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Abstract 
The impedance model of the Circular Electron Positron 

Collider (CEPC) storage ring is updated according to the 
development of the vacuum components based on the 
circular beam pipe. With the impedance model, the single 
bunch and coupled bunch instabilities for different opera-
tion scenarios are investigated. Particularly, the key insta-
bility issues driven by the beam coupling impedance in 
the Z operation mode are discussed. The influence of the 
longitudinal impedance on the transverse mode coupling 
instability is analysed both numerically and analytically. 
In addition, trapped ions can induce bunch centroid oscil-
lation and emittance growth. The possibility of ion trap-
ping and fast beam ion instability in the CEPC storage 
ring are also investigated.  

INTRODUCTION 
The Circular Electron Positron Collider (CEPC) is a 

double ring lepton collider covers a wide beam energy 
range from 45 GeV (Z-pole) to 180 GeV (tt-bar) [1,2]. 
Since the Z mode has the lowest beam energy, as well as 
highest beam current and slowest synchrotron radiation 
damping, normally it shows the most critical requirements 
on the collective effects. In order to estimate the influence 
of these effects, the impedance model of the CEPC collid-
er has been evolving since the start of the project [3-6]. 
Based on the impedance, systematic studies on the beam 
instability issues and their mitigations have been per-
formed. In this paper, the resistive wall impedance and its 
induced coupled bunch instability are updated by consid-
ering more detailed vacuum chamber designs. In addition, 
macro particle simulations are performed for the single 
bunch effect and beam ion instabilities. The perturbation 
of longitudinal impedance on the transverse mode cou-
pling instability is investigated analytically.  

IMPEDANCE MODELING 
The impedance model is developed considering both 

resistive wall and geometrical impedances. The main 
vacuum chamber has a circular cross section with radius 
of 28 mm, which is made of copper and has a layer of 
NEG coating on its inner surface to reduce the secondary 
electron yield as well as for the vacuum pumping. In 
order to evaluate the resistive wall impedance, multi-layer 
analytical formula from field matching is used [7]. 

Meanwhile, simplified formulas are derived for longi-
tudinal and transverse resistive wall impedance of the 
coated metallic chambers: 
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where b is the beam pipe aperture, a=d1µ1/d2µ2, xi=lidi,  
𝜆𝜆0 ≃ √−2𝑖𝑖/𝛿𝛿0, di, di and µi are the skin depth, thickness 
and conductivity of the i’th layer, respectively. The nu-
merical results are benchmarked with ImpedanceWake2D 
[8] and excellent agreements have been reached in the 
frequency range of interest.  

Except the typical NEG coated vacuum chambers, the 
resistive wall impedance contributed by the MDI cham-
bers, collimators in the interaction region and stainless 
steel chambers for flanges, bellows and BPMs are also 
considered. Since the Machine Detector Interface (MDI) 
and collimators may contribute large impedances, either 
due to the smaller beam pipe aperture or large local beta 
functions, the resistive wall impedance of the tapers are 
considered in more detail. Assuming the longitudinal and 
transverse resistive wall impedance is inverse proportion-
al to the radius r or cubic of r, by integrating the imped-
ance along the taper, we get the longitudinal and trans-
verse resistive wall impedance of a taper is the impedance 
of a cylinder of unit length with the smaller aperture r1 of 
the taper multiplied by the following factors 

 𝑓𝑓||?@ = A"
67+B

log	(1 + 𝐿𝐿/𝑟𝑟=tan𝜃𝜃),   (3) 
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where L and q are the length and angle of the taper， 
respectively. 

The longitudinal and transverse resistive wall imped-
ance contributed from different vacuum components is 
summarized in Fig. 1 and Fig. 2, respectively. Here, the 
transverse impedance has been normalized by the local 
beta functions. In addition, geometrical form factors [9] 
are considered for the resistive wall impedance of the 
vacuum chambers with non-axial symmetry. We can see 
that the impedance contributed by the typical vacuum 
chamber dominates both the longitudinal and transverse 
resistive wall impedance. The contributions from the MDI 
and collimators are considerably small. 

 ____________________________________________  
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Figure 1: Real part of the longitudinal resistive wall im-
pedance contributed from different type of vacuum cham-
bers. 

 
Figure 2: Real part of the transverse resistive wall imped-
ance contributed from different type of vacuum chambers. 

