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Abstract
This paper presents the comprehensive design, multi-physics analysis of a 1.5
GHz TM020-type damping cavity, engineered for the harmonic RF system of
a high-current, low-energy storage ring. While the TM020 mode exhibits in-
herent advantages for transient beam loading and compact higher-order mode
(HOM) damping, its performance is highly sensitive to electromagnetic field leak-
age caused by perturbations at the field nodes of the fundamental mode. To
address this challenge, a systematic design strategy was adopted. The electro-
magnetic optimization focused on achieving a high intrinsic quality factor and
effective HOM damping, incorporating a symmetrically designed triple-tuner
assembly to minimize field asymmetry. The input coupler and HOM damp-
ing slots were meticulously optimized to balance coupling efficiency, damping
capability, and minimization of fundamental mode perturbation. Subsequent
multi-physics simulations, including thermal-structural and thermo-mechanical
analyses, confirmed the design’s robustness under high-power operation and
vacuum conditions, with manageable temperature rise, stress levels, and fre-
quency detuning. The results conclusively confirm the reliability of the proposed
TM020-type damping cavity design, establishing a viable path for its application
in suppressing coupled-bunch instabilities in modern storage rings.
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Abstract
This paper presents the comprehensive design and multi-physics analysis of a
1.5 GHz TM020-type damping cavity engineered for the harmonic RF system
of a high-current, low-energy storage ring. While the TM020 mode exhibits
inherent advantages for transient beam loading and compact higher-order mode
(HOM) damping, its performance is highly sensitive to electromagnetic field
leakage caused by perturbations at the field nodes of the fundamental mode.
To address this challenge, a systematic design strategy was adopted. Electro-
magnetic optimization focused on achieving a high intrinsic quality factor and
effective HOM damping, incorporating a symmetrically designed triple-tuner
assembly to minimize field asymmetry. The input coupler and HOM damp-
ing slots were meticulously optimized to balance coupling efficiency, damping
capability, and minimization of fundamental mode perturbation. Subsequent
multi-physics simulations, including thermal-structural and thermo-mechanical
analyses, confirmed the design’s robustness under high-power operation and
vacuum conditions, with manageable temperature rise, stress levels, and fre-
quency detuning. The results conclusively confirm the reliability of the proposed
TM020-type damping cavity design, establishing a viable path for its application
in suppressing coupled-bunch instabilities in modern storage rings.

Keywords: TM020 mode, electromagnetic field leakage, higher-order modes,
magnetic field wave node

1. Introduction
Radiofrequency (RF) cavities serve as critical components in modern ac-
celerator systems, including synchrotron radiation facilities, colliders, and
neutron sources, where they fulfill essential functions of particle accelera-
tion, beam bunching, and energy compensation [?, ?, ?]. The development
of fourth-generation synchrotron light sources has exacerbated the issue
of coupled-bunch instabilities (CBI), which are primarily attributed to high
impedance interactions between charged particle beams and higher-order modes
(HOMs) in RF cavities. This pressing issue necessitates the development of
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compact HOM-damping cavities with enhanced mode suppression capabilities
for next-generation storage rings.

In recent years, the TM020-type damping cavity has emerged as a promising
novel RF cavity configuration, attracting considerable attention owing to its
inherent unique advantages. The SPring-8 facility and KEK Laboratory have
proposed 500 MHz [?, ?] and 1.5 GHz TM020-type damping cavities [?], respec-
tively, preliminarily validating the viability of this cavity design. Distinguished
from the traditional TM010 mode damping cavity [?, ?, ?, ?], the TM020 mode
cavity utilizes its unique electromagnetic (EM) field distribution to facilitate a
compact HOM absorber structure [?]. Moreover, when employed as a harmonic
cavity, the TM020-type damping cavity exhibits a reduced R/Q ratio, which
effectively mitigates transient effects [?]. Notably, despite this lower R/Q, the
TM020 mode can achieve a high intrinsic quality factor (Q�), thereby maintain-
ing acceptable surface power loss, as governed by 𝑃𝑐 = 𝑉 2

𝑐 /[(𝑅/𝑄) ⋅ 𝑄0].
The TM020-type damping cavity is designed to strategically place HOM ab-
sorbers at the wave nodes of the radial magnetic field or radial electric field.
This enables comprehensive absorption of low-order modes (LOMs) and HOMs
without compromising the accelerating mode. In 2017, the KEK group first
demonstrated a symmetric arrangement of four compact coaxial structures po-
sitioned at the radial electric field nodes to simultaneously extract LOMs and
HOMs, as reported at the International Particle Accelerator Conference (IPAC’
17) [?]. By IPAC’21, this approach had evolved significantly: researchers pro-
posed a revised methodology that employs a single enlarged coaxial structure
aligned with a radial magnetic field node [?]. Comparative analyses identified
distinct advantages in the magnetic field nodal configuration, particularly in
terms of structural simplicity (fewer components) and improved operational sta-
bility. These advantages have since facilitated its adoption at major accelerator
facilities, including KEK and SPring-8. This paper also focuses on this technical
route for research.

Further research on the TM020-type damping cavity reveals several issues that
can degrade its RF performance, among which the most critical is EM field
leakage of the fundamental accelerating mode. As discussed in previous studies
[?, ?], such leakage is highly sensitive to the position of HOM coupling slots
with respect to the magnetic field nodes of the operating mode. Even minor
deviations near these nodal points—where the radial magnetic field exhibits a
steep gradient—can result in significant field leakage caused by local breakdown
of the ideal field boundary conditions. Moreover, any disruption of the azimuthal
symmetry of the EM field distribution, typically induced by asymmetrically
positioned auxiliary components such as input couplers or tuners, can further
exacerbate energy leakage from the accelerating mode.

