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Abstract
In a rapid cycling synchrotron (RCS), the magnetic field is synchronized with
the beam energy, creating a highly dynamic magnetic environment. A ceramic
chamber with a shielding layer (RF shield), composed of a series of copper
strips connected a capacitor at either end, is typically employed as the vacuum
chamber to mitigate eddy current effects and beam coupling impedance. Con-
sequently, the ceramic chamber exhibits a thin-walled, multilayered complex
structure. Previous theoretical studies suggest that the impedance of such a
structure has a negligible impact on the beam. However, recent impedance
measurements of the ceramic chamber in the China Spallation Neutron Source
(CSNS) RCS reveal a resonance in low-frequency range, which further theoreti-
cal analysis confirms as a source of beam instability in the RCS. Currently, the
magnitude of this impedance cannot be accurately assessed through theoretical
calculations. In this study, we utilize CST Microwave Studio to confirm the
impedance of the ceramic chamber. Further simulations covering six different
types of ceramic chambers are conducted to develop an impedance model in
the RCS. Additionally, this paper investigates the resonant characteristics of
the ceramic chamber impedance, finding that the resonant frequency is closely
related to the capacitance of capacitors. This finding provides clear directions
for further impedance optimization and is crucial for achieving the beam power
of 500 kW for the CSNS Phase II project (CSNS-II). However, careful attention
must be given to the voltage across the capacitors.
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In a rapid cycling synchrotron (RCS), the magnetic field is synchronized with
the beam energy, creating a highly dynamic magnetic environment. To miti-
gate eddy current effects and beam coupling impedance, ceramic chambers with
a shielding layer (RF shield) are typically employed as the vacuum chamber.
These RF shields consist of a series of copper strips connected to capacitors at
either end, resulting in a thin-walled, multilayered complex structure. Previous
theoretical studies suggest that the impedance of such a structure has a neg-
ligible impact on the beam. However, recent impedance measurements of the
ceramic chamber in the China Spallation Neutron Source (CSNS) RCS reveal
a resonance in the low-frequency range, which further theoretical analysis con-
firms as a source of beam instability in the RCS. Currently, the magnitude of
this impedance cannot be accurately assessed through theoretical calculations.
In this study, we utilize CST Microwave Studio to confirm the impedance of the
ceramic chamber and conduct further simulations covering six different types
of ceramic chambers to develop an impedance model for the RCS. Addition-
ally, this paper investigates the resonant characteristics of the ceramic chamber
impedance, finding that the resonant frequency is closely related to the ca-
pacitance of the capacitors. This finding provides clear directions for further
impedance optimization and is crucial for achieving the beam power of 500 kW
for the CSNS Phase II project (CSNS-II). However, careful attention must be
given to the voltage across the capacitors.

Keywords: Beam coupling impedance, ceramic chamber, RF shield, resonance,
high dynamic magnetic environment

Introduction
The China Spallation Neutron Source (CSNS) is a high-intensity proton
accelerator-based facility designed to provide multidisciplinary platforms
for scientific research and applications [?, ?, ?, ?, ?, ?]. The accelerator
complex consists of two primary components: a Negative Hydrogen (H−) Linac
[?, ?, ?, ?] and a Rapid Cycling Synchrotron (RCS) [?]. The H− beam from the
Linac is injected into the RCS through a multi-turn charge-exchange process
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[?]. Within the RCS, two proton bunches, with a total of 𝑁𝑝 = 1.56 × 1013 per
pulse, are accelerated from 80 MeV to 1.6 GeV at a repetition rate of 25 Hz.
Currently, the RCS provides a beam power of 100 kW on the target. In the
Phase-II of CSNS (CSNS-II), the beam power on the target will be upgraded
from 100 kW to 500 kW by increasing the beam intensity.

