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Abstract

Radio frequency (RF) cavities for advanced storage rings, also known as diffraction-limited storage rings, are under devel-
opment. To this end, a competitive and promising approach involves normal-conducting continuous wave technology. The
design and preliminary test of a 499.654 MHz RF cavity for the Wuhan Advanced Light Source (WALS) based on specific
beam parameters were conducted at the SSRF. Multi-objective evolutionary algorithms have been utilized to optimize RF
properties, such as the power loss and power density, resulting in better performance in the continuous wave mode. Further
improvements were made to suppress multipacting effects in the working area. To operate stably with the beam, higher-order
mode dampers were applied to better address the coupling bunch instability than in previous designs, along with thermal
analysis to achieve the desired RF performance. Comprehensive simulation studies demonstrated the stable operation of
the RF cavity at the defined beam parameters in the WALS design. A prototype RF cavity was then developed, and the RF
performance results in a low-power test showed good agreement with the design and simulation, exhibiting readiness for
high-power experiments and operation.

Keywords Continuous Wave - MOEA - Hom-damping - Mechanical design - Prototype testing

1 Introduction

Recognized as fourth-generation synchrotron light sources,
diffraction-limited storage rings (DLSRs) [1-3] offer high-
brightness coherent X-rays. Facilities such as MAX-IV [4],
Sirius [5] and ESRF-EBS [6] are currently operating suc-
cessfully, while the construction of APS-U [7] and HEPS
[7] is underway and will benefit from various experimental
techniques such as macromolecular crystallography, small-
angle scattering, material characterization, new in situ
experimental techniques, nanospectroscopy techniques, and
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other imaging and analysis methods [8, 9].

The Wuhan Advanced Light Source (WALS) [10, 11] was
designed as a 1.5 GeV DLSR, with the aim of offering a
research frontier platform for many fields. An electron beam
with an RMS beam length of 5.5 mm is accelerated in the
LINAC stored in the storage ring. The circumference of the
ring is 180 m and the designed maximum beam current is
500 mA.

As one of the crucial elements within a synchrotron
light source, the radio frequency (RF) system provides

@ Springer


http://orcid.org/0000-0001-6287-0341
http://orcid.org/0000-0003-4752-9297
http://orcid.org/0000-0002-4707-7414
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-025-01672-w&domain=pdf

110 Page2of 11

C.Wang et al.

supplementary energy to offset synchrotron radiation-
induced energy loss. The design of the RF cavity is critical
to the overall performance of the storage ring, as it signifi-
cantly affects important beam parameters including the lon-
gitudinal stability and electron beam lifetime [12—15]. In
terms of the current trends, DLSRs such as MAX-IV [16]
and ESRF-EBS [17] use normal-conducting (NC) continu-
ous-wave (CW) technology [18] instead of superconducting
cavities [19-22] as their RF cavities. Employing the NC-CW
technology leads to significant cost savings and reduced sys-
tem complexity.

However, the beam parameters of the WALS storage
ring impose stringent requirements on the RF cavity per-
formance. A critical issue that requires attention is the
power dissipation of CW cavities. To address this issue, it is
necessary to optimize both the RF parameters and thermal
distribution. Additionally, the RF cavity in WALS requires
stronger higher-order mode (HOM) damping owing to its
higher momentum compaction factor (&) and lower synchro-
tron tuning (Q,).

This study aimed to design and optimize the RF cavity
to realize stable RF performance with a lower HOM imped-
ance, which is limited by the WALS threshold. In addition,
fabrication and low-power testing of the prototype cavity
were completed. In Sect. 2, we discuss the RF performance
of the cavity as well as multipacting suppression that may
occur in the CW cavity and alternative coupler design. The
HOM-damping design and results are presented in Sect. 3.
Subsequently, a multiphysics simulation related to the cool-
ing design is discussed in Sect. 4. Finally, prototype machin-
ing and low-power tests are presented in Sect. 5.

2 RF design and optimization
The overall design of the RF cavity is an iterative process

that involves RF optimization, multipacting suppression,
coupler design, HOM damping, and mechanical design

Fig.1 (Color online) The
design process of the RF cavity.

Beam parameters
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based on multiphysics simulations. As shown in Fig. 1,
the functional performance of the cavity was determined
using various beam parameters, as listed in Table 1. The
RF system operated at a frequency of 499.654 MHz,
which is a subharmonic of the S-band LINAC injector
[23-25]. WALS has a designed beam current of 0.5 A
and momentum compaction factor of 0.00046. These
beam parameters impose a relatively strict HOM thresh-
old, and the multicavity scheme further complicates
HOM damping. When adopting a single-cell scheme, the
required 600 kV accelerating voltage requires optimal
RF parameters and thermal distribution design. There-
fore, it is important to analyze and optimize the RF cavity
accordingly.