The primary factors contributing to the disruption of EM field distribution
symmetry include the input coupler and the tuner structure. Such effects can
be minimized through the symmetrical arrangement of tuners [?]. The impact of
the input coupler, which feeds power into the RF cavity and interacts strongly
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with it, is particularly notable for its influence on the symmetry of the field
distribution. To address the issue of EM field leakage from the operating mode
of the TM020-type damping cavity, the ESRF-EBS project team has proposed
implementing choke structure as a secondary measure to protect the TM020
mode. Accordingly, the team has designed a set of 1.409 GHz TM020-type 2-
cell room-temperature damping cavities, as detailed in [?]. Incorporating choke
structure effectively protects the TM020 mode against severe EM field leakage
arising from positional offsets of coupling slots and displacement of wave nodes.
However, this approach impedes the transmission of other deleterious modes,
which in turn diminishes the damping effect.

Table 1: UTEF storage ring machine parameters

Parameter Value
Beam energy 0.5 GeV
Beam current 0.5–1.0 A
Damping time (��,�,�) 59/59/29.5 ms
Damping time with feedback (��,�) 0.05/0.05 ms
Momentum compaction factor 0.16
Working point (��,�) 8.15
Main RF frequency 499.784 MHz
Third harmonic frequency 1.499352 GHz
Bunch length 2.7 mm
Bunch length after bunch lengthening 12.2 mm

This paper presents the comprehensive design of a 1.5 GHz TM020-type damp-
ing cavity for the dual-RF system of the 0.5 GeV storage ring at the Ultrafast
Transient Experimental Facility (UTEF), whose key parameters are listed in
Table 1 [?, ?]. Our work focuses on a holistic optimization strategy that moves
beyond merely protecting the TM020 mode. We systematically address the
interconnected challenges of HOM damping, power coupling, frequency tuning,
and multipacting suppression. The design incorporates a symmetric triple-tuner
configuration to minimize field asymmetry and employs refined damping slot
geometries to balance fundamental mode confinement with effective HOM ab-
sorption. The final cavity design achieves robust performance across all critical
metrics, including RF efficiency, beam stability, and thermo-mechanical relia-
bility, providing a viable solution for high-current, long-bunch applications.

2. RF Design
The overall design of an RF cavity is an iterative process involving cavity opti-
mization, absorber design, coupler design, tuner design, multipacting analysis,
and multiphysics simulation. The design process begins with EM optimization
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of the cavity geometry to meet the target resonant frequency, shunt impedance,
and quality factor. Subsequent steps involve designing and optimizing the ab-
sorber, coupler, and tuner. The absorber design must achieve a balance between
protecting the accelerating mode and effectively suppressing HOMs. The cou-
pler design should meet the required fundamental coupling coefficient while
introducing minimal perturbation to the EM field distribution of the operating
mode, thereby avoiding significant field leakage. The tuner design must provide
an adequate frequency tuning range and avoid inducing substantial EM field
leakage. The final step involves conducting a multipacting analysis to ensure
that the damping cavity operates without multipacting under the designated
operating conditions.

A schematic of the vacuum assembly for the TM020-type damping cavity is
shown in [FIGURE:1], depicting the complete cavity structure along with its
components: the absorber, coupler, tuner, signal extractor, and vacuum pump
port. The corresponding structural parameters are labeled, which serves as the
reference configuration for all subsequent optimization studies.

2.1. Feasibility Analysis of the TM020 Mode as an Accelerating Mode

This section demonstrates the feasibility and unique advantages of employing
the TM020 mode as an accelerating mode, based on the analytical framework
for a cylindrical pillbox cavity. For a pillbox cavity of radius 𝑅 and length 𝐿,
the resonant frequency for a TM𝑚𝑛𝑝 mode is given by the equation:

𝑓𝑚𝑛𝑝 = 𝑐
2𝜋

√(𝑥𝑚𝑛
𝑅 )

2
+ (𝑝𝜋

𝐿 )
2

where 𝑐 is the speed of light in a vacuum, and 𝑥𝑚𝑛 is the 𝑛-th root of the
derivative of the 𝑚-th-order Bessel function 𝐽 ′

𝑚(𝑥) = 0. For the family of
TM0𝑛0 modes with no axial dependence (𝑝 = 0), this equation simplifies to:

𝑓0𝑛0 = 𝑐 ⋅ 𝑥0𝑛
2𝜋𝑅

[FIGURE:2] shows the magnetic field distribution diagrams for different reso-
nant modes in a pillbox cavity. A fundamental attribute of the TM020 mode,
akin to that of the conventional TM010 mode, is the presence of an axially
uniform and non-zero longitudinal electric field 𝐸𝑧 along the cavity axis. This
field profile is indispensable for the efficient acceleration of charged particles,
thereby establishing the theoretical viability of employing the TM020 mode in
accelerator applications.

To quantitatively compare the cavity geometries, the cavity radii required for
a resonant frequency of 1.5 GHz are calculated. With the roots 𝑥01 ≈ 2.405
corresponding to the TM010 mode and 𝑥02 ≈ 5.520 corresponding to the TM020
mode, the respective radii are:
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• TM010: 𝑅010 = 𝑐⋅𝑥01
2𝜋𝑓 ≈ 76.6 mm

• TM020: 𝑅020 = 𝑐⋅𝑥02
2𝜋𝑓 ≈ 175.7 mm

The larger dimensions of the TM020-type cavity confer several key operational
advantages over its TM010 counterpart. For a fixed axial length, the TM020 ge-
ometry provides a substantially greater surface area and internal volume, which
enhance heat dissipation from RF losses, thereby mitigating thermal manage-
ment issues, enabling higher power-handling capacities, and improving pressure
tolerance. Additionally, the TM020 mode features a lower 𝑅/𝑄, defined as
(𝑉𝑐)2/(2𝜔𝑈) where 𝑉𝑐 is the accelerating voltage, 𝜔 the angular frequency, and 𝑈
the stored energy; this reduced 𝑅/𝑄 diminishes the induced voltage from beam-
current perturbations, thereby suppressing transient beam-loading effects and
bolstering accelerator stability. Furthermore, the azimuthal magnetic field 𝐻𝜙
of the TM020 mode vanishes precisely at the radial position of its second mag-
netic node—unlike most HOMs, which exhibit significant field strengths there;
this nodal property facilitates the placement of damping absorbers at that lo-
cation to selectively attenuate unwanted HOMs with negligible perturbation to
the fundamental mode, while promoting a more compact cavity design.