The RCS is dominated by space charge effects. To address these, supercon-
ducting cavities will be utilized to boost the Linac beam energy from 80 MeV
to 300 MeV, mitigating the space charge effects in the RCS. Following these
upgrades, the accumulated number of protons in the RCS is expected to reach
𝑁𝑝 = 7.8 × 1013 per pulse. TABLE 1 presents the main parameters of the
RCS, which employs a triplet four-fold symmetric lattice structure with a cir-
cumference of 227.92 meters. It consists of 24 dipole magnets and 48 quadrupole
magnets, energized by a 25 Hz DC-biased sinusoidal current pattern [?, ?]. The
RCS has a nominal tune of (4.86, 4.78) and a natural chromaticity of (−4.2,
−9.1). The DC sextupole field is designed to improve chromaticity control and
minimize beam loss at injection. The magnetic field is synchronized with beam
energy, resulting in a highly dynamic magnetic environment. Fig. 1 [Figure
1: see original paper] depicts the ramping energy, magnetic field curve, and its
rate of change. The acceleration ramp is characterized by a standard sine wave,
with a magnetic field change rate exceeding 60 T/s.

Due to the heating from eddy current effects [?], traditional metal chambers
are inadequate in such a dynamic magnetic environment of the RCS; hence,
ceramic chambers are employed. The main part of the chamber is ceramic.
To mitigate the leakage field induced by the beam due to the non-conductive
nature of ceramic chambers, an RF shield is finally used to reduce eddy current
effects and beam coupling impedance. These ceramic chambers are utilized in
magnets with a high dynamic magnetic field. A ceramic chamber [?] in the
CSNS was designed based on existing chambers [?, ?]. The inner surface of the
ceramic chamber is coated with a TiN film to reduce secondary electron emission.
Surrounding the ceramic, an RF shield is composed of a series of copper strips
and capacitors, creating a high-pass filter that mitigates eddy current effects
and reduces beam coupling impedance. The ceramic chamber occupies about
130 meters of the RCS, while stainless-steel chambers take the remaining space.

Beam instability associated with ceramic chambers has been observed in RCS
facilities worldwide. The head-tail effects [?] were identified in the RCS of ISIS
[?] many years ago, and the ceramic chamber has recently been implicated as a
potential contributor to impedance [?]. In the RCS of the Japan Proton Accel-
erator Research Complex (J-PARC) [?], an instability [?] was detected during
beam commissioning, appearing before 2 ms when the horizontal and vertical
tunes were set to 𝜈𝑥 = 𝜈𝑦 = 5.86. This beam behavior is analogous to that
observed in the RCS of CSNS. In 2019, the RCS of CSNS experienced an unfore-
seen instability in the transverse plane as beam power was gradually increased
from 20 kW to 50 kW, with the instability worsening at higher power levels
[?]. Measurements identified this issue as a transverse coupled bunch instability
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(TCBI). To address this, tune tracking pattern adjustments and chromaticity
optimization using DC-powered sextupole magnets were applied, successfully
achieving the designed beam power of CSNS [?, ?]. In 2021, DC sextupole
magnets were replaced with AC versions and their associated power supplies [?],
providing dynamic chromaticity control over the acceleration cycle. Further-
more, a pulsed octupole magnet was proposed and developed in summer 2023
to mitigate instability under increased beam power. With the aid of AC sex-
tupole and pulsed octupole magnets, the RCS beam power has been increased
to 160 kW. Despite these improvements, the beam power has reached the limits
of current mitigation strategies, presenting a considerable challenge to the 500
kW objective of CSNS-II. Additionally, the inability to accurately identify the
sources of impedance remains a critical issue. If the components contributing
to impedance are precisely identified, reducing their impedance could provide
a fundamental strategy for increasing beam power, surpassing the effectiveness
of existing suppression methods.

