivity).
The radiation sources therefore include both prompt radia-
tion and induced radioactivity.
Sources of prompt radiation include:

e Random beam losses from particles in the beam halo
striking the vacuum chamber walls (modeled as uniform
loss);

e Sudden loss of an entire bunch (100% loss of a beam
bunch);

e Bremsstrahlung generated by beam interaction with
residual gas;

e Point losses from positron targets, positron linac sections,
electron and positron storage rings, damping/accumula-
tion rings, and main linacs;

e Radiation from electron—positron collisions;

e Beam losses during machine tuning and at beam dumps
(e.g., from bunch swap-out or beam abort scenarios dur-
ing injection in swap-out mode).

e The secondary particles generated in prompt radiation
can carry energies up to the full incident beam energy
and may also initiate activation processes in nearby mate-
rials.

Induced radioactivity arises when particles lost during
beam operation interact with components, vacuum walls,
targets, and other structures. The resulting prompt radiation
further induces nuclear reactions in surrounding materi-
als, shielding, air, and water, converting stable nuclei into
radioactive isotopes. After beam shutdown, prompt radia-
tion ceases, but induced radioactivity persists. The produced

isotopes decay over time, emitting gamma and beta radia-
tion, which can pose hazards to personnel and the environ-
ment. Evaluation and mitigation strategies are therefore
required to manage these risks effectively.

Key activation products include:

e Activated structural materials (e.g., Cu, Fe, stainless
steel, Al, Al alloys): 3Mn, 3*™Mn, **Mn, 8V, °!Cr
Activated shielding concrete: 22Na, 24Na, 5“Mn
Activated air: °H, "Be, ''C, I°N, °0, #'Ar

Activated cooling water: ''C, I°N, 150, "Be, *H
Activated soil and groundwater: 'Be, *H, *’Na

4.15.2.2 Shielding calculation methods The radiation
shielding design for STCF follows internationally recog-
nized methodologies for electron accelerator shielding,
combining empirical formulas with Monte Carlo simula-
tions. The final design integrates simulation results with
proven engineering practices:

e Empirical formulas: Primarily based on Jenkins and
Sakano’s methods.

e Monte Carlo simulations: Performed using FLUKA.

e Skyshine (air-scattered radiation): Calculated using the
semi-empirical Stapleton formula.

e Engineering references: Drawn from experiences at
BEPC [151-154], Beijing High Energy Photo Source
[155], HALF, and similar domestic and international
facilities.

4.15.2.3 Radiation monitoring system The STCF radia-
tion monitoring subsystem will be a state-of-the-art, fully
integrated system designed in compliance with the latest
legal requirements and international standards. Key con-
siderations in the design include:

e Results from preliminary hazard assessments;

e Latest technological developments;

e Unique beam time structure and radiation field charac-
teristics.

The system will continuously measure environmental
dose rates in both accelerator operational areas and sur-
rounding interior/exterior zones. If dose levels exceed pre-
defined thresholds in a controlled radiation zone, alarms
will be triggered, including remote alerts to the control
room. Additional capabilities include:

e Remote monitoring;

e Long-term data storage;
e Offline data analysis.
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A critical challenge is ensuring detector responsive-
ness under STCF-specific conditions: ultra-high beam loss
rates, high beam energies, complex secondary particle dis-
tributions, and time-structured radiation. Evaluation will
be required to determine whether conventional detectors
suffice or if new detectors need to be developed.
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4.15.2.4 Personnel safety interlock subsystem (PSIS) The
STCF Personnel Safety Interlock Subsystem (PSIS), due to
its unique application environment, must comply not only
with low-voltage electrical system design standards but also
with radiation protection regulations. Drawing on best prac-
tices and operational experience from national and interna-
tional accelerator facilities, the PSIS for STCF is designed
with the following principles [153]:

Hardware reliability;

Optimal shutdown logic;
Fail-safe operation;
Redundancy;
Defense-in-depth;
Self-diagnosis and inspection;
Human-centered design.

A critical aspect is the logical structure of the interlock
system. The PSIS is tightly integrated with the radiation
monitoring system to ensure coordinated and safe accelera-
tor operation.

4.15.3 Design scheme and system architecture

4.15.3.1 STCF accelerator tunnel shielding design In the
shielding design, FLUKA simulations were conducted
under two beam loss scenarios: uniform loss along the beam
envelope and sudden full-bunch loss. Neutron and photon
energy spectra were calculated at various distances from
copper and stainless steel targets impacted by high-energy
electron beams. Using the shielding design objectives,
radiation shielding formulas, and beam loss assumptions,
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radiation dose rates and primary shielding thicknesses were
determined for each accelerator section under various oper-
ating conditions. Dose calculations account for both public
and occupational occupancy: public occupancy is assumed
year-round with a factor of 1, while workers are assumed to
be present for up to 2000 h per year. Depending on the loca-
tion, occupancy factors of 1 or 1/10 are applied to accessible
areas outside the shielding walls.