On the other hand, the geometrical impedances are 
simulated by CST [10] and ABCI [11] codes. The imped-
ance generated by the RF cavities, flanges, bellows, gate 
valves, pumping ports, BPMs, collimators in the interac-
tion region, and the electro separators, are included in the 
impedance model. Figures 2 and 3 show the total longitu-
dinal and transverse impedances by summing up all the 
impedance contributors. The results show that both longi-
tudinal and transverse broadband impedance are dominat-
ed by the resistive wall, flanges and bellows. Here, we 
should note that the impedance contributed by the injec-
tion and extraction elements, feedback kickers, absorbers, 
as well as masks and collimators outside the interaction 
region are not included yet. The impedance model will be 
continuously updated along with the development of the 
hardware designs. 

The impedance budget calculated with an rms bunch 
length of 3mm gives the total longitudinal broadband 
impedance of 15.8 mW and transverse kick factor of 
25.0 kV/pC/m. The results are more or less consistent 
with the CDR budget. The main difference is due to revi-
sion of the chamber cross section, more detailed number 
of elements, and more contributors included. 

 
Figure 3: Real (top) and imaginary (bottom) part of the 
longitudinal impedance contributed from different vacu-
um components. 

 
Figure 4: Real (top) and imaginary (bottom) part of the 
transverse impedance contributed from different vacuum 
components. 

IMPEDANCE EFFECTS 
Based on the impedance model, the collective effects 

are estimated by both analytical estimation and numerical 
simulations. Preliminary estimations on the instability 
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threshold for different operation scenarios are first given 
based on the analytical criterions. For the single bunch 
effect, the longitudinal impedance is above the threshold 
of Higgs, W and Z. This will induce bunch lengthening, 
energy spread increase, as well as synchrotron tune shift 
and spread. Although the criterion usually underestimates 
the instability threshold, we do observe its influence on 
the beam-beam interactions, which forced the optimiza-
tion on the lattice design [12, 13]. In the transverse case, 
the impedance is above the threshold only for the Z op-
eration mode, which will induce transverse mode cou-
pling instability. This is a fast instability and normally 
with beam losses. For the multi-bunch case, there are also 
tight requirements on the narrowband impedance for Z. 
The thresholds on the narrowband impedance are at least 
two orders lower than the other energies. Therefore, the 
high order modes need to be well controlled to meet the 
requirements. In the following, the detailed analysis on 
instability issues driven by the impedance for Z will be 
discussed. The main beam parameters used in the follow-
ing studies are listed in Table 1. 

Table 1: Main beam parameters of CEPC Z 
Parameter Symbol Value 
Beam energy E [GeV] 45.5 
Circumference C [km] 100 
Beam current I0 [mA] 803.5 
Bunch number nb 11934 
Mom. compaction ap 1.43´10-5 

Betatron tune nx/ny 317.1/317.22 
Synchrotron tune ns 0.035 
Radiation damping tx/ty/tz [ms] 850/850/425 

 
Microwave Instability 

In the longitudinal case, the threshold current of the mi-
crowave instability is approximately half of the design 
bunch intensity at 22.4 nC, as shown in Fig. 5. At the 
same time, we can also found apparent bunch lengthening 
and synchrotron tune shift and spread, even below the 
threshold, as shown in Figs. 5 and 6. The above effects 
will further influence the beam-beam interaction accord-
ing to more consistent studies including both beam-beam 
and impedance [12, 13] due to the X-Z coupling [14]. On 
the other hand, we can expect additional bunch lengthen-
ing and energy spread increase due to the beamstrahlung, 
which will mitigate the perturbation induced by the im-
pedance in the longitudinal plane. 

 
Figure 5: Variation of bunch length and incoherent syn-
chrotron tune shift with bunch intensity. 

 
Figure 6: Histogram of the incoherent synchrotron tune at 
different bunch intensity. 

Transverse Mode Coupling Instability 
The transverse mode coupling instability is the main 

constraint on the single bunch current. The instability has 
been investigated in three different ways.  

Analytical Estimations with Classical Vlasov Solver 
Mode analysis with and without impedance induced 
bunch lengthening are calculated.  The results are shown 
in Fig. 7. Without bunch lengthening, the TMCI threshold 
is around 60% of the design value. When consider the 
impedance bunch lengthening, the analytical estimations 
show that threshold current will be increased by approxi-
mately a factor of two. The instability is supposed to be 
further detuned when consider bunch lengthening due to 
the beamstrahlung.  

 

 
Figure 7: Dependence of the transverse mode frequency 
shift on the bunch current, without impedance induced 
bunch lengthening (up) and when the bunch lengthening 
at different bunch current been taken into account (bot-
tom). 

