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Abstract

In high-intensity positron storage rings, the electron cloud
instability is a significant collective effect that can deterio-
rate beam quality. In the Super Tau-Charm Facility (STCF)
positron ring, electron cloud effects are expected to be se-
vere. This preliminary study investigates the electron cloud
build-up, the resulting single-bunch instability and detuning
effects in the STCF positron ring using PYECLOUD. The
single bunch instability and coherent tune shift simulation
results show good agreement with analytical predictions.

INTRODUCTION

The Super Tau-Charm Facility (STCF) is a next-
generation circular electron—positron collider proposed in
China. At a center-of-mass energy of 4 GeV, STCF aifs
to achieve a peak luminosity exceeding 5 x 103* cm7%s™!,
which requires a design beam current of up to 2 A¢jl | The
combination of high beam current and narrow bunch spac-
ing makes collective effects a critical concernsfopymachine
performance, and the electron cloud effect in the positron
ring is one of the most serious challenges. In positron rings,
electron cloud build-up is predominantly seededdy photo-
electrons from synchrotron radiation.\ When these primary
electrons strike the chamber wall with energies gained from
the beam, secondary emission can trigger-an avalanche pro-
cess if the seeondary emission yield (SEY)exceeds unity.
The resulting electron cloud can drive single bunch insta-
bilitiess'coupled bunch'instabilitiesyand vertical beam size
blowup, severely limiting machine performance [2]. To mit-
igate these effects, low-SEY coatings‘(such,as TiN and NEG
coatings)pantechambers to reduce photoelectron yield, and
longitudinal'magfetic fields from solenoids or permanent
magnets hayve been widely adopted [3]. In this paper, we
employ the PYECEOUD code to simulate both the electron
cloud buildup processyand the resulting single-bunch insta-
bility in the STCF pesitron ring, based on its design beam
parameters and vacuum chamber conditions. By compar-
ing the simulation results with the analytical estimations in
terms of electron cloud build-up, single bunch instability
and detuning effects, we present a preliminary assessment
of the electron cloud threat to STCF and provide a basis for
the design of future mitigation strategies.

* Work supported by STCF project group and National Natural Science
Foundation of China (NSFC, 125B1018, 12475158 and 12341501)

 ustemzy @mail.ustc.edu.cn

¥ liwe@ustc.edu.cn

ELECTRON CLOUD BUILD-UP

The electron cloud build-up in the!STCF positron ring is
simulated for operation at the nominal beam energy of 2 GeV
and The main beam parametefs used in the simulations are
summarized in Table 1.

The vacuum chambentis modeled as a circular beam pipe
with a radius of 33.5 mm. An antechamber geometry with a
16.5 mm slot is also considered\for comparison.“The photo-
electron yield.d§,set to 0.1 photoelectrons per photon, and
the emission angular distribution follows a cosine law. For
secondary emission, we adopt a peak SEY §,,,,, = 1.2 atan
incident electron energy of 300 eV, with a low-energy reflec-
tivity of 0.5, which are typical values for copper surfaces.
The ‘external magnetic fields in dipole magnet of the arc
sections.are set to 0.77 T. The electron build-up is tracked
over 102 bunch passages, which is sufficient for the electron
density to,reach saturation.

Figures Dand 2 show the spatial distributions of the elec-
tron cloud. In the baseline circular chamber, electrons con-
centrate densely near the beam axis. In the dipole magnet
case, thednagnetic field constrains electrons to move along
the field lines toward the chamber walls, depleting the cen-
tral region. With an antechamber, the central density drops
because,part of the synchrotron radiation photons are in-
tercepted before hitting the main beam wall, reducing the
primary photoelectron source. These features confirm that
both techniques effectively lower the electron density sam-
pled by the beam.

We also studied the effects of low SEY materials,
solenoids, quadrupole magnets, and sextupole magnets.
Some of the results are shown in Table 2. Note that the
effects of the solenoid field are not shown because the lo-
cal electron density is reduced to a negligibly low level in
the simulations, which is consistent with the results in Su-

Table 1: Beam Parameters Employed for the Electron Build-
Up Simulation in the Arc Sections

Parameter Value

Beam energy [GeV] 2.0
Circumference [m] 860.321
Hor./Ver. rms size [pm] 233/23.3
Betatron coupling 0.01
Hor./Ver./Lon. tune 30.543/34.58/0.0194
Bunch length [mm] 7.21

Bunch spacing [ns] 4
Bunch population 5.2 x 1010
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Figure 1: (a): the electron density distribution in the chamber
of the arc section without external field; (b): the electron
density distribution in the chamber of the arc section with
dipole magnetic field.
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Figure 2: Electron density distribution in the antechambexs
of the arc section.

perKEKB [3]. The results show that the central€lectron
density can be reduced by up to two orders of magnitude
relative to the field-free drift case, consistentswith obser-
vations at other machines, such as SupefKEKB"[3, 4] and
BEPCII [5].