To meet STCF radiation protection objectives, dose rates
on the surface of shielding walls and on the ground above
underground tunnels were calculated using the specified
beam loss scenarios and shielding thicknesses. These cal-
culations ensure that, even under assumed beam loss condi-
tions, shielding walls reduce dose rates in accessible areas
to levels consistent with STCF design goals.

Shielding strategies vary by tunnel location. The injec-
tor’s accelerator sections, tentatively located 6.5 m under-
ground, use concrete combined with soil overburden for
shielding. The collider ring tunnel, situated at or near
ground level, relies primarily on concrete shielding. In
special areas, shielding may include heavy concrete com-
bined with steel plates. Personnel access corridors employ
maze-type shielding and shielding doors, with shielding
thicknesses determined through source term simulations.

4.15.3.2 Personnel safety interlock subsystem The Per-
sonnel Safety Interlock Subsystem (PSIS) is built on the
interlock control infrastructure and supported by an access
control monitoring system. Guided by principles of digi-
talization, networking, integration, and human-centered
design, the system ensures personnel safety in radiation-
controlled areas, such as tunnels, and helps prevent radia-
tion accidents.

The PSIS is managed by programmable logic controllers
(PLCs) and complemented by access control systems and
interlock keys, with the following core functions:

e Prevent personnel from entering zones where prompt
radiation is present.

e Prevent radiation generation while personnel remain in
controlled zones.

e Prevent uncontrolled radiation leakage from controlled
areas.

A conceptual system diagram is shown in Fig. 240 [153].

When the accelerator is operating in beam mode, inter-
locks are activated for the corresponding areas, prohibiting
personnel access. After shutdown, access for maintenance
is permitted. Each interlock zone includes multiple interlock
doors and shielding doors, all equipped with status indica-
tors, interlock control boxes, access control readers, emer-
gency open buttons, and interlock key systems.

Within each tunnel zone, emergency stop buttons are
installed every 10 m along walkways, ensuring at least two
stop points per zone. Search and clearance buttons, along
with audio-visual alarms, are installed at exits, remote cor-
ners, and blind spots. PSIS input and output signals interface
with the accelerator management system, ventilation con-
trol, high-power equipment systems, and on-site interlock
hardware, including stop buttons, clearance buttons, access
readers, and interlock key devices.

4.15.3.3 Radiation monitoring subsystem The radiation
monitoring system includes area monitoring, individual
dose monitoring, and environmental monitoring:

e Area Monitoring: Combines fixed online monitors with
mobile survey instruments.

e Environmental Monitoring: Employs fixed radiation
monitors for continuous observation and periodic sam-
pling and analysis of environmental media.

e Personnel Dosimetry: Primarily uses passive dose
badges, supplemented by personal alarm dosimeters.
Personnel are monitored quarterly.

Routine area radiation monitoring ensures workplace
safety and verifies that protective measures prevent acci-
dental exposure to staff and the public.

As illustrated in Fig. 241, the system consists of:

e Local detectors for real-time area and environmental dose
rate measurements;

e Data transmission and acquisition systems to send infor-
mation to the central control and data storage center;

e Functions including threshold alarms, data archiving,
information publication, and interfacing with interlock
controls.

To ensure reliable control and communication under
varying conditions, the system supports four communica-
tion channels: Ethernet, wireless, GPRS, and offline logging.

4.15.4 Feasibility analysis

The STCF project team brings together researchers from
across the country with expertise in relevant fields. Domesti-
cally, substantial experience already exists in the design and
operation of radiation protection systems for high-energy
electron accelerators, providing a solid foundation for the
successful implementation of this project. The shielding
calculation software required is internationally recognized,
mature, and open-source, with controlled access rights. Con-
sequently, the proposed research topics, technical approach,
and design scheme are all feasible.
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4.15.5 Summary

The radiation protection system for the STCF facility encom-
passes source term analysis, shielding calculations, the radi-
ation monitoring subsystem, and the radiation safety inter-
lock subsystem. The facility’s complex structure, high beam
loss rate, unique beam timing, and generation of complex
secondary particles present significant challenges to radia-
tion protection design. However, by leveraging the design
experience of major domestic electron accelerator facilities,
the project team is well-positioned to implement an effective
radiation protection system for STCF. Continuous iteration
and close integration with the physical design will be essen-
tial to deliver a radiation protection solution that fully meets
all safety and regulatory requirements.

5 Key technology R&D
5.1 Overview

As described in Section 1, the STCF accelerator will exten-
sively adopt mature accelerator technologies. Over the past
two decades, China has built numerous accelerator facilities
at the international level, establishing a solid foundation in
accelerator technology. At the same time, the capabilities of
China’s manufacturing industry have significantly improved,
enabling domestic mastery of world-class accelerator tech-
nologies and equipment fabrication techniques—an impor-
tant advantage for constructing the STCF accelerator.
However, STCF also requires several technologies that
are not yet fully mastered by the project team or even within
China. In some cases, the required technical specifications
exceed the current international state-of-the-art, or the
technologies themselves have not been fully validated glob-
ally. Despite these challenges, adopting these novel tech-
nologies is crucial to achieving the performance goals of
a new-generation collider. It is a well-established practice

in the international accelerator and high-energy physics
communities to drive technological advancement through
sustained R&D and targeted pre-construction development.
This approach is essential not only for delivering cutting-
edge accelerator facilities but also for advancing accelerator
science as a whole.