The driving forces behind beam instabilities in accelerators depend on the inter-
action between charged particles and their environment, typically described by
beam coupling impedance [?, ?, ?]. The RCS of CSNS incorporates components
that are widely used and have been effective in other accelerator systems. De-
spite this, we conducted an extensive impedance analysis for each component of
the RCS [?]. Notably, instabilities originating from the stainless-steel chamber
[?] and extraction kicker [?] were anticipated to be negligible. Furthermore, the
real part of impedance from ceramic chambers [?, ?] was expected to be minimal.
It should be noted that the ceramic chamber was modeled as an infinitely long,
multi-layered structure with perfect RF shielding, which significantly differs
from the actual RF shielding setup.

Recent bench measurements have confirmed that the RF shield on the ce-
ramic chamber is a source of impedance [?]. This represents a novel source
of impedance, with relatively limited international research to date. The earli-
est work on infinitely long ceramic chambers was conducted by Zotter [?] in 1970.
Since then, the model has primarily evolved, particularly in the field matching
method for both relativistic and non-relativistic particles [?, ?, ?, ?]. Danilov
has developed an impedance model to estimate the impedance for a finitely
long chamber [?]. In these models, electromagnetic fields are assumed to be
fully shielded by metal strips, resulting in very low calculated impedance with
no predicted resonances. Given the limitations of theoretical calculations, this
study employs CST Microwave Studio [?] to simulate the impedance of the ce-
ramic chamber. The simulation validates the existence of resonant impedance
and allows for the determination of impedance characteristics for all ceramic
chambers in the RCS.

The paper is organized as follows: Sec. II provides a brief overview of RCS insta-
bility characteristics. Sec. III reports preliminary impedance measurements of a
ceramic chamber. Sec. IV discusses the simulation techniques used to evaluate
ceramic chamber impedance and calculates the total impedance for the RCS.
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The simulations indicate an unexpectedly high impedance in the RCS, present-
ing a substantial challenge for the CSNS-II project. As a result, Sec. V explores
chamber parameters to identify effective impedance reduction methods. The
findings suggest that optimizing capacitor capacitance is an effective technique,
with capacitor voltage being a key factor. Consequently, Sec. VI provides a
detailed theoretical analysis of capacitor voltage, serving as a reference for sub-
sequent impedance reduction practices. The study is summarized and discussed
in Sec. VII.

II. Characteristic of the RCS Instability
The instability in the RCS was observed at a beam power of approximately
50 kW. Beam measurements have confirmed that it is a TCBI. Under normal
tune and natural chromaticity, the beam position in the horizontal plane began
to oscillate at around 8 ms. This instability was found to be dependent on
beam population, regardless of whether particles were filled into single or double
buckets. The coupled bunch mode was identified as mode one, which means
that the betatron oscillation of two bunches is out of phase. The instability
exhibited sensitivity to chromaticity, prompting the introduction of sextupole
magnets to mitigate this issue. The horizontal tune also had a significant impact
on this instability. Fig. 2 [Figure 2: see original paper] illustrates the measured
Turn-by-Turn (TbT) beam positions and transmission efficiency in the RCS at
different tunes with a beam power of 100 kW. The instability is observed when
the tune is below 5.0, and its occurrence time shifts later as the tune increases.
Furthermore, with tested tune during the beam commissioning, the instability
in vertical plane can also be observed as beam power increases.

If there are M identical equally spaced bunches, the growth rate of the coupled
bunch instability 1/𝜏𝑚 can be theoretically expressed as [?]:

1
𝜏𝑚

= 𝑒𝑀𝐼𝑏𝜔0
4𝜋𝛽𝐸0

∑𝑞 Re[𝛽⟂𝑍𝑇 (𝜔𝑞)]ℎ𝑚
∑𝑞 𝐵

where 𝑒 is the electronic charge, 𝐼𝑏 is the bunch current, and 𝜔0 is the revolution
angular frequency. 𝐸0 is the beam energy with the relativistic velocity factor
𝛽. 𝛽⟂ is the average betatron function. 𝐵 is the bunching factor, defined as
the ratio of bunch length to bunch spacing. With coupled mode 𝜇, 𝑍𝑇 (𝜔𝑞) is
the impedance magnitude at frequency 𝜔𝑞 = ((𝑞𝑀 + 𝜇) + 𝜈𝑥 + 𝑚𝜈𝑠)𝜔0 with
synchrotron tune 𝜈𝑠. For the head-tail mode 𝑚, ℎ𝑚 is the power spectrum with
the form factor 𝐹𝑚, as specified in Ref. [?]. Within the RCS, 𝑞 = −3, 𝑀 = 2,
𝜇 = 1 and 𝑚 = 1. TABLE 2 roughly summarizes the instability occurrence
time, energy, 𝛽, revolution frequency 𝑓0, tune, and 𝜔𝑞/2𝜋 ≈ 0.13 MHz.

Our comprehensive studies have provided valuable insights and practical guid-
ance for mitigating instability, particularly through the optimization of tune
and chromaticity [?, ?]. To achieve better control over the tune spread and
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further suppress the instability, the DC sextupole field has been upgraded to an
AC sextupole field [?], aiming to provide dynamic control of the chromaticity
and enhance the beam transmission efficiency over an acceleration cycle.

III. Bench Measurement of a Ceramic Chamber
To mitigate eddy current effects and ohmic losses, ceramic chambers are em-
ployed in the AC magnets, including the dipole, quadrupole, and injection paint-
ing magnets in the RCS of CSNS. As detailed in reference [?] and depicted in
Fig. 3 [Figure 3: see original paper], these chambers feature a three-layer tube
design. The inner surface is coated with a 100 nm layer of Titanium Nitride
(TiN) to reduce secondary electron emission. Given the non-conductive nature
of ceramics, an RF shield composed of 0.4 mm thick Cu plates, waterjet-cut
into 5 mm wide strips with 5 mm spacing, is utilized to decrease the impedance
of the image current. Each Cu strip is segmented to prevent current loops, ef-
fectively suppressing eddy current effects. Furthermore, connecting the strip
segments with capacitors (with a capacitance of 330 nF) creates an RF shield
with a high-frequency pass filter, which reduces both eddy current effects and
beam coupling impedance. TABLE 3 summarizes the shape, length, and thick-
ness of the chambers. An elliptical chamber is used for the dipole magnet, while
circular cross-section chambers are employed for the others. The RCS comprises
six types of ceramic chambers, with a total length of approximately 130 meters,
distributed across 76 units.

To identify the impedance, a ceramic chamber located in the injection area
(INB1) is utilized to measure impedance. The conventional wire method is em-
ployed for coupling impedance measurements. For transverse impedance mea-
surements, the standard technique involves the twin-wire method, where two
parallel wires carrying out-of-phase signals are inserted through the Device Un-
der Test (DUT) to generate a dipole current moment, and the forward scatter
coefficient, 𝑆21, is measured covering the frequency range below 100 MHz. We
have not observed unexpected impedance in such frequency range. However,
due to significant measurement errors associated with the twin-wire method at
low frequencies, the loop method is more suitable for this measurement, as il-
lustrated on the top of Fig. 4 [Figure 4: see original paper]. The equipment for
loop measurements includes a Vector Network Analyzer (VNA), a hybrid, and
the DUT. The out-of-phase signal is generated by the hybrid. The loop probe
comprises two parallel wires with shorted ends. The spacing Δ of the Cu wires
is 40 mm, with a wire diameter of 0.5 mm. The reflection coefficient, 𝑆11, is
measured and the input impedance for DUT, 𝑍𝐷𝑈𝑇 , is given [?]:

𝑍𝐷𝑈𝑇 = 2𝑍0
𝑆11

1 − 𝑆11

with characteristic impedance 𝑍0. The transverse impedance can be expressed
[?] as:
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𝑍𝑖𝑛
𝐷𝑈𝑇 − 𝑍𝑅𝐸𝐹 = 2𝑐

𝜔Δ2 𝑍𝐷𝑈𝑇

with measured frequency 𝜔 and the speed of light 𝑐. The measured input
impedance, 𝑍𝑅𝐸𝐹 , corresponds to a smooth, homogeneous beam chamber of
equal length (REF), using the ceramic chamber without the RF shield as REF
in the measurement.