2.2. RF Design of the Proof of Principle Cavity

This section presents a detailed study on the main cavity (Proof-of-Principle,
POP, as shown in [FIGURE:1]a) of the TM020-type damping structure, focusing
on the optimization and analysis of the TM020 mode’s RF parameters (𝑅/𝑄
and 𝑄0) and the cavity’s HOMs and lower-order modes (LOMs).

2.2.1. Accelerating Mode The geometry of the POP cavity was optimized
to operate in the TM020 mode at a target frequency of 1499.352 MHz. We
performed a parametric scan of key dimensions—including the cavity length
(𝐿), curvature radii (𝐶3, 𝑅0), and iris properties (𝑙0)—to maximize the intrin-
sic quality factor (𝑄0) while minimizing the 𝑅/𝑄. As shown in [FIGURE:3],
this optimization successfully yielded a cavity geometry with a high 𝑄0 and a
low 𝑅/𝑄, exhibiting performance aligned with the objectives of alleviating tran-
sient beam-loading effects and enhancing power handling efficiency. The final
optimized parameters are listed in .

Table 2: RF parameters of the accelerating mode for POP cavity

Parameter Value
Eigenmode freq. 1499.352 MHz
𝑅/𝑄 56.6 Ω
𝑄0 3.62 × 104

𝑅𝑎 2.04 MΩ

2.2.2. Wake and Impedance The interaction of electron bunches with the
accelerating cavity can excite wakefields that encompass both LOMs and HOMs.
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These EM resonances pose a significant risk, as they can cause emittance growth
and energy spread, and ultimately induce coupled-bunch instabilities (CBI). To
ensure beam stability, it is imperative to control the cavity’s HOM impedance
to ensure it stays below the critical CBI threshold. The CBI threshold for such
systems can be determined using well-established analytical formulas [?]:

𝑍∥
𝑡ℎ = 2 ⋅ (𝐸0/𝑒) ⋅ 𝑄𝑠

𝐼𝑏 ⋅ 𝛼𝑝 ⋅ 𝜏𝑠

𝑍⟂
𝑡ℎ = 2 ⋅ (𝐸0/𝑒)

𝑓𝑟𝑒𝑣 ⋅ 𝐼𝑏 ⋅ 𝛽𝑥,𝑦 ⋅ 𝜏𝑥,𝑦
𝐿

where 𝑍∥
𝑡ℎ and 𝑍⟂

𝑡ℎ are the total longitudinal and transverse impedance thresh-
olds, respectively; 𝑓∥,𝐻𝑂𝑀 is the longitudinal HOM frequency, 𝐸0 is the beam
energy, 𝑒 is the electron charge, 𝐼𝑏 is the average beam current, 𝑄𝑠 is the syn-
chrotron tune, 𝛼𝑝 is the momentum compaction factor, 𝑓𝑟𝑒𝑣 is the revolution
frequency, 𝜏𝑥,𝑦,𝑠 are the damping times and 𝛽𝑥,𝑦 are the beta functions at the
cavity location. The longitudinal and transverse impedance thresholds are sub-
sequently calculated using Eq. 1�2, with parameters as listed in .

Notably, the implementation of a dual-frequency RF system (fundamental +
third harmonic) increases the longitudinal impedance threshold, while a feed-
back system improves the transverse impedance threshold [?]. [FIGURE:4]
presents the distribution of longitudinal and transverse impedances for the res-
onant modes of the POP cavity, which compares these impedances to their
respective thresholds. The results demonstrate that several undamped HOMs
exceed the stability limits, highlighting the need to incorporate an effective
HOM damping structure.

2.3. HOM Coupling Slot Design

This section details the design and optimization of the HOM coupling slot for
the damping cavity. The design strategy is based on the EM field distribution
of the fundamental TM020 mode. As shown in

, the azimuthal magnetic field 𝐻𝜙 of the TM020 mode exhibits two radial null
points (nodes). Positioning the coupling slot at these nodes allows for the in-
tegration of HOM dampers while theoretically preserving the integrity of the
fundamental mode, as its magnetic field—and thus its stored energy—is subject
to minimal perturbation at these locations.

However, the region near the field node is characterized by a high spatial gradient
of the magnetic field. A first-order approximation for the magnetic field near
the nodal point 𝑟0 is given by:
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Figure 1: Figure 5

𝐻𝜙(𝑟) ≈ 𝑑𝐻𝜙
𝑑𝑟 ∣

𝑟=𝑟0

Δ𝑟

where Δ𝑟 is a small displacement from the node. This linear relationship indi-
cates that even a minor positional offset Δ𝑟 of the slot from the ideal node 𝑟0
results in a non-zero magnetic field coupling, which in turn leads to significant
EM field leakage and degradation of the fundamental mode’s quality factor
(𝑄0). Consequently, the primary challenge in design is to optimize the slot’s
geometry and position to desensitize the structure to manufacturing tolerances
and minimize this leakage.

The proposed slot design, illustrated in [FIGURE:1]b, incorporates a 90-degree
bent configuration with the absorber positioned at the corner. The initial opti-
mization centered on the slot widths: the straight section width (𝑑ℎ) and the
bent section width (𝐻𝑥). The initial study, with 𝑑ℎ and 𝐻𝑥 set equal, investi-
gated the effect of slot width on field leakage sensitivity. The results, summa-
rized in [FIGURE:6]a, demonstrate that wider slots increase the sensitivity of
fundamental mode leakage to positional misalignment.