The STCF project will follow a similar strategy, strength-
ening national collaboration, forming strong partnerships,
and organizing dedicated R&D campaigns to master key
technologies during both pre-research and construction
phases. Where necessary, temporary substitution with
mature technologies may be used during construction,
accepting modest trade-offs in device performance. These
temporary solutions would be replaced with advanced tech-
nologies once fully developed and validated.

During the conceptual design phase, the accelerator
team conducted systematic studies of the physical design
and coordinated closely between physical and technical
system design. This process allowed the team to identify
the complete set of technical requirements for building the
STCF accelerator, including both established technologies
and key technologies yet to be mastered. Through active
international collaboration, the team also gained a compre-
hensive understanding of design approaches and technical
levels of third-generation electron—positron colliders world-
wide, providing a strong foundation for targeted R&D and
engineering-oriented technical pre-research.

Given the varying degrees of technical maturity, diffi-
culty, and criticality of the required technologies, phased
R&D programs are necessary. During early project devel-
opment, the team received strong support from the Minis-
try of Science and Technology, the National Natural Sci-
ence Foundation of China (NSFC), the Chinese Academy
of Sciences, and the University of Science and Technology
of China (USTC), enabling significant progress. However,
due to the complexity of the STCF accelerator, a large-
scale collaborative effort was required for comprehensive
design and research, which was not fully achieved during

Table 63 Design and prototype Item

targets for the IRSM
Magnet assembly
Distance from IP to Q-center
Quadrupole and correction coils

Cross-talk
Magnetic length
Coil inner diameter
Coil outer diameter
Anti-solenoid coil

Parameter Design target Prototype target
Double-aperture angle 60 mrad 60 mrad
1100 mm 1100 mm
Field gradient >50 T/m >50 T/m
High-order field error <0.2 %o <1.0 %o
<30 Gauss N/A
<400 mm <400 mm
~22 mm ~22 mm
<27 mm <27 mm
Field strength >1T N/A
Integrated field Suppress to <1% of N/A
(within +£2 m of IP) detector solenoid field

@ Springer



Conceptual design report of the Super Tau-Charm Facility: the accelerator

Page 157 of 170 242

the initial stage. Consequently, early-phase R&D work was
not fully systematic and only partially addressed certain key
technologies.

Since 2023, with joint support from Anhui Province,
the City of Hefei, and USTC through a provincial science
and technology special initiative, the STCF team has con-
ducted focused R&D on critical technologies, achieving
major advances, particularly in accelerator-related areas.
Section 5.2 presents specific progress and deployment of
these R&D initiatives. Additional key technologies and
engineering techniques still requiring validation—including
follow-up work from the current R&D program—will be
addressed in the next project phase to ensure STCF can com-
mence construction as planned in 2027 or 2028, as detailed
in Sect. 5.3.

5.2 Ongoing R&D on key technologies

With support from the Anhui Provincial “STCF Key Tech-
nology R&D Project” and the National Key R&D Program
project titled “Physics and Key Technology Research on
High-Luminosity Electron—Positron Accelerators and
Detectors in the GeV Energy Range,” the STCF accelerator
team is actively pursuing R&D on several critical accelera-
tor technologies. These include: superconducting magnet
technology for the IR, high-power RF technology for the
collider rings, high-precision beam diagnostics and fast feed-
back systems, beam injection technology, MDI mechanical
integration, high-charge S-band PC electron sources, large-
aperture S-band accelerating structures, and high-power
positron target technology.

For the injector-related technologies—such as the PC
electron source, large-aperture accelerating structures, and
positron target—the team plans to integrate prototype sys-
tems into a newly constructed test platform for electron and
positron beam experiments. The major R&D efforts under
way are outlined below.

5.2.1 Superconducting magnet technology
for the interaction region

As a third-generation electron—positron collider, STCF
adopts a large crossing angle collision scheme, requiring
the FF superconducting quadrupoles to be positioned as
close as possible to the IP. This design faces significant con-
straints, making the development of IRSMs a major techni-
cal challenge.

On both sides of the IP, a set of double-aperture com-
bined superconducting magnets is located deep within the
detector. These magnets must provide strong focusing to
minimize beam size at the collision point while incorporat-
ing orbit correction, higher-order multipole correction, and
solenoidal field compensation functions. The core of each

magnet set consists of two double-aperture quadrupole mag-
nets and includes compensation solenoids, correction coils,
harmonic compensation coils, and anti-solenoid windings.
These magnets feature multiple coil types, high gradient, and
high magnetic field precision. The current layout of the IR
magnets is shown in Fig. 62.