2.1 The RF design and optimization of the cavity

The RF cavity was designed as a reentrant cavity with flat
sidewalls that are easy to process (Fig. 2). The RF perfor-
mance could be adjusted by optimizing the cavity geometry.
By studying the cavity, it was found that the geometry of
the nose cone plays a significant role in determining the
RF performance of the cavity. The gap length affected the

Table 1 Beam parameters for RF cavity design

Parameter Value
Beam energy (GeV) 1.5
Beam current (mA) 500
Circumference (m) 180
Energy loss per turn (keV) 166.5
RF frequency (MHz) 499.654
Momentum compaction factor,a 4.6x107

Synchrotron tune, Q

Damping time, 7, /7, /7, 13.13,17.80, 22.67
RF voltage (kV) 600

Bunch length (mm) 5.5
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Fig.2 Geometry and schematics of the re-entrant cavity.

Table 2 Constraints in optimization

Objective Limitation Goal

Frequency, f (MHz) 499.654 Minimize power loss

Length, L (mm) 260 — 420

Gap, t (mm) 35 —-100 Minimize peak power density
Radius, » (mm) <210

Voltage (kV) 600 Minimize peak E field

transit time, whereas the nose cone angle influenced the peak
electric field and power density of the cavity. In addition,
the cavity length was closely related to the frequency of the
first HOM. Various other factors must be considered when
optimizing the cavity design. Given the complexity of this
optimization problem, traditional scanning and weighted
optimization methods may be inefficient and subjective.
Instead, a multi-objective evolutionary algorithm (MOEA)
[26] was introduced to enhance the objectivity and optimize
the RF performance more effectively.

MOEAs have been extensively employed in accelerator
research [27, 28], including beam dynamics in photoinjec-
tors and storage rings [29-32]. In this specific task, multiple
geometric parameters must be optimized to achieve a more
balanced RF performance, and the single-cell structure elim-
inates the need for mode identification, making the MOEA
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an excellent choice for tackling this problem. Each sample
must have a unified frequency that matches the design fre-
quency. Optimization utilizes both the non-dominated sort-
ing genetic algorithm II [33] and SUPERFISH [34]. The
ideal design minimizes the power dissipation and power
density in the cavity while achieving the required 600 kV
accelerating voltage.

When applying MOEA to a specific problem, certain con-
straints should be considered. First, the peak electric field on
the cavity surface is expected to remain low to minimize the
likelihood of breakdown. Furthermore, the nose cone must
penetrate 35 — 100 mm on one side into the cavity (7), and
the radius should not exceed 250 mm owing to manufactur-
ing limitations. The main constraints, optimization param-
eters, and objectives are presented in Table 2.

A three-objective optimization was performed several
times with 100 populations and 50 generations, starting with
a simple re-entrant cavity. During the optimization, the RF
performance can converge towards the Pareto front gradu-
ally. Figure 3 shows that the power density and power loss
are positively correlated and that the surface field strength
is mutually exclusive from the other two objectives. Moreo-
ver, the results reflect additional RF relations. The cavity
length is linearly and negatively correlated with the mini-
mum cavity consumption and minimum peak power density.
The Iength of the nose cone extending into the cavity () has
a significant influence on local parameters such as the peak
power density and peak electric field. The operating point is
shown in Fig. 3, which represents the solution of the mini-
mum power density and electric field. The RF performance
of the optimized cavity is shown in Table 3.

In the optimized cavity, the peak power density was
located near the cavity wall at the nose cone, whereas the
peak electric field reached approximately 0.3 kilpatrick fac-
tor. Significant improvements in power loss and power den-
sity were observed compared with the unoptimized cavity.
The MOEA approach not only improves the efficiency of
the optimization, but also increases its objectivity, and the
results can reflect some of the phenomena that have been
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Fig.3 (Color online): Optimal solutions of the MOEA with different gap length.
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Table 3 RF properties of the optimized cavity

Optimized W/O optimized
Frequency (MHz) 499.654 499.654
Voltage (kV) 600
RIQ () 114 96.79
Transit time factor 0.746 0.847
Shunt impedance (M) 4.37 3.34
Power loss (kW) 41.19 53.55
Max power density (W /cm?) 9 16
MaxE (MV/m) 6.2 75

overlooked in the design. In future studies, machine learn-
ing or neural network-based optimization techniques can be
developed to handle more intricate tasks.
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2.2 Multipacting suppression of the cavity