Micro particle simulations Particle tracking simula-
tions including the longitudinal and transverse impedance 
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consistently are performed with the code Elegant [15]. 
The results are shown in Fig. 8, and compared with the 
case without longitudinal impedance. Without longitudi-
nal impedance, the instability threshold is around 14 nC, 
which is consistent with the analytical estimation of the 
same case as given in Fig. 7. However, when include the 
longitudinal impedance, the instability gets more unstable 
and the threshold decreased to 10 nC, which is much 
lower than the analytical estimation only with bunch 
lengthening. Above the threshold, apparent beam losses 
and transverse centroid oscillations are observed. On the 
other hand, the shift of mode 0 below the threshold is still 
consistent with the analytical results. The instability is 
suspected to be induced by the enhanced mode coupling 
due to the smaller incoherent synchrotron tune. To miti-
gate the instability, dependence of the threshold beam 
current on the chromaticity is checked. The results show 
that the threshold current even decreases with increase of 
the chromaticity. Here, it should be noted that the nonlin-
ear effects due to the variation of the transverse tune with 
amplitude is not included yet, which is expected to help in 
damping the instability.  

 
Figure 8: Variation of the transverse mode frequency shift 
with bunch intensity obtained from macro particle simula-
tions, without (up) and with (bottom) longitudinal imped-
ance. Different colour represents the amplitude of the FFT 
of the bunch centroid oscillation, and the black lines 
shows the analytical estimation on the mode frequency 
shift.  

Analytical estimation considering the longitudinal 
perturbations Mode analysis considering perturbations 
from longitudinal impedance, as well as lengthened bunch 
from beamstrahlung, is performed using the method in 
Ref. [16]. Both longitudinal phase space distribution and 

synchrotron tune are projected into different action and 
angles. Considering the bunch lengthening from beam-
strahlung, we get the instability threshold with longitudi-
nal impedance as shown in Fig. 9. Including the longitu-
dinal impedance, the higher order modes shift to mode 0 
with wider bandwidth, and the instability threshold is 
decreased from 36 nC to 30 nC.   

  
Figure 9: Variation of the transverse mode frequency shift 
with bunch intensity by considering the longitudinal im-
pedance consistently. 

Transverse Resistive Wall Instability 
For the multi-bunch effects, coupled bunch instability 

driven by the resonance at zero frequency of the trans-
verse resistive wall impedance gives extremely fast insta-
bility growth rate in the order of several turns. The trans-
verse resistive wall impedance around zero frequency 
contributed by different vacuum components is shown in 
Fig. 10. The most dangerous mode is at frequency of 
-2.338 kHz, and the growth rate is dominated by the 
typical vacuum chamber. The instability is much faster 
than the synchrotron radiation damping and gives tough 
requirements on the feedback system. A combination of 
broadband feedback and mode feedback is proposed to 
damp the instability. 

  
Figure 10: Transverse resistive wall impedance contribut-
ed by different type of vacuum chambers. 

FAST BEAM ION INSTABILITY 
Trapped ions can induce bunch centroid oscillation and 

emittance growth. The possible of ion trapping and fast 
beam ion instability are investigated. With vacuum pres-
sure of 1 nTorr, and CO as the ion species, analytical 
estimations show that the instability growth for W and Z 
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are faster than synchrotron radiation damping, even con-
sidering multi bunch train filling pattern.  

Particle tracking simulations are also performed with 
Elegant for different betatron functions. Multi-train filling 
pattern is effective in mitigating the beam ion instability. 
However, except the case with very low betatron func-
tions at the interaction point, both horizontal and veritcal 
beam centroid oscillation amplitude increased to larger 
than 10% of the transverse beam size, and then saturate at 
around the scale of the beam size. Beam emittance growth 
is also foreseen. One example with ring average betatron 
functions is shown in Fig 11. Therefore, bunch by bunch 
feedback is needed to damp the instability.  

  
Figure 11: Variation of the vertical bunch centroid oscil-
lation with number of turns under the influence of ions. 

CONCLUSION 
The collective beam instabilities are potential re-

strictions in CEPC to achieve high luminosity perfor-
mance. Systematic studies have been performed to inves-
tigate the influence from the collective effects. The results 
show no apparent showstoppers from collective effects 
for the high energy operation modes, except for Z. The 
main constraint for the single bunch current is from the 
transverse mode coupling instability. The instability 
threshold is below the design current when including both 
longitudinal and transverse impedance consistently. The 
possible mitigations are investigated. The total beam 
current is mainly constraint by the transverse resistive 
wall instability, which gives tough requirements on the 
bunch-by-bunch feedback designs. In addition, the beam 
ion effects also show influence on the beam stability even 
considering a multi-train filling pattern, and feedback is 
required. Besides, consistent studies also show crosstalk 
between the transverse impedance and the beam-beam 
interaction. Therefore, collective effects studies need to 
get more involved with beam-beam and hardware de-
signs. 
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