The complexity of this magnet system is further increased
by strict spatial constraints, including limited separation
between apertures and restricted outer dimensions. Interna-
tionally, few precedents exist. The only operational example
is the SuperKEKB collider in Japan, which uses an asym-
metric-energy beam scheme with different magnet require-
ments. Its performance has been suboptimal, and upgrades
are under consideration. Within China, no prior R&D exists
on double-aperture combined superconducting IR magnets.
However, the Institute of High Energy Physics (IHEP) devel-
oped a single-aperture combined superconducting magnet
for BEPCII using the serpentine winding technique origi-
nally developed by BNL and a single-aperture prototype for
CEPC using the Cos26 winding technique. These efforts
provide useful references for STCF.

The STCF team has identified IRSM development as a
top-priority key technology. Experts in superconducting
magnet R&D were consulted to evaluate four design tech-
nologies—CCT, cos26, DCT, and serpentine winding. After
comparative studies and international input, the CCT (canted
cosine-theta) scheme was selected as the baseline for STCF
IR magnet prototyping.

Prototyping is divided into two stages: the first stage
develops the CCT-based design, manufacturing process, and
a double-aperture quadrupole prototype; the second stage
develops a full engineering prototype of the combined mag-
net system based on refined accelerator optics requirements.
The design and prototype goals are listed in Table 63.

The R&D process includes the following steps: (1) con-
sidering accelerator optics and spatial constraints to per-
form 2D/3D magnetic field calculations using tools such as
OPERA; (2) structural design of the full system, including
thermal, electrical, and mechanical properties, using 3D
CAD and finite element analysis tools; (3) selection of coil
materials and support structure designs suitable for cryo-
genic operation; (4) machining and winding trials of CCT
coil supports; (5) fabrication of a prototype superconduct-
ing magnet; (6) vertical cryogenic testing to verify opera-
tional current and magnetic field quality; (7) refinement of
the magnetic design and manufacturing process for future
engineering models.

5.2.2 RF technology R&D for the collider ring
STCF will operate with high beam currents (22 A) and low

emittance, making beam—cavity interaction effects—such
as beam loading and HOM instabilities—critical concerns.
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These challenges place stringent requirements on the RF
system, particularly the development of accelerating cavities
capable of handling high power (~300 kW) with low R/Q
and deeply damped HOMs.

Although similar challenges have been addressed inter-
nationally, domestic R&D in this area lags significantly.
Advances in technology now demand cavity designs that
are more effective and economical than previous genera-
tions. After reviewing RF cavities used in global storage
rings of both e*e™ colliders and synchrotron light sources,
the team identified the 500 MHz room-temperature TM020
cavity, developed jointly by Spring-8 and KEK, as a promis-
ing candidate for STCF (see Sect. 4.3 for details).

While the NanoTerasu light source in Japan has deployed
this cavity type, STCF’s much higher beam current imposes
significantly greater demands on both the cavity and power
coupler. This necessitates dedicated domestic development
of the TMO020 cavity and high-power coupler, including
mechanical design, fabrication techniques, and tuning sys-
tems. Development of the LLRF system is also essential, as
it forms the foundation for stable RF operation and beam
feedback.

The ring RF technology development will proceed in
stages. The current phase focuses on building a TM020
prototype cavity to study its mechanical and RF properties,
along with high-power coupler development and tuning
strategies. In the next phase, improvements based on this
work will enable construction of an engineering prototype
that meets all operational requirements for STCF.

5.2.3 Beam instrumentation technology R&D

Compared with fourth-generation synchrotron light sources
under construction, STCF operates at much higher beam
currents and achieves extremely small beam spots at the
IP. Compared to colliders like SuperKEKB, STCF oper-
ates at lower energies, where collective effects such as IBS
are more pronounced. Under conditions of intense radia-
tion background and strong collective effects, accurate and
timely beam parameter measurements—and precise, fast
tuning capabilities—are key limiting factors for STCF per-
formance. The overall performance targets for STCF’s beam
diagnostics system must significantly exceed the capabilities
of BEPCII and SuperKEKB, ensuring stable beam operation
under high-luminosity conditions. This requires the devel-
opment of advanced diagnostics for high-precision bunch-
by-bunch spatial resolution, suppression of instabilities via
bunch-by-bunch feedback, and interaction-point-based lumi-
nosity feedback. These efforts are actively pursued.

5.2.3.1 Bunch-by-bunch precision diagnostics for the col-

lider rings To reduce noise from multiple front-end com-
ponents, a low-noise signal-conditioning front-end is under
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Table 64 Electron—positron beam test platform design and accept-
ance parameters

No Parameter description Design target

1 Electron beam energy (MeV) 100

2 Electron bunch charge (nC) 8

3 RF frequency (MHz) 2998

4 Macro-pulse repetition rate (Hz) Max 50 (1
Hz at high
charge)

5 Energy stability 0.1% rms

6 Bunch length (rms) (ps) 4

7 Beam spot at positron target (rms) (mm) ~2

8 Positron beam energy (MeV) 100

9 Positron yield (e*/e™) 0.1%

development, paired with a high-sampling-rate, high-band-
width multi-channel oscilloscope for initial signal observa-
tion and offline data analysis.