Subsequently, with 𝑑ℎ held constant, the parameter 𝐻𝑥 was adjusted over a
range of values. The analysis (as shown in [FIGURE:6]b) demonstrates that
increasing 𝐻𝑥 also exacerbates the positional sensitivity. This trend is attributed
to a reduction in the slot’s transmission efficiency (𝜂[%] = (1 − |𝑆11|2) × 100)
across a broad frequency range, as confirmed by the frequency-domain analysis
in [FIGURE:7]a. A lower 𝜂 hinders the effective extraction and damping of
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HOM energy.

A conflicting design requirement emerged from the analysis of a specific harmful
mode, TM021, shown in [FIGURE:7]b. Specifically, increasing 𝐻𝑥 leads to a
higher shunt impedance of the TM021 mode, which is detrimental as it strength-
ens the beam-cavity interaction for this unwanted mode. Therefore, effective
damping of HOMs such as TM021 requires a smaller 𝐻𝑥, while desensitizing the
fundamental mode to slot misalignment requires a larger 𝐻𝑥.

After a comprehensive trade-off study, an optimal configuration was identified
with 𝐻𝑥 = 10 mm and 𝑑ℎ = 8 mm. This set of parameters successfully balances
the competing objectives: it sustains sufficiently high transmission efficiency
to enable effective HOM damping, while achieving an acceptable degree of in-
sensitivity to potential slot positioning deviations, thus ensuring the robust
operational performance of the fundamental TM020 mode.

2.4. Coupler Design

This section presents the design of the high-power input coupler, a critical com-
ponent tasked with efficiently delivering microwave power from the source to
the RF cavity. However, the introduction of a coupler, necessitating strong cou-
pling, inherently perturbs the EM field distribution of the fundamental TM020
mode. This perturbation can be understood through the lens of EM bound-
ary conditions: the insertion of the coupler’s metallic conductors distorts the
original field pattern, resulting in a radial shift Δ𝑟𝑛 in the position of the mag-
netic field nodes. Consequently, a non-zero magnetic field arises at the target
nodal location, which compromises the effectiveness of HOM dampers installed
at these positions and causes undesirable field leakage. The strength of the
leakage field is proportional to the product of the local field gradient and the
nodal shift, i.e., 𝐸𝑙𝑒𝑎𝑘 ∝ |∇𝐻𝜙| ⋅ Δ𝑟𝑛.

Therefore, the coupler design must achieve dual-objective optimization: meeting
the target coupling coefficient 𝛽 while minimizing the induced nodal shift and
the resulting fundamental mode field leakage. The proposed coupler geometry
is illustrated in [FIGURE:1]b. A parametric study was conducted to navigate
this design trade-off, with the key findings as follows:

• Outer Conductor Radius (𝑅𝑐𝑜𝑢𝑝𝑙𝑒𝑟): The radius of the coupler’s outer
conductor exerts a significant influence on both objectives. As shown in
[FIGURE:8]a, an increase in 𝑅𝑐𝑜𝑢𝑝𝑙𝑒𝑟 leads to a simultaneous increase in
both the coupling coefficient 𝛽 and the field leakage rate. This is attributed
to a larger physical intrusion into the cavity volume, which causes more
substantial perturbation to the field distribution.

• Inner Conductor Penetration Depth (𝐿𝑡𝑝.𝑐𝑜𝑢𝑝𝑙𝑒𝑟): The penetration
depth of the inner conductor primarily governs the coupling strength.
[FIGURE:8]b demonstrates that reducing 𝐿𝑡𝑝.𝑐𝑜𝑢𝑝𝑙𝑒𝑟 effectively decreases
the coupling coefficient 𝛽 with only a marginal effect on field leakage.
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This parameter acts as the primary tuning tool for achieving the target 𝛽
without severely exacerbating leakage.

• Choke Depth (𝑐ℎ𝑘𝑝): The depth of the capacitive choke (𝑐ℎ𝑘𝑝) is a
key feature for suppressing field leakage. As quantified in [FIGURE:8]c,
increasing 𝑐ℎ𝑘𝑝 enhances the impedance seen by stray fields, thereby ef-
fectively reducing the field leakage rate. A larger 𝑐ℎ𝑘𝑝 also slightly lowers
the coupling coefficient due to the increased distance between the inner
conductor tip and the cavity volume. While a larger 𝑐ℎ𝑘𝑝 benefits leakage
suppression, a minimum value of 10 mm is imposed by mechanical and
high-voltage standoff requirements for the coupler assembly.

• Inner Conductor Rotation (𝑅𝑜𝑡.𝑐𝑜𝑢𝑝𝑙𝑒𝑟): The rotational orientation
of the inner conductor offers an additional degree of freedom for fine-tuning
coupling. As evidenced in [FIGURE:8]d, varying the rotation angle 𝜃
enables fine control of the coupling coefficient 𝛽 with negligible impact on
field leakage. This parameter is typically used as a final adjustment to
meet specific coupling requirements without compromising the cavity’s
field confinement.

In summary, the coupler design requires a systematic trade-off between compet-
ing objectives. The final geometry was determined by first setting 𝑐ℎ𝑘𝑝 to its
minimum feasible value to minimize leakage; then adjusting 𝑅𝑐𝑜𝑢𝑝𝑙𝑒𝑟 to reach the
target coupling regime; and finally utilizing 𝐿𝑡𝑝.𝑐𝑜𝑢𝑝𝑙𝑒𝑟 and 𝜃 to precisely tune
𝛽. This methodology ensures robust power coupling while effectively mitigating
the detrimental perturbation to the cavity’s fundamental mode.