The impedance below 10 MHz is measured and a sharp resonance peak is de-
tected. The real part of the impedance is presented in the bottom of Fig. 4
[Figure 4: see original paper]. The center frequency is 0.123 MHz, aligning
perfectly with the beam measurement results, ∼ 0.13 MHz. To investigate the
source further, the RF shield was removed during measurement, leading to the
disappearance of the resonance. Notably, the INB1 chamber measured was not
coated by the TiN film. Impedance measurements were repeated after TiN
coating, and the impedance persisted. Consequently, it was determined that
the resonance originates from the RF shield.

IV. Numerical Simulation
To verify the impedance of the ceramic chamber, numerical simulations are con-
ducted using the CST simulation suite. Actually, the wake field of ceramic
chamber were simulated using Particle STUDIO many years ago, but no reso-
nance was detected. In contrast, simulation with Microwave STUDIO recently
revealed the resonance. This discrepancy may arise from mesh grids: Parti-
cle STUDIO employs only hexahedral mesh grid in the time domain, while
Microwave STUDIO utilizes tetrahedral mesh grid in the frequency domain
(the hexahedral mesh grid is unable to handle capacitors in frequency domain).
To further investigate this phenomenon, a time-domain model with hexahedral
mesh grids was constructed in Microwave STUDIO and recomputed, but reso-
nance remained undetected. This hypothesis will be further investigated as the
software undergoes upgrades.

In the simulation, several reasonable simplifications are applied to develop a
physical model that closely resembles the actual chamber. A simplified repre-
sentation of the chamber is depicted in Fig. 5 [Figure 5: see original paper]. The
primary components of the chamber include ceramic and two titanium ports at
each end, consistent with the real chamber. The thin TiN film inside is omit-
ted. The RF shield covering the ceramic consists of Cu strips and capacitors,
consistent with the real design. We assume the capacitor has a loss of 0.09
Ω. The Kapton film, used in the real chamber for its high radiation resistance,
is ignored due to its non-conductive nature. The chamber length is 1.07 me-
ters. A loop probe, similar to that in the measurement, is incorporated in the
simulation using two parallel wires with shorted ends, matching the 0.5 mm
diameter of the measurement wires. A discrete port is provided to calculate the
reflection scattering coefficient at the open port. The size of mesh grid is auto-
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matically adjusted based on regional dimensions, thereby improving calculation
accuracy and optimizing memory and time usage. Approximately one million
mesh grids are utilized to ensure precise results. A REF simulation is done on
a stainless-steel chamber with equal length.

The input reflection coefficients for both the DUT and REF are simulated, and
the corresponding input impedances are provided in Eq. (2). The simulated
impedance of the ceramic chamber is shown in Eq. (3) and illustrated in Fig.
6 [Figure 6: see original paper]. To enhance clarity, the measured results from
Fig. 4 are also displayed. The resonant frequency identified closely corresponds
to the measured results, thereby confirming the impedance in the simulation.

After accurately confirming the INB1 impedance, we simulated the impedances
of all chamber types in the RCS and developed a comprehensive impedance
model including all ceramic chambers, as illustrated in Fig. 7 [Figure 7: see
original paper]. Each ceramic chamber exhibits resonance in the low-frequency
range, with resonant frequencies varying among the different chambers. TABLE
4 provides a detailed summary of the resonant parameters for all chambers in
the RCS. The resonant frequencies range from 70 kHz to 150 kHz, with Q-
values below 150. The MB chamber in the dipole magnet exhibits the highest
impedance, reaching 6 MΩ/m.