A phase-resolved sampling technique is being developed,
sampling at two fixed-delay points near the signal peak to
suppress phase jitter effects on peak value determination.
Combined with a modal-matching amplitude and phase
extraction algorithm, this approach enables 3D position and
charge measurements using only eight original sampling
channels, achieving high signal-to-noise ratio and integra-
tion. An integrated bunch-by-bunch 3D position signal pro-
cessor is under development, featuring an eight-channel data
acquisition system. The prototype includes both an analog
front-end electronics module (with 8-channel ADCs) and
a digital processing module based on FPGA, and supports
external clocking and triggering.

Based on this system, transient analysis of off-axis beam
injection can be performed. After injection, differences
in the initial conditions between the injected and stored
bunches cause the injected bunches to undergo damped
oscillations in both longitudinal and transverse dimensions
around the stored beam’s equilibrium position. Eventually,
they merge fully. Bunch-by-bunch precision diagnostics ena-
bles detailed observation of this evolution.

5.2.3.2 Collision stability and feedback technologies This
segment involves two critical areas: a fast bunch-by-bunch
feedback technique to suppress collective beam instabilities
and a luminosity-oriented feedback technique at the IP.

The bunch-by-bunch feedback system includes RF sig-
nal processors, digital processors, broadband linear power
amplifiers, and transverse and longitudinal kickers. Given
STCF’s high beam current (=2 A), multiple kickers may be
required in the same direction. Custom processors are under
development to support multiple independent-phase feed-
back outputs. Broadband amplifiers, currently dominated by
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Fig. 242 (Color online) Schematic layout of the electron—positron beam test platform

foreign suppliers at high cost, are being developed domesti-
cally to reduce dependency.

Beam-beam interactions and micro-vibrations affecting
the final focus superconducting magnets, particularly in the
vertical plane, can cause closed orbit distortions and col-
lision angle changes at the IP, leading to luminosity jitter.
Interaction-point orbit feedback can mitigate this. For exam-
ple, a single-chamber dual-beam BPM with eight electrodes,
currently under international study, can measure relative dis-
placement of electron and positron beams. When combined
with the detector’s luminosity monitoring system, this ena-
bles real-time orbit corrections to stabilize luminosity. These
technologies are under exploratory study by the STCF beam
instrumentation team in the pre-research phase.

5.2.4 MDI technology R&D

The MDI at the IR is one of the most complex challenges
in collider engineering (see Sects. 2.12 and 4.13). It must
satisfy interrelated requirements from multiple domains.
For example, the accelerator physics design specifies the
position, aperture, and field configuration of the IP super-
conducting magnet assembly. At the same time, the detector
imposes stringent constraints on the transverse boundaries
of these accelerator components. The close spacing between
dual-aperture superconducting quadrupoles and limited
volume for coil supports and cryostats severely constrains
mechanical integration. Moreover, the vacuum system must
achieve ultra-high vacuum without dedicated pumps, while
accounting for beam losses, beam-gas interactions, and
radiation backgrounds from bremsstrahlung and synchrotron
radiation, which add to local heat loads.

Mechanical support, maintenance procedures, and the
interface with external vacuum sections (RVCs) are further
complicated by the location inside the large spectrometer.
During R&D, multiple constraints must be studied, viable

structural solutions proposed, and prototype models devel-
oped. These activities must iteratively co-evolve with accel-
erator and detector physics designs, which will continue to
change in subsequent STCF design phases.

Prototyping begins with a 3D mechanical model, built
using geometry data from the collider optics, superconduct-
ing magnet layout, vacuum system, and detector structure.
This model supports integrated assembly planning, handling
strategies, and co-design with other systems. A full-scale
(1:1) mechanical integration prototype (one side) will then
be fabricated to verify the mechanical design and installa-
tion process.

5.2.5 Collider ring injection technology R&D

Because the STFC has a small dynamic aperture and
extremely short beam lifetime, each of the collider rings
requires an injection and extraction system with exceptional
performance. In particular, the proposed swap-out injection
scheme imposes stringent timing requirements: the pulsed
kicker magnet must respond within just a few nanoseconds
and operate at high repetition rates, posing major technical
challenges.