2.5. Tuner Design

This section describes the design of the frequency tuner, a crucial subsystem
designed to fine-tune the resonant frequency of the fundamental TM020 mode,
compensate for manufacturing tolerances and detuning effects during operation,
and thereby ensure optimal cavity performance. Similar to the input coupler,
the introduction of a tuner structure into the cavity volume perturbs the EM
boundary conditions. This perturbation locally deforms the EM field distribu-
tion, causing a shift in the magnetic field nodes of the TM020 mode and resulting
in EM field leakage. The primary design challenge, therefore, is to achieve a
sufficient tuning range while maintaining acceptably low field leakage.

To mitigate the disruptive impact on the field distribution, a symmetric config-
uration with three identical tuners was adopted, as illustrated in [FIGURE:1]b.
The symmetric arrangement is intended to cancel out the dominant dipolar-
component field perturbations, thereby preserving the azimuthal symmetry of
the TM020 mode and minimizing the net levels of field distortion and leakage.

The core tuning mechanism relies on the insertion of a tuner pin (inner con-
ductor) into the cavity. The fundamental frequency shift can be qualitatively
understood through the Slater perturbation theorem [?, ?]. The theorem states
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that the resonant frequency shift Δ𝑓 is related to the change in the cavity’s
stored EM energy. Inserting a metallic tuner pin into a region of predominantly
electric field lowers the resonant frequency, while inserting it into a magnetic
field region raises it. In this design, the tuner is positioned to interact with the
fringe fields, where a deeper insertion (increasing the penetration depth param-
eter 𝐿𝑡𝑝.𝑡𝑢𝑛𝑒𝑟) effectively increases the capacitive loading, thereby reducing the
resonant frequency.

[FIGURE:9]b plots the resonant frequency and normalized field leakage rate
as functions of the tuner penetration depth 𝐿𝑡𝑝.𝑡𝑢𝑛𝑒𝑟. The results align with
theoretical expectations: the resonant frequency decreases monotonically with
increasing 𝐿𝑡𝑝.𝑡𝑢𝑛𝑒𝑟. A tuning range from 1500.99 MHz to 1498.45 MHz is
achieved over the mechanical travel range of 𝐿𝑡𝑝.𝑡𝑢𝑛𝑒𝑟 from -10 mm to 10 mm,
successfully covering the target frequency of 1.499352 GHz.

Concurrently, the field leakage rate displays non-monotonic behavior, with a dis-
tinct minimum observed within the scanning range. This minimum corresponds
to the tuner position that optimally compensates for the field perturbation in-
troduced by its own structure. Crucially, over the practical operational range
of 𝐿𝑡𝑝.𝑡𝑢𝑛𝑒𝑟 from -8 mm to 10 mm, the field leakage rate remains below the
2% threshold, indicating that effective frequency tuning can be accomplished
without compromising the EM integrity of the accelerating mode.

In summary, the symmetric three-tuner design provides the necessary frequency
adjustment capability while effectively controlling levels of field leakage, ensur-
ing stable and efficient operation of the TM020-type cavity.

2.6. TM020-Type Damping Cavity Analysis

Following the successful design of the HOM damper, high-power input coupler,
and tuner for the Proof-of-Principle (POP) cavity, this section presents the
integrated cavity analysis with the addition of the signal extraction port and
vacuum pumping structure. The comprehensive EM characterization encom-
passes the fundamental accelerating mode, as well as beam-cavity interaction
effects induced by wakefields and impedance.

2.6.1. Accelerating Mode The key structural parameters of the final inte-
grated cavity design are summarized in . The corresponding EM field distribu-
tion of the fundamental TM020 accelerating mode is depicted in [FIGURE:10],
confirming the desired field pattern and the proper integration of all ancillary
components. The critical RF parameters that quantify the accelerating effi-
ciency and power dissipation of the TM020 mode—namely the intrinsic quality
factor (𝑄0), the characteristic impedance (𝑅/𝑄), and the shunt impedance (𝑅𝑎)
—are listed in . These values are consistent with the design objectives outlined
in previous sections.

Table 3: Key structural parameters of the TM020-type damping cav-
ity
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Parameter Value (mm)
𝑑ℎ 8
𝐿ℎ 82
𝑅𝑡 175.7
𝑅𝑐𝑜𝑢𝑝𝑙𝑒𝑟 30
𝑅𝑡𝑢𝑛𝑒𝑟 10

Table 4: RF parameters of the accelerating mode for the TM020-type
damping cavity

Parameter Value
freq. 1499.539 MHz
𝑅/𝑄 56.6 Ω
𝑄0 3.62 × 104

𝑅𝑎 2.05 MΩ

2.6.2. Wake and Impedance Analysis To assess beam stability, a rigor-
ous analysis of wakefields and beam-coupling impedance was conducted. The
longitudinal wake potential 𝑊𝑧(𝜏) left by a leading charged particle induces an
energy loss on trailing particles, potentially leading to beam instability. This
effect is characterized by the beam-coupling impedance; for a specific mode, this
impedance is given by:

𝑍 = 1
2(𝑅/𝑄) ⋅ 𝑄𝐿

where 𝑄𝐿 is the loaded quality factor of the mode, determined by the damping
structures. A higher impedance indicates a stronger interaction between the
beam and the cavity mode.

The initial identification of potentially dangerous HOMs was performed via the
eigenmode solver in CST Microwave Studio [?], analyzing all modes below the
beam-pipe cut-off frequency. The identified HOMs and LOMs, along with their
simulated 𝑅/𝑄 and 𝑄𝐿 values, are cataloged in .