In our simulations, we employed a monitor to evaluate the electromagnetic field
at the resonant frequency. The findings indicate that the induced electromag-
netic field predominantly propagates along the Cu strips, with some leakage
beyond the vacuum chamber. Such leakage may cause disturbances due to ex-
ternal magnet yokes, thereby influencing the resonance. The ceramic chambers
in the RCS are predominantly encircled by dipole and quadrupole magnets. To
explore this phenomenon, simplified models of the magnet yokes were developed,
modeled as perfect electric conductors (PEC) with a thickness of 20 mm. The
resonant frequencies of the chamber with and without the yokes are compared
in TABLE 4. The results demonstrate that the presence of the yokes induces
a shift in resonance frequency, which varies among different chamber configu-
rations. For chambers with circular cross-sections, the yoke-induced frequency
shift is negligible. However, for the MB chamber with an elliptical cross-section,
where the yoke is 2.1 m long and closely aligned with the chamber in the vertical
plane, the resonant frequency increases significantly, reaching approximately 35
kHz, indicating a substantial effect.

V. Investigation of Impedance Reduction Techniques
The unusually high impedance illustrated in Fig. 7 explains the instability en-
countered during the RCS beam commissioning at low power levels. Achieving
the design power target of 500 kW for CSNS-II requires the reduction of ceramic
chamber impedance in the RCS. Accordingly, we undertook a series of simula-
tion studies to explore effective impedance reduction strategies. In this context,
the feasibility and cost-effectiveness of these techniques are critical considera-
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tions. Therefore, our objective is to identify the most dependable methods for
impedance reduction, rather than focusing exclusively on the optimal solution.

Using the INB1 as a reference, we performed detailed scans of various param-
eters, such as the strip number, width, and thickness, along with the chamber
radius and length, and the capacitor capacitance. The simulations demonstrate
that the resonant frequency is mostly unaffected by the strip number, width, and
thickness, as well as the chamber radius. Rather, it is determined by the length
of the ceramic chamber and the capacitance of the capacitors. The impedance
for various chamber lengths is examined, showing a decrease in resonant fre-
quency with increasing vacuum chamber length. However, since the chamber
length is fixed in practical accelerators, this aspect will not be further explored
in this article. Moreover, the resonant impedance for different capacitor capac-
itances is also simulated, with results displayed on the top of Fig. 8 [Figure 8:
see original paper]. It is evident that as capacitance increases, both the resonant
frequency and peak impedance decrease. The lower figure provides a summary
of resonant frequencies for various capacitances. With a given capacitance of
the capacitor 𝐶, the resonant frequency is calculated theoretically by:

𝑓𝑟 = 1
2𝜋√𝐿0𝐶

with a constant inductance 𝐿0 = 1.0146 × 10−5 H. The calculated resonances
show excellent agreement with the simulation results, suggesting that the
impedance issue can be simplified to addressing the inductance of the RF shield.
In summary, the simulations demonstrate that adjusting the capacitance of
capacitors can effectively reduce impedance. Nonetheless, careful experimental
validation is essential before applying this strategy to the RCS to ensure its
reliability, with particular attention to the voltage across the capacitors.

VI. Induced Voltages on Capacitors
During the ramping process in the RCS, voltages are induced on the capacitors.
If these voltages exceed the rated threshold, capacitor failure may occur, leading
to distortions in the magnetic field and subsequent beam instability. This insta-
bility has been empirically observed in the RCS of J-PARC as a result of these
field distortions [?]. The voltage on capacitors is generated by both the beam
and the dynamic magnetic field. In accelerators, circular vacuum chambers are
the predominant structural configuration. Therefore, this study will focus on
examining the voltage within circular cross-sections.