In the R&D phase, the team is not only supporting the
ongoing injection system design (see Sect. 4.4) but is also
developing and testing two kicker magnet prototypes: One is
an ultra-fast pulsed kicker for the swap-out injection scheme
and the other is a nonlinear pulsed kicker for the traditional
off-axis injection scheme. Although similar devices have
been developed and even operated both internationally and
domestically, the technology is still evolving. STCF places
higher demands on performance than current systems. The
goal is to achieve full mastery of pulsed injection kicker
technologies that meet STCF requirements.
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5.2.6 Injector-related technology R&D and the e*/e™ test
platform

5.2.6.1 Key injector technologies To achieve the ultra-high
luminosity design goals of STCF, the collider must oper-
ate with high beam currents, a small dynamic aperture,
and short beam lifetimes. This necessitates top-up injec-
tion using high-charge, low-emittance electron and positron
bunches at a moderate repetition rate. Minimizing luminos-
ity perturbation from the injected beams is essential.

Whether employing off-axis or swap-out injection, the
injector must support high-repetition, high-charge beams
with excellent beam quality. This places much stricter
demands on beam performance and control precision com-
pared with BEPCII. Therefore, targeted R&D on key ena-
bling injector technologies is required.

Current R&D efforts focus on developing a high-charge
photoinjector, an S-band RF system with energy compres-
sion, a high-power solid-state modulator, large-aperture
S-band positron accelerating structures, a high-power posi-
tron target, an AMD, and diagnostics for precise measure-
ment of bunch charge and bunch length.

5.2.6.2 Electron-positron beam test platform To support
the injector-related key technologies described above, the
STCF team has designed an integrated electron—positron
beam test platform—also referred to as the beam test facil-
ity—where multiple R&D components can be evaluated
within a unified experimental environment. The platform
includes a high-charge photoinjector, a 100 MeV electron
linac, a positron production target and an AMD, a 100 MeV
positron linac, as well as comprehensive beam diagnostics
and a beam dump system. The system parameters are sum-
marized in Table 64.

This test platform is being co-developed with the klystron
and accelerating structure test facility of the HALF, sharing
infrastructure and space. The layout is shown in Fig. 242.

The test facility will address the following six major tech-
nical tasks:

1. Develop a high-charge, low-emittance S-band PC elec-
tron gun;

2. Construct a 100 MeV electron linac to accelerate elec-
trons from the photoinjector and deliver them either to
the positron production target or to an upstream beam
dump;

3. Build a positron target and an AMD;

4. Construct a 100 MeV positron linac to capture and
accelerate positrons using large-aperture accelerating
structures;

5. Transport both electron and positron beams to a diag-
nostics beamline and a downstream beam dump;
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6. Carry out precision beam diagnostics for both species to
validate physical models of the STCF injector and verify
beam quality, stability, and measurement techniques.

5.3 Future R&D on key accelerator technologies
5.3.1 Continuation of current key technology R&D

Some of the ongoing STCF accelerator technology devel-
opment efforts involve significant technical challenges that
require a staged approach. The first stage is primarily explor-
atory, focusing on prototype-level validation to identify tech-
nical bottlenecks and establish feasible processes—often
referred to as the “proof-of-principle” stage. The second
stage builds upon this foundation to achieve full technical
performance through system integration and engineering-
level implementation, culminating in the development of
qualified engineering prototypes.

One of the core areas requiring continued advancement is
the superconducting magnet system in the IR. Building on
the current prototype of a double-aperture superconducting
quadrupole magnet, the next step is to develop a full engi-
neering model. This model must accommodate the mechani-
cal and spatial constraints defined by the MDI region, satisfy
updated physical parameters driven by machine optics, and
integrate high-order harmonic correction coils and anti-sole-
noid compensation coils. In addition, the coil and compact
cryostat structures must be jointly optimized. The resulting
engineering prototype will undergo rigorous performance
validation before being qualified for deployment.

Another key area is the high-power RF system for the
storage rings. The initial phase of research has focused on
the structural design, machining processes, and LLRF con-
trols of a TM020-type room-temperature cavity. However,
to meet STCF’s high-current operational requirements, sub-
sequent R&D must address the development of high-power
input couplers and structural optimizations to enhance power
handling and electromagnetic performance. The ultimate
objective is to produce a TM020-type cavity that fully meets
STCEF specifications at the engineering prototype level.

5.3.2 Additional accelerator technology development

Following the completion of the STCF conceptual design
and external expert evaluations, it has become clear that
several technologies—originally considered secondary or
of uncertain necessity—are, in fact, indispensable for STCF
construction and must be addressed through targeted R&D.
These technologies are not yet sufficiently mature for direct
application in STCF and should therefore be prioritized for
dedicated development.

In many cases, the fundamental knowledge base and tech-
nical infrastructure already exist domestically. However,
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Table 65 Purified compressed air quality requirements

Type Oil content Contained par- Dew point (°C)
(mg/m?) ticle size (um)
Instrumenta- <0.01 <0.1 -40

tion-grade air

The estimated compressed air consumption is approximately 500
Nm>/h, with a working pressure of 0.6 MPa

current performance levels do not meet the stringent require-
ments of STCF. Consequently, these technologies must be
elevated to the status of key technical areas, with focused
efforts to develop engineering-level prototypes that satisfy
project specifications.