SINGLE BUNCH_INSTABILITY

The threshold electron density for the single-bunch in-
stability driven by.the eleCtron cloud is given by, (withdhe
coasting beaf assumption):

2
Porn = 27 Vs@elc /. (1)
V3KOr, BL
where,
201 ,C2
w2 = blet o)
V270 0,(0, + 0y)
and K = 2<%, O'= miin (Q,,;, @.0,/c).The electron cloud

acts as a short-range wakefield that couples the head and tail
of the bunch, leading torapid vertical emittance growth when

Table 2: Local electron cloud density at the beam position
(10'2 m~3).The fractional values indicate the remaining frac-
tion of the local electron cloud density after applying the
corresponding mitigation measures.

Sec. Circ. Ante. Coat. Dip. Quad. Sext.

Arc 15 172 4/5 1/3  1/10 1/30
Wiggler 25 1/6 4/5 1/4 - -
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Figure 4; Evolution of the ratio of the vertical beam size and
the equilibrium vertical beam size 7,/0, 4.
p. exceeds p, . For the STCF parameters at 2 GeV (as
illustrated in Table 1), Eq. (1) yields pg, = 4x10'2m=3. The
single-bunch instability driven by electron cloud is studied
using a éembined simulation approach with PyECLOUD and
PyHEADTAIL [6]. To simplify the model while capturing
the essential physics, the following assumptions are adopted.
The ring is represented by 10 equally spaced electron cloud
interaction points, all with the same beta function. At each
interaction point, the electron cloud is initially distributed
uniformly over a transverse region much larger than the
beam size. Before each bunch passage, the electron cloud
distribution is reset to the initial uniform distribution so
that the beam interacts with a fresh electron cloud at every
interaction point. Figures 3 and 4 show the evolution of
the horizontal and vertical beam size with turn number for
different electron densities respectively. Below the threshold,
the beam size remains close to the equilibrium value. Above
the threshold, a pronounced blowup develops, signaling the
onset of the single-bunch instability.

COHERENT TUNE SHIFT

The coherent tune shift in the vertical plane can be esti-
mated as (the coherent dipole mode) [7]:

w% € sin (Za)ceaz) , 3)

2wgp 20,0,

Awﬁ.coh =
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Figure 5: Coherent tune shift simulation results obtained
with PyECLOUD for different local electron densities.
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Figure 6: Tune spread effects in the simulation results with
the local electron density equaling 1 x 10'2.m73:

where,

AoleC?
yoy(o,+ay)
where 1, is the electron line/density and ¥ is the Lorentz
factor.

The tune footprint inFig. S shows that as the'electron cloud
density increases, the tune,shift grows significantly, and the
simulation results agree well with the analytical predictions
(~ 003 with p, jpcqr = L % 102 m=2)aBesides, we also ob-
sérve the occurrence of'tune spread (as illustrated in Fig. 6),
with'an inverse direction compared with the space-charge
effect, whichiis consistent with the theoretical expectation.

SUMMARY AND DISCUSSION

In this paper, we investigated the electron cloud effects
in the STCF, including the single-bunch instability and co-

“4)

2 _
Wy =

herent tune shift induced by the electron cloud. The sim-
ulation results show good agreement with the analytical
predictions. The results indicate that the local electron cloud
density should be controlled below 1 x 10'>m™ in order
to avoid significant beam quality degradation. Such a re-
quirement is considered feasible, since an electron density of
approximately 1.1 x 10" m™3 has already been achieved in
SuperKEKB [8], and our build-up simulations also demon-
strate that effective mitigation technigues can substantially
suppress the electron cloud density'in the STCF positron
ring. In addition, a non-monotonic behavior of the tune
spread effect is observed as the electron density increases,
which mainly originates from thesSifiusoidal term'in the ana-
lytical model of Eq. (3). These results provide a preliminary
evaluation of the electron cloud effects in the'STCF and offer
a basis for future optimization of mitigation strategies and
beam operation conditions.
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