A. Voltages on Capacitors from Dynamic Magnetic Field

The induced electromotive force, 𝑉 , is proportional to the rate of change of
magnetic flux linking the circuit, as dictated by Faraday’s law of electromagnetic
induction:
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𝑉 = −𝑑(𝐵 ⋅ 𝑆)
𝑑𝑡

with the time rate of change of magnetic field 𝑑𝐵/𝑑𝑡 and the cross-sectional
area of a strip circuit 𝑆. The inner radius of the cylindrical RF shield is given
by 𝑟. For simplicity, we focus on the central plane, which maximizes the cross-
sectional area, as depicted in Fig. 9 Figure 9: see original paper. We assume
that the longitudinal magnetic field components can be neglected, which allows
us to simplify Fig. 9(a) to the form shown in Fig. 9(b). Furthermore, we
consider only the case where the strip is cylindrical with a radius 𝑏, the cross-
sectional area 𝑆 can be expressed as 𝑆 = 2(𝑟 + 𝑏)𝐿 with a magnet length 𝐿.
Generally, since 𝑟 ≫ 𝑏, the area can be approximated as 𝑆 = 2𝑟𝐿.

In the RCS of CSNS-II, a transverse painting technique is utilized during injec-
tion to ensure beam uniformity and reduce space charge effects. New rectangular
chamber (BCH) painting magnets in the RCS of CSNS will be implemented with
a bigger size of 245 mm × 167 mm and length of 0.44 m. The injection system
consists of horizontal and vertical painting magnets. The painting magnetic
field exhibits the highest temporal rate of change. As illustrated in Fig. 10 [Fig-
ure 10: see original paper], the typical magnetic field profile for these magnets
includes a rise time (from 0 to 𝑡1), a flat-top time (from 𝑡1 to 𝑡2), a painting time
(from 𝑡2 to 𝑡3), and a fall time (from 𝑡3 to 1.2 ms). During the fall phase, the
rate of change of the magnetic field reaches a peak of 𝑑𝐵/𝑑𝑡 = 3660 T/s, induc-
ing a voltage of approximately 320 V, thereby justifying the use of capacitors.
Additional evaluations were conducted to determine the voltage that capacitors
on all vacuum chambers must withstand, taking into account the dimensions of
the RCS vacuum chamber and the change rate of magnetic field, as detailed in
TABLE 5 . It is clear that, apart from the injection region, the voltage endured
by other capacitors is significantly lower.

B. Voltages on Capacitors from Beam

When the beam travels along the ceramic chamber, the beam current is easily
given as:

𝐼 = 𝜆̂𝑒𝛽𝑐

where 𝑒 is the electric charge and 𝛽 is the relativistic velocity factor. For a
Gaussian beam with bunch length 𝜎𝑧, the peak line charge density 𝜆̂ can be
expressed [?] as:

𝜆̂ = 𝑁𝑏√
2𝜋𝜎𝑧

with particle number in the bunch 𝑁𝑏. Gauss’s law gives the electric field at
strips with distance 𝑟 as:
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𝐸 = 𝜆̂𝑒
2𝜋𝜀0𝑟

with dielectric constant 𝜀0. Due to the beam line charge inducing image charges
on the strips, the electric field outside the vacuum chamber remains zero. There-
fore, the line density of image charges is 𝜎𝑠 = 𝜀0𝐸 = 𝜆̂𝑒/(2𝜋𝑟). For a monopole
beam located at the center of the chamber, the total induced image charge on
the chamber is accurately equal to the charge of the source beam as 2𝜋𝑟⋅𝜎𝑠 = 𝜆̂𝑒,
ensuring self-consistency. In practice, the shield of the chamber is composed of
many strips. It is assumed that the leakage of the magnetic field beyond the
chamber is negligible. Therefore, the equation can be simplified to:

𝜎𝑠𝑑𝑁𝑠 = 𝜆̂𝑒
2𝜋 𝑑𝜃

with strip number 𝑑𝑁𝑠. The current on a strip is 𝐼𝑠 = 𝐼/𝑑𝑁𝑠.