Furthermore, certain technologies are currently avail-
able only from established international suppliers and have
not yet been developed domestically. To mitigate potential
supply chain risks during STCF construction, it is essential
to initiate parallel domestic development of these systems.
Even if early-stage performance falls short of foreign coun-
terparts, such efforts will strengthen future self-reliance and
reduce strategic vulnerabilities during the STCF engineering
phase.

6 Requirements for utility infrastructure

Large-scale accelerator facilities impose exceptionally
stringent demands on utility systems, far exceeding those
of conventional research laboratories or civilian buildings.
These systems represent a critical component of the overall
engineering design and construction process. Based on the
preliminary technical layout of the STCF accelerator, the
major infrastructure requirements have been largely defined.
They include the construction of injector tunnels, collider
ring tunnels, experimental and testing halls, and various
equipment rooms. Four to five equipment access points will
be established at key locations, such as the linac and DR
area, the beam crossing points of the collider rings, and the
experimental detector hall.

The collider rings and injector impose extensive require-
ments on public infrastructure, encompassing civil construc-
tion, power supply and energy management, HVAC systems,
process cooling water, cryogenics, water supply and drain-
age, geodetic surveying and alignment, networking and com-
puting infrastructure, transportation and logistics, as well as
system installation and integration. Moreover, since many
accelerator components operate within radiation-controlled
areas, the infrastructure must not only meet operational and
technical needs but also fully comply with radiation protec-
tion and safety standards.

6.1 Electrical power and system grounding
requirements

The primary power consumers of the STCF accelerator
include the collider rings, linac, DR, and beam transport
lines. Major energy-consuming systems consist of the RF
power sources, magnet power supplies, microwave sources
for the linac, cooling water pumps, and air-conditioning
units. The total estimated power demand is approximately
80 MVA.

A dedicated 110 kV substation with dual external trans-
mission lines will be constructed within the STCF site. A 10
kV distribution network will deliver power to substations in
each building, where it will be stepped down and distributed
to the accelerator systems. To ensure high power quality for
sensitive equipment, power conditioning devices and UPS
or energy storage systems will be installed where required.

Dedicated grounding networks will be implemented in
the tunnel areas for systems such as the RF, power sources,
and injection systems. A combined or M-type grounding
configuration will be adopted, achieving a grounding
resistance of less than 0.5 € to minimize interference from
common-mode conduction. Copper busbars will be routed
along tunnel walls, with reserved grounding terminals pro-
vided for equipment connection. The grounding system
will comply with IEC 62561 and GB/T 33588 standards,
ensuring full electromagnetic compatibility.

6.2 Water and cooling requirements

During accelerator operation, most of the electrical energy
consumed by the machine systems is converted into heat,
which must be effectively removed to maintain operational
temperature limits and ensure long-term stability. For
example, magnet coils generate resistive heat during exci-
tation and therefore require direct internal water cooling.
Temperature fluctuations in the cooling water can lead to
variations in the magnetic field, adversely affecting beam
stability. As such, the temperature stability of the cooling
water must meet the precision requirements of the magnets
and other sensitive components.

In addition to water-cooled magnets, other systems
requiring process cooling water include DC and pulsed
power supplies, electronics racks, RF equipment, and
cryogenic devices. The total thermal load from the STCF
accelerator equipment is estimated at approximately 30
MW. Most water-cooled systems operate at a nominal
pressure of 0.4 MPa, with a maximum of 0.6 MPa, and
require an inlet water temperature of 22 +0.5 °C.

Both primary and secondary cooling water will be
sourced from the municipal water supply, with an approxi-
mate total flow rate of 1500 m*/h. Several distributed water
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stations located around the accelerator will supply second-
ary cooling water to the machine systems. Heat extracted
by the secondary water loops will be transferred to the pri-
mary circuit, which will be cooled either by air or through
heat recovery systems.

The campus water supply and drainage system must
also meet the needs of both equipment and personnel.
Wastewater from cooling towers and filtration systems
will undergo treatment prior to discharge, and a compre-
hensive drainage network will be implemented throughout
the facility.

6.3 Compressed air requirements

The compressed air system at STCF is designed to provide
clean, stable, and reliable compressed air to all terminal
devices requiring pneumatic actuation, including vacuum
valves and other pneumatic components within the injector
and collider ring areas. The purified compressed air must
meet the quality standards specified in Table 65.

6.4 Ventilation and air-conditioning requirements

To maintain beam orbit stability, in addition to ensuring
the stability of power supplies and minimizing mechanical
deformation of magnets and their supports, the tunnel envi-
ronment—particularly within the collider rings—must meet
stringent environmental control requirements. The ambient
temperature in the collider ring tunnel shall be maintained
at 24+ 0.1 °C, with a relative humidity <50%.

A transverse ventilation scheme will be adopted for the
collider ring tunnel, divided into distributed ventilation sec-
tors around the ring. The ductwork and air outlets are specif-
ically designed to ensure uniform humidity and temperature
control during operation. To maintain airflow in the event of
duct failures, air will be supplied bi-directionally from both
ends using symmetrical configurations.