Table 5: Analysis of RF parameters for HOMs and LOMs

Mode
freq.
(MHz)

𝑅/𝑄
(Ω)

𝑍𝐿
(kΩ) Mode

freq.
(MHz)

𝑅/𝑄
(Ω/m)

𝑍𝑇
(kΩ/m)

TM0212378.5 12.3 1.85 TM1201895.2 45.6 2.34
TM1212456.8 8.7 1.42 TE1111987.3 32.1 1.89
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Subsequently, a direct wakefield computation was performed using the transient
solver of CST Particle Studio. A Gaussian bunch with a charge of 2 nC and a
length (𝜎𝑧) of 12.2 mm was tracked through the cavity structure, and the wake
potential was computed over a length of 200 m. The resulting wakefield is shown
in [FIGURE:12]. The beam-coupling impedance for each mode was evaluated
and compared against the established instability threshold for the accelerator’
s beam parameters.

The analysis reveals that one mode, the TM021, has an impedance that exceeds
the safety threshold. Two other modes, TM120 and TM121, lie close to the
threshold and are classified as critical. The magnetic field distributions of these
three potentially harmful modes are illustrated in [FIGURE:11], providing in-
sight into their spatial structure and interaction with the damping slots. All
other HOMs were found to have impedances far below the threshold, confirm-
ing that the overall damping design is effective and meets the required design
specifications.

2.7. Multipacting Analysis

Multipacting is a resonant phenomenon in RF structures wherein free electrons,
driven by oscillating EM fields, follow trajectories leading to repeated impacts
on the structure’s surfaces. An electron avalanche occurs when the impact
energy and the surface’s secondary electron yield (SEY) collectively result in
a net gain of electrons per impact cycle. The condition for multipacting is
quantified by the secondary emission yield [?]:

⟨𝑆𝐸𝑌 ⟩ = 𝑛𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛
𝑛𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛

= 𝐼𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛
𝐼𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛

where 𝑛𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛 and 𝑛𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 are the numbers of primary incident and sec-
ondary emitted electrons, respectively, with 𝐼𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛 and 𝐼𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 being the
corresponding currents. Multipacting initiates when 𝑆𝐸𝑌 > 1, which leads to
exponential growth in the electron population over successive generations 𝑚, as
described by:

𝑁𝑒,𝑚 = 𝑁0⟨𝑆𝐸𝑌 ⟩𝑚

which is equivalent to the temporal growth log 𝑁(𝑡) = log 𝑁0+𝛼𝑡 with a positive
growth factor 𝛼.

To evaluate multipacting risks in the 1.5 GHz TM020-type damping cavity, a
series of simulations were performed using CST Particle Studio. The analysis
focused on high-risk regions, including the loop-type input coupler, the inner
wall of the HOM coupling slot, the cavity side wall, and the nose cone, as illus-
trated in [FIGURE:13]a. Primary electron sources were set up with a kinetic
energy of 2 eV, an energy spread of 20%, and an angular spread of 85° to compre-
hensively sample initial conditions. The copper-ECSS probabilistic secondary
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emission model was employed, which tracks up to 50 electron generations with a
maximum of 2.5 secondaries per hit. The SEY characteristics of the surface ma-
terial, highly dependent on processing technology, are shown in [FIGURE:13]b,
comparing the copper-ECSS and copper-Furman models.

The simulations scanned accelerating voltages from 0.05 MV to 0.5 MV and RF
phases from 0° to 360° in steps of 45°. The results, summarized in [FIGURE:13],
demonstrate that across the designated operational voltage range of 0.1 MV to
0.45 MV, the effective SEY remains consistently below unity under all phase
conditions. This confirms that the cavity design, coupled with the selected
surface treatment, successfully suppresses multipacting, ensuring stable high-
power operation.

3. Mechanical and Thermal Analysis
A mechanical design for the high-power cavity model has been developed, with
its 3D CAD assembly illustrated in

Figure 2: Figure 14

. The cavity assembly consists of a main cavity body, two endplate assemblies,
and twelve absorber modules.

The main cavity body is fabricated from oxygen-free high-conductivity (OFHC)
copper, with stainless steel flanges brazed onto it. Each endplate assembly
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features an OFHC copper inner wall and nose cone, which are also brazed onto a
stainless steel backing plate. A stainless steel bridge plate, featuring six openings
for the absorber modules, serves to structurally support the endplate assembly
and is brazed to it, forming a complete unit. Each absorber module comprises
six ferrite tiles, a copper base, and a stainless steel flange. The ferrite tiles are
brazed onto the copper base, which is integrated with internal cooling water
channels. Vacuum sealing among the main body, bridge plates, and absorber
modules is accomplished via metal O-rings or gaskets.

To account for potential manufacturing tolerances, the critical structural pa-
rameter‘Gap’was adjusted from its nominal design value of 82 mm to 81.6 mm
in the final mechanical design. This parameter can be further optimized during
commissioning to fine-tune the resonant frequency to the desired value. The ad-
justed structural parameters and their corresponding high-frequency parameters
for the accelerating mode are summarized in .

Table 6: RF parameters corresponding to the machining scheme

Scheme
Gap
(mm) freq. (MHz) 𝑅/𝑄 (Ω) 𝑄0 (104) 𝑅𝑎 (MΩ)

opt. 82.0 1499.539 56.6 3.62 2.05
mach. 81.6 1499.352 56.8 3.61 2.06

3.1. Thermal Analysis and Cooling System Design

Thermal management of the TM020-type damping cavity is critical for stable
operation. The total thermal load originates from two primary sources: (1)
resistive surface losses on the cavity inner walls, which scale with the input RF
power, and (2) power dissipated in the HOM dampers, arising from both the
fundamental mode leakage and energy from beam-excited HOMs. An effective
cooling system is designed to remove this heat. The first step in its analysis is
to characterize the flow regime within the cooling channels. The convective heat
transfer coefficient (ℎ) is determined using established correlations for internal
flow. The hydraulic diameter 𝑑 is defined as:

𝑑 = 4𝑆
𝐿

where 𝑆 is the flow cross-sectional area and 𝐿 is the wetted perimeter. The flow
regime is identified by the Reynolds number:

𝑅𝑒 = 𝜌𝑣𝑑
𝜂

where 𝜌 is the fluid density, 𝑣 the flow velocity, and 𝜂 the dynamic viscosity.
A flow velocity between 2 and 3 m/s is maintained as a design trade-off to
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effectively remove heat without inducing mechanical vibration [?]. For 35°C
inlet cooling water in the designed channels, 𝑅𝑒 = 40, 805, which confirms the
flow is turbulent (104 < 𝑅𝑒 < 1.2 × 105).

