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Abstract

Due to the complex optics and strong magnets of the Super
Tau-Charm Facility (STCF) collider rings, the luminosity
and beam dynamics are highly sensitive to magnetic field
errors. Based on error sensitivity studies for the STCF and
error tolerances adopted in other collider rings, a preliminary
error budget has been established. This paper presents error
correction results for STCF collider rings with center-of-
mass energy of 2 GeV using a systematic correction chain,
that includes first-turn trajectory correction, orbit correc-
tion via dispersion-free steering method, beta correction via
LOCO method, and B} correction with the k-modulation
method. Simulation results show that after correction, the
global closed orbit, B-beat, dispersion distortion, and cou-
pling ratio are effectively reduced to acceptable levels. Con-
sequently, the impact on nonlinear dynamics and luminosity
is greatly suppressed.

INTRODUCTION

Aiming to investigate rich frontier physics in the tau-
charm energy range and probe new physics beyond the stan-
dard model, the Super Tau-Charm Facility (STCF) [1, 2],
proposed by the University of Science and Technology of
China, is designed as a new-generation double-ring electron-
positron collider. It covers a center-of-mass energy (CME)
from 2 GeV to 7 GeV and reaches a high luminosity exceed-
ing 1 x 1033 cm~2s~! at the optimal CME of 4 GeV. Ta-
ble 1 summarizes the current main design parameters of
the STCF collider rings with CME of 2 GeV. The previous
magnet layout and linear optics performance of the collider
rings (version 4) are presented in [1]. To reach such high
luminosity, the collider adopts a large Piwinski angle and
crab-waist collision scheme [3], similar to other e*/e™ col-
liders including SuperKEKB [4], FCC-ee [5], CEPC [6] and
BINP-SCTF [7].

Based on error sensitivity studies for STCF and the error
tolerances adopted in other collider rings [8, 9], we have
established a preliminary error budget, as summarized in
Table 2. All errors are assumed to follow Gaussian distribu-
tions truncated at 2.5¢. The RMS horizontal and vertical
misalignments of quadrupoles are generally 50 um, with
tighter tolerances of 30 um applied to the quadrupoles in
the final focus telescope section (Qgpr) due to their higher
sensitivity. Similarly, the RMS misalignments of sextupoles
are 50 um in the arc sections and 30 um in the interaction
region (IR). In this paper, we present the simulation of error
correction for the STCF collider rings at a CME of 2 GeV,
based on the version 5 lattice.
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Table 1: Main Design Parameters of STCF Collider Rings
at a CME of 2 GeV

Parameter Value
Beam energy of single ring, £ 1 GeV
Circumference, C 8255 m
Natural emittance, &, 3.25 nm
Coupling ratio, x 1 %
Beta functions at IP, /S5 40 mm /2 mm
Betatron tune, vx/vy 28.55/33.58
Beam current, / 0.8 A
Touschek lifetime 267 s

Luminosity, L 7.95 x 1033 cm—2s~!

Table 2: Magnet Error Budget of the STCF Collider Rings

Misalignment Rotation Main field
Magnet Ax Ay Az
(um) (um) (um)  (mrad) (%)

Dipole 100 100 100 0.1 0.02 %
Quadrupole 50 50 100 0.1 0.02 %
Qgrr 30 30 100 0.1 0.02 %
Arc Sextupole 50 50 100 0.1 0.02 %
IR Sextupole 30 30 100 0.1 0.02 %

CORRECTION METHOD AND RESULTS

Correction System Layout and Correction Flow

Drawing on the experience gained from other collider
rings, we outline the correction system layout as follows.
Beam position monitors (BPMs) are placed in drifts ad-
jacent to quadrupole magnets to allow beam-based align-
ment of their magnetic centres. Correctors are placed at
locations with large beta functions: horizontally near focus-
ing quadrupoles and vertically near defocusing quadrupoles.
Sextupoles, which exhibit strong nonlinear magnetic fields,
are equipped with both correctors and skew-quadrupole coils.
To suppress the transverse coupling, additional dedicated
skew quadrupoles are also installed in the long straight sec-
tions. Based on the error budget, 100 random error seeds
are generated. To restore the orbits, linear optics, and other
performance indicators, the following correction chain is
performed for each seed: i) first turn trajectory correction;
ii) closed orbit and dispersion correction; iii) linear optics
and coupling correction; iv) B} correction.

First-turn Trajectory Correction

The first-turn trajectory correction employs the trajec-
tory response matrix and the singular value decomposition
(SVD) method to steer the trajectory within the physical
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aperture. Sextupoles and octupoles are switched off, and
random errors are assigned to BPMs, including an offset
error of 300 um, a gain error of 5 %, a roll error of 0.1 mrad,
and a noise error of 1 um (all in RMS). About 25 % of the
singular values are retained to avoid exceeding the corrector
strength limits and to reduce the sensitivity to BPM errors.
The simulation results show that after three to four correc-
tion iterations, the trajectories of all error seeds are generally
reduced to below 5 mm, as shown in Fig. 1. The maximum
corrector strength used in this step is approximately 0.3 mrad
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Figure 1: First turn trajectories after correction.
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Closed Orbit and Dispersion Correction