Rapid air exchange systems will be installed to provide
fresh air for personnel entry and to remove smoke or hazard-
ous gases in emergencies. The fresh air exchange rate shall
be at least 0.5 air changes per hour.

6.5 Cryogenic requirements

STCF employs two superconducting magnet subsystems
located in the IR, each comprising multiple magnet coils
housed within a cryostat extending into the detector volume
on either side of the IP. These magnets require cryogenic
cooling at 4.5 K and 1.5 bar. Each superconducting magnet
has a thermal load of approximately 37.2 W and requires 2.0
g/s of cold helium gas for current lead cooling. The thermal
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shield operates at 77 K, and the magnet cooldown rate must
be limited to below 10 K per hour.

To ensure stable operation of the IRSM systems, a dedi-
cated cryogenic system will be constructed to supply low-
temperature fluids at the required pressure and temperature
while removing thermal loads. The system design empha-
sizes reliability, safety, and maintainability. Cooling will be
provided via subcooled liquid helium at a pressure between
saturation and the critical point (2.3 bar), with two local
valve boxes controlling helium flow to and from the cry-
ostats. In addition to operational cooling, the cryogenic
system will support prototyping and performance testing.
It will include helium and nitrogen subsystem. The helium
system comprises storage tanks, refrigerators, cryogenic
transfer lines, valve boxes, and helium recovery and puri-
fication systems.

The nitrogen system supplies liquid nitrogen for refrigera-
tor precooling, purifier cooling, and thermal shield cooling.

Reliable cryogenic operation requires supporting utili-
ties such as water cooling, electrical power, compressed air,
and ventilation. The helium compressor, turbine expanders,
and associated components require approximately 30 m*/h
of cooling water and 800 kW of electrical power. Electrical
power will be provided via three-phase five-wire or single-
phase three-wire systems from the main distribution panel.
Major electrical loads include helium compressors, heaters,
mechanical and turbomolecular pumps, cranes, fans, HVAC
units, and lighting.

Compressed air is required to operate all pneumatic
valves in the cryogenic system—including control, shut-off,
and gate valves. A 15 m? air storage tank will be installed,
and the system will consume approximately 45 Nm>/h of
instrumentation compressed air.

6.6 Geodetic surveying

The STCF facility requires the establishment of a compre-
hensive geodetic reference infrastructure, including a dedi-
cated reference network and precise gravity leveling. This
infrastructure will support all project phases—from initial
construction through long-term operation—ensuring the
accurate spatial positioning and alignment of accelerator
components.

6.7 Ground settlement and micro-vibration
requirements

Ground vibrations—arising from micro-seismic activity,
environmental sources (e.g., machinery or human activity),
and internal facility equipment—can induce beam trajec-
tory drift and emittance growth. Site selection and foun-
dation design must therefore minimize vibration transmis-
sion. Based on beam dynamics, mechanical coupling, and
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feedback system constraints, the collider tunnel floor must
meet a vibration criterion where the rms displacement inte-
grated over the 1-100 Hz frequency range within any one-
second interval is less than 30 nm.

The injector tunnel floor must support loads up to 100
kN/m?, with flatness deviations of less than 4 mm per 25 m
and less than 10 mm over the total length, including trans-
fer lines. The collider tunnel floor must support up to 200
kN/m?, with the same flatness criteria and less than 10 mm
deviation around the full circumference.

Uneven ground settlement during operation can affect
beam trajectories. The allowable differential settlement rate
is limited to < 10 pm per 10 m per year for the collider tun-
nel and <20 pm per 10 m per year for the injector tunnel.
Real-time and long-term ground monitoring systems will be
implemented to ensure continuous compliance with these
criteria.

6.8 Communications, computing, and data services

STCF accelerator control and operations demand robust
infrastructure for data transmission, telephony, and wire-
less communication, supported by a dedicated fiber-optic
network. A central data center will be established to pro-
vide computing resources, data storage, operational support,
diagnostics, and secure network access.

6.9 Digital modeling

To achieve fully integrated visualization and planning for the
STCEF project, 3D digital models will be developed for all
key areas, including accelerator tunnels, detector halls, and
equipment rooms. These models will be integrated with the
engineering design database to support layout optimization,
ensure compliance with machine requirements, and reserve
space for future upgrades.

6.10 Transport and logistics

The transportation, storage, and installation of STCF techni-
cal components will be organized based on detailed specifi-
cations regarding device type, quantity, size, weight, testing
locations, operational positioning, storage conditions, and
vibration sensitivity. Custom transport and installation tools
will be designed according to tunnel dimensions and engi-
neering layout constraints.

Logistics planning will also address the movement of
personnel, equipment, and materials within tunnel sections
and equipment halls. Workflow analysis, including installa-
tion rates (e.g., number of magnets installed per day), will
inform the development of an efficient, safe, and coordinated

logistics strategy to meet installation schedules and overall
project milestones.
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