For turbulent flow in smooth tubes with a length-to-diameter ratio greater than
60, the Dittus-Boelter correlation is valid. The convective heat transfer coeffi-
cient is calculated as:

ℎ = 0.023𝑘𝑤
𝑑 𝑅𝑒0.8𝑃𝑟𝑛

𝑤

Here, 𝑘𝑤 is the thermal conductivity of water, 𝑃𝑟𝑤 the Prandtl number, and
the exponent 𝑛 is set to 0.4 for heating (wall to fluid) [?, ?]. Using the aforemen-
tioned thermophysical parameters, the calculated value of ℎ is approximately
9,000 W/(m²・K), ensuring efficient heat removal from the cavity structure.

3.1.1. Thermal Analysis of the Main Cavity A steady-state thermal
analysis of the main cavity was performed to assess its thermal performance
under high-power operation. The analysis is governed by the steady-state heat
conduction equation with a volumetric heat source:

∇ ⋅ (𝑘∇𝑇 ) + ̇𝑞 = 0

where 𝑘 is the thermal conductivity, 𝑇 the temperature, and ̇𝑞 the heat gener-
ation rate per unit volume, calculated from the RF surface power losses on the
cavity walls. The primary heat source is the resistive dissipation of RF surface
currents, which is quantified as the surface power loss. The resulting heat is re-
moved by the forced convective cooling system, with the water-cooling channels
modeled using a convective boundary condition.

Three scenarios with different surface power losses—20 kW, 30 kW, and 40 kW—
were conducted to evaluate the thermal response. As illustrated in [FIGURE:15],
the corresponding surface power density increased proportionally with the total
surface power loss. The temperature distribution under the prescribed design
cooling conditions, obtained via a CST Multiphysics simulation, is presented in

.

The results confirm a positive correlation between the input power and the
cavity’s temperature rise. Crucially, even at the maximum simulated power of
40 kW, the peak temperature rise remains below 43 °C. At a lower power of 20
kW, the maximum temperature rise is less than 22 °C, demonstrating effective
heat dissipation. Key parameters, including the maximum temperature rise
and the design-required coolant flow rate for each case, are compiled in . These
results confirm that the cavity’s cooling design is adequate for managing the
anticipated thermal loads and maintains acceptable temperature margins.
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Figure 3: Figure 16

chinarxiv.org/items/chinaxiv-202512.00006 Machine Translation

https://chinarxiv.org/items/chinaxiv-202512.00006


Table 7: Temperature analysis of the cavity and cooling water under
different surface power losses

𝑃𝑐
(kW) Δ𝑇 (K)

Flow
Rate
(L/s)

Max. Δ𝑇
(water)

Max. Δ𝑇
(cavity)

ℎ
(W/(m²・
K))

20 14.9 0.8 10.2 14.9 10,160
30 21.7 1.2 14.8 21.7 10,160
40 28.5 1.6 19.4 28.5 10,160

3.1.2. Thermal-Structural Analysis of the Ferrite Absorber The ther-
mal load on the absorber modules originates from two primary sources: power
dissipation from beam-excited HOMs and leakage from the fundamental TM020
mode. The power from HOMs is rigorously evaluated using the wakefield-based
formalism [?]. The total longitudinal loss factor 𝑘𝑡 is extracted from a CST
Particle Studio simulation, from which the HOM-specific loss factor 𝑘𝐻𝑂𝑀 is
derived by subtracting the fundamental mode loss factor 𝑘0, calculated as:

𝑘0 = 𝜔0
2 (𝑅

𝑄)
0

Subsequently, the HOM power dissipation is given by 𝑃𝐻𝑂𝑀 = 𝑘𝐻𝑂𝑀 ⋅ 𝑞 ⋅ 𝐼0.
With simulated values of 𝑘0 = 0.13 V/pC and 𝑘𝑡 = 0.66 V/pC, the calcu-
lated 𝑃𝐻𝑂𝑀 under nominal beam operation is 1.06 W. This is complemented
by power from the fundamental TM020 mode leakage. Assuming a conserva-
tive field leakage rate of 2% (equivalent to 800 W for a 40 kW input power),
the total estimated power deposited on the absorber modules is below 2 kW.
To ensure operational robustness, a worst-case scenario with a total absorbed
power of 2 kW was adopted for the subsequent thermal-structural simulation.
The mechanical layout of the absorber assembly is shown in [FIGURE:17]a.

A coupled multiphysics simulation was performed, applying this power load with
a spatial profile derived from EM simulations. The steady-state temperature
distribution is shown in [FIGURE:17]b. The peak temperature of the ferrite
tiles was found to be significantly below the Curie temperature of Ni-Zn ferrite
(typically >100 °C), thereby ensuring stable EM properties and eliminating the
risk of thermal demagnetization.