The dispersion-free steering (DFS) method [10] effec-
tively corrects the closed orbits and dispersions by solving

-

6+d=0 (D)
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where A and B are the response matrices of the orbit and
dispersion with respect to the corrector kick, i the orbit vec-
tor, D, the dispersion vector, and 6 the corrector strength.
a is a weight factor; we found that a = 0.1 provides a good
balance between orbit and dispersion correction for STCF.
In this correction step, the BPM offset error is reduced to
20 um in RMS, assuming calibration has been performed.
To further reduce the orbit at the IP, we assigned a larger
weight to the BPMs near the IP. Figure 2 shows the orbit
and dispersion distortions along the ring after correction.
The maximum CODs are reduced from about 6 mm to below
600 um, with RMS values of below 70 pm in both planes.
The maximum dispersion distortion is about 5 mm, and the
RMS distortion is below 0.7 mm in both planes. The maxi-
mum corrector strength used in this correction step is about
0.35 mrad, which remains feasible.

with

Linear Optics and Coupling Correction

The linear optics are corrected by tuning quadrupole
strengths, and the transverse coupling is corrected using
skew quadrupoles. To avoid the beta correction spoiling the
results of the dispersion correction, the beta function and
dispersion are corrected simultaneously. In this correction,
the LOCO (Linear Optics from Closed Orbits) method [11]

THP5616
600 fH(‘)rizonta‘l
Vertical
g 300 o km,, WM . M w"l
5 NM'% wﬂ” it 7 Wﬁ* E’)»,iﬁ"”éw %ﬁ' IW&W U‘* V§
O -300
-600
0 100 200 300 460 500 600 700 800
s [m]
—6 fH(‘)rizonta‘l
é 5 Vertical k AL M % |
E ‘*&”’w J}“ Y m ,A i %A' L‘ ﬁ{’”w Wt
- OFW M wf‘qw 1 ‘ m—@f% Wgﬁﬂ'q
&-3 *
a -6

0 100 200 300 400 500 600 700 800
s [m]
Figure 2: Closed orbits (up) and dispersion (down) distor-
tions along the ring after correction.

is employed. The orbit response matrix (ORM) can be ex-

pressed as
M= (R” ny> , 3)

Ryx R)’y

where R, represents the response of the orbit in the u-
direction to a corrector kick in the v-direction. By fitting
R, and Ry, of the error seeds to those of the ideal lattice,
the f functions can be well recovered; by fitting R, and R,,,
to zero, the transverse coupling is suppressed. In this fitting
process, a least-squares method minimises the differences in
matrix elements between each error seed and the ideal lattice.
Figure 3 shows the g-beat along the ring after correction,
excluding the j-beat at the IP. The global B-beat is reduced
to less than 1 % RMS, while the f,-beat at the IP remains
large and requires additional correction. After correction,
the natural emittance variation remains within 0.5 %, and
the coupling ratio is reduced to below 0.1 %. The transverse
tune shift is also well controlled, below 3 x 104,
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Figure 3: B-beat along the ring after correction, except the
B,-beat at IP.

B; Correction

After LOCO correction, the g y-beat at the IP cannot be
reduced to an acceptable level. Therefore, we performed a
dedicated correction for §,, at the IP by measuring B} using
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the k-modulation method [12]. By tuning the gradients of
four or six quadrupoles near the IP to fit the B-beat of the
error seed to that of the ideal lattice, the S-beat at the IP can
be recovered to the ideal value. Taking one error seed as an
example, Fig. 4 illustrates B, near the IP before and after

correction, demonstrating a good correction effect for g7.

After correction, the B -beat at the IP typically decreases to
below 1 %, greatly reducing its impact on luminosity. Note
that factors such as tune measurement accuracy and power
supply jitter, which can affect the correction effectiveness,
have not yet been taken into account in the current study.
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Figure 4: B, near the IP before and after correction of one
error seed.
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Figure 5: DAs (up) and MAs (down) of the ideal lattice and
the error seeds after correction.
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Figure 5 shows the dynamic apertures (DAs), normalized
by the beam size, and the momentum apertures (MA) along
the ring for the ideal lattice and the error seeds after cor-
rection. Simulation results show that the DAs are generally
well recovered, reaching about 190, and 925, (RMS) in
the horizontal and vertical planes, respectively. The MA
exhibits a non-negligible decrease, which reduces the Tou-
schek lifetime from 267 s for the ideal lattice to 191 s for the
error seeds.

CONCLUSION

This paper presented simulations of error correction for
the STCF collider rings at CME of 2 GeV. Systematic cor-
rections greatly mitigate the impact of imperfections on
luminosity and beam dynamics. After correction, the DA
is well recovered, and the Touschek lifetime reaches about
72 % of the ideal value. In the next phase, the layout of
BPMs and correction knobs will be refined through contin-
uous iteration with lattice design and hardware. The error
budget may be revised based on physical analysis and techni-
cal constraints, and disturbance factors such as measurement
precision and power supply fluctuations will be taken into
account for a more realistic assessment. These ongoing ef-
forts are expected to further enhance the performance of the
STCEF collider rings under practical imperfections.
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