For the dipole beam with a shift 𝑥 in the horizontal plane in Fig. 11 [Figure
11: see original paper], we typically have 𝑥 ≪ 𝑟 and the voltage varies across
different strips. A cylindrical coordinate system (𝑟, 𝜃) is adopted to describe the
chamber with circular cross-section, with 𝜃 as the azimuthal coordinate. The
strip positions are given by (𝑟 cos 𝜃, 𝑟 sin 𝜃). The distance from the strips to the
beam is described as:

𝑟0 = √𝑥2 − 2𝑟𝑥 cos 𝜃 + 𝑟2

and the line density of image charges becomes:

𝜎′
𝑠 = 𝜆̂𝑒

2𝜋𝑟0

The current on strips is easily given and simplified as:

𝐼′ = 𝜆̂𝑒𝛽𝑐 𝑟
𝑟0

and the current on a strip is 𝐼′
𝑠 = 𝐼 ′/𝑑𝑁𝑠.

The resistance of the strip is given by:

𝑅𝑠 = 𝜌𝐿𝑠
𝐴

where 𝜌 is resistivity, 𝐿𝑠 is the length of Cu strips, and 𝐴 is a cross-sectional
area. For the skin depth 𝛿𝑠 and width of rectangular strip 𝑤, 𝐴 = 𝛿𝑠𝑤. With
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the resistance of strips, the voltage across the capacitor is determined by the
current flowing through the strip as:

𝑉 = 𝐼 ′
𝑠𝑅𝑠

The typical parameters of the beam and the ceramic chamber in the RCS are
presented in TABLE 6 . For a typical ceramic chamber with 𝑑𝑁𝑠 = 66, the
beam intensity peaks at 77 A during extraction, serving as a representative
case for voltage estimation. The skin depth 𝛿𝑠 = 30 µm at a typical beam
frequency of 5 MHz. Each Cu strip, with a length of 2.1 m, has a resistance
of approximately 0.24 Ω. Fig. 12 [Figure 12: see original paper] illustrates the
voltage on capacitors at different azimuthal angles and a beam with various
shift. It is easy to see that the voltage changes with the horizontal shift and
azimuthal angle. For a monopole beam, the voltage on the strip is about 0.28
V. In the case of a dipole beam with a 60 mm shift, the maximum voltage on
the capacitors is approximately 0.55 V, which is considered negligible compared
to the voltage induced by external magnetic fields.

VII. Conclusion and Outlook
An unexpected transverse instability was detected at low beam power during
the beam commissioning phase in the RCS of CSNS. Subsequent measurements
identified this instability as a TCBI. By optimizing the tune and chromaticity,
the instability was effectively suppressed, allowing for the current achievement
of 160 kW beam power. Nonetheless, achieving the 500 kW goal for CSNS-II
poses a considerable challenge. Consequently, studying the impedance sources
is still essential. Beam measurements indicate a possible resonance with a sig-
nificantly large impedance. Impedance measurements confirmed a resonance
associated with the RF shield on the ceramic chamber, aligning with the fre-
quency observed in beam measurements. Simulations conducted using CST
Microwave Studio replicate this impedance. As this new impedance cannot be
theoretically calculated, we have developed an impedance model for the RCS
ceramic chambers based on the simulation, providing a foundation for further
analysis of beam effects.

Preliminary numerical simulations have provided insights into the physical prin-
ciples behind impedance, thereby contributing to the enhancement of chamber
design for impedance reduction. The simulations investigate key parameters
such as chamber length, capacitor capacitance, and the effect of the magnet yoke.
From a practical and cost-effective perspective, optimizing capacitor capacitance
is identified as a promising approach to reducing impedance. Although these
simulations offer a comprehensive understanding of the impedance characteris-
tics of ceramic chambers and propose effective reduction strategies, thorough
validation is required before practical application, with particular attention to
the voltage on capacitors.
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This research is currently in its initial phase. While simulation studies have
offered valuable insights into the impedance characteristics of the ceramic cham-
ber in the RCS, further research is crucial. This involves exploring additional
strategies for impedance reduction and the impact of electromagnetic fields in
the accelerator tunnel. Moreover, the detailed simulation results require inter-
pretation through comprehensive impedance and beam physics theory. Conse-
quently, future work will focus on theoretical analysis and the exploration of
techniques for reducing impedance.
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