The corresponding thermo-mechanical stress distribution was analyzed, with
the von Mises stress distribution presented in [FIGURE:17]c. The maximum
calculated stress at the critical ferrite-copper base interface was approximately
30 MPa. Given that the typical tensile strength of Ni-Zn ferrite ranges from
20 to 50 MPa [?], this results in an acceptable safety factor, confirming the
structural integrity of the absorber design under the prescribed thermal load.
Key material properties and performance metrics are summarized in .
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Table 8: Mechanical and thermal properties of ferrite materials

Property Value Unit Reference Standard
Mechanical
properties [?]
Tensile Strength 35 MPa GB/T 1040.2-2006
Tensile Modulus 120 GPa GB/T 23805-2009
Flexural
Strength

85 MPa GB/T 6569-2006

Compressive
Strength

450 MPa GB/T 8489-2006

Poisson’s Ratio 0.25 - GB/T 23805-2009
Thermal
performance
[?]
Specific Heat
Capacity

0.85 J/(g・°C) GB/T 3810.3-2016

Density 5.2 g/cm³ Laboratory Method
Coefficient of
Thermal
Expansion
(30-400°C)

10.2 ×10��/°C GB/T 7320-2018

Coefficient of
Thermal
Expansion
(30-800°C)

11.5 ×10��/°C GB/T 7320-2018

Thermal
Conductivity
(25°C)

5.8 W/(m・
K)

GB/T 7320-2018

3.2. Thermo-Mechanical Deformation and Its Impact on RF Perfor-
mance

The mechanical and thermal analyses presented earlier validate the structural
and cooling design of the TM020-type damping cavity. However, the spatially
nonuniform thermal expansion, induced by RF power dissipation, generates sig-
nificant thermal stress within the cavity’s inner walls. Concurrently, the struc-
ture is subject to atmospheric pressure loading during vacuum operation. The
superposition of these thermo-mechanical loads results in a predictable defor-
mation of the cavity geometry, which in turn disturbs the cavity’s internal EM
field distribution, leading to shifts of the resonant frequency and degradations
in field confinement.

The fundamental relationship between the temperature field and the resultant
deformation is governed by the thermoelastic constitutive equations. The total
strain 𝜖𝑡𝑜𝑡𝑎𝑙 is decomposed into the elastic strain and thermal strain:
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𝜖𝑡𝑜𝑡𝑎𝑙 = 𝜖𝑒𝑙𝑎𝑠𝑡𝑖𝑐 + 𝛼(𝑇 − 𝑇0)𝐼

where 𝛼 is the coefficient of thermal expansion, 𝑇 the temperature distribution,
𝑇0 the stress-free reference temperature, and 𝐼 the identity tensor. The resulting
stress field, calculated via Hooke’s law, and the external pressure load together
govern the displacement field 𝑢.

To quantify this effect, coupled thermal-structural simulations were performed
for surface power losses of 20 kW, 30 kW, and 40 kW. The first set of results,
shown in [FIGURE:18] (Thermal Stress Distribution), demonstrates that the
maximum von Mises stress within the cavity structure increases with the ap-
plied RF power. The second set, presented in [FIGURE:19] (Mechanical De-
formation), illustrates the corresponding deformation. The magnitude of the
cavity’s maximum structural displacement increases from 66.5 µm at 20 kW to
134 µm at 40 kW.

This mechanical deformation directly perturbs the cavity’s EM boundaries. Ac-
cording to Slater’s perturbation theorem, a uniform inward displacement of
the cavity’s inner walls typically lowers the resonant frequency. The simulated
impact of this deformation on RF performance is summarized in . As the defor-
mation increases with thermal load, the resonant frequency exhibits a negative
shift, escalating from -177 kHz at 20 kW to -357 kHz at 40 kW.

Table 9: RF parameters of the accelerating mode for the TM020-type
damping cavity under different surface power loss conditions

𝑃𝑐 (kW)
freq.
(MHz) Δ𝑓 (kHz) 𝑄0 (104) 𝑄𝑚 (106)

20 1499.362 -177 3.61 13.352
30 1499.342 -197 3.60 21.973
40 1499.322 -357 3.58 29.217

Furthermore, the cavity’s mechanical deformation affects the EM field leakage.
This occurs through two mechanisms: first, the geometrical distortion disrupts
the precise alignment of the HOM coupler slots relative to the magnetic field
nodes; second, a shift in the resonant frequency alters the spatial distribution
of the field nodes. Despite these effects, the simulation results reveal that the
increase in the EM field leakage rate is negligible. It rises only from 2.09%
under a cold, unpowered condition to 2.12% at 20 kW and 2.14% at 40 kW.
This minimal change confirms the robustness of the cavity’s structural and
HOM damping design against expected thermo-mechanical deformations.
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4. Summary
This paper presents the comprehensive design and multi-physics analysis of a
1.5 GHz TM020-type damping cavity for the harmonic RF system of the Ultra-
fast Transient Experimental Facility storage ring, operating at 0.5 GeV beam
energy and 0.5–1.0 A current. The TM020 mode offers advantages in miti-
gating transient beam loading with a reduced 𝑅/𝑄 of 56.6 Ω and high intrinsic
quality factor 𝑄0 of 3.62×104, while enabling compact higher-order mode damp-
ing. Performance is sensitive to electromagnetic field leakage at fundamental
mode field nodes, addressed through a systematic optimization incorporating a
symmetric triple-tuner assembly for minimal field asymmetry, optimized input
coupler with coupling coefficient 𝛽 ≈ 3.2, and HOM damping slots with dimen-
sions 𝐻𝑥 = 10 mm and 𝑑ℎ = 8 mm to balance damping efficiency (transmission
𝜂 > 90% for HOMs) and fundamental mode confinement (leakage < 1%). Multi-
physics simulations confirm robustness under 40 kW operation, with maximum
temperature rise < 43°C, von Mises stress < 30 MPa in absorbers, and frequency
detuning < 357 kHz. The design establishes a reliable solution for suppressing
instabilities in high-current storage rings, with bunch lengthening from 2.7 mm
to 12.2 mm. Future work will focus on high-power prototyping and beam tests
to confirm performance in operational environments.
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