In the CW mode, multipacting is a critical factor that can
affect the cavity operation [35]. This results from an oscilla-
tory amplification process of electrons that has the potential
to break down the RF cavities and couplers. Multipacting
also causes absorption of RF power within the cavity and
can damage the inner surface through secondary electron
emission. Surface conditions and electromagnetic fields play
significant roles in reaching the resonant condition where
multipacting occurs [36]. Although the most direct method
for suppressing multipacting is surface treatment, geometry
optimization of the RF cavity can also be effective [37].
Using CST Particle Studio [38] and the secondary emis-
sion yield curve in Fig. 4, multipacting of the cavity wall
was observed. When multipacting occurs, the number of
particles in the cavity increases exponentially, which can
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Fig.4 (Color online) Multipacting suppression by geometry optimization. (a) Cavity without multipacting optimization; (b) After multipacting
optimization, Type II; (c) Second emission yield used in multipacting analysis; (d) Growth rate.
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be described by N(f) = Nye®, where N, is the initial par-
ticle number, and « is the growth rate, which can be fitted
by the particle number curve. The principle of suppressing
multipacting with the cavity geometry is to avoid resonance.
As shown in Fig. 4, a new type-II cavity was simulated. In
type-II, round blends were optimized to elliptical blends.
As shown in Fig. 4, the simulation shows a variation in the
growth rate with the accelerating voltage. Before adjustment,
multipacting occurred near the working voltage. Structural
optimization can effectively move the multipacting area and
suppress multipacting in the working area. The cavity was
iterated back to the cavity design simulation and the RF per-
formance varied slightly.

2.3 Coupler design

The coupler of an RF cavity is an important component
used to transmit RF power. In the 499.654 MHz RF sys-
tem, the transmitted power is assumed to be 150 kW, and a
WR1800 waveguide can be adopted. One of the difficulties
in the scheme of direct transmission from the waveguide
into the cavity is that the ceramic window used to separate
the air and vacuum may complicate the RF system. Consid-
ering that designing a vacuum environment in such a large
waveguide would cause stress and machining problems, we
compressed the waveguide window into a small space near
the cavity, as shown in Fig. 5. The ceramic window had a
diameter of 200 mm and a thickness of Smm and was welded
to the flange.

The design requirement for the coupler is that no reflected
power exists in the presence of a beam load (f 4.4 = 1)- In
the RF design of the cavity, the power dissipation is approxi-
mately 45 kW, and the required beam power is 83 kW. The

Air side

guide)

glé/he 3-screw tuner

==

VSWR

RF window

\/acuum side
(RF cavity)

|
|
I

E

Fig.5 (Color online) The waveguide coupler with the three-screw tuner.

coupling coefficient can be calculated from the equation
by = —P°“V;"+ébe°”‘ as about 2.7.

Howeveri in high-power experiments without a beam
load, the designed coupling results in wastage of forward
RF power. Conventional waveguide-based couplers based on
waveguide can hardly allow coupling coefficient adjustment.
To achieve continuously adjustable coupling, the ability of
a three-screw tuner for VSWR adjustment is introduced. As
shown in Fig. 5, the three screws are placed on the air side
of the waveguide at a spacing of one-fourth of the waveguide
wavelength. Considering that the RF power causes a local
temperature rise, the head of the screw is blended elliptically
owing to its weaker surface field, smoothed over, and no
local high field. As shown in Fig. 5, the coupling coefficient
can be verified from one to four.

The possibility of using coaxial couplers for power trans-
fer was preserved in the coupler design. The matching area
outside the coupling hole is designed as a cylindrical flange-
attachable mechanical structure. When a spare coaxial cou-
pler is required, the RF window can be removed, and the
coaxial coupler can be installed directly. Through simula-
tions, the coupling coefficient was continuously adjusted
based on the depth and angle of the coaxial coupler.

3 HOM in the cavity

The HOM caused by a beam passing through an RF cav-
ity is an important factor in the RF design of the cavity. If
the frequency of the HOMs overlaps with the beam spectral
line and the impedance is higher than the threshold speci-
fied by coupled-bunch instabilities [39, 40], beam instability
may occur. This threshold can be described by the following
equation:
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threshold  _ 1 2EQ, Table 4 Impedance of the main HOMs
longitudinal N eJazfiiom (1) Mode frequency RIQ (Q) 0 R (MQ)
threshold _ 1 2E (MHz)
transverse ’
Nfrev €1 Breans Tirans 754 37.79 32500 0.613
where Q. is the synchrotron tune, a is the momentum com- 1305 2.14 63700 0.291
paction factor,r is the damping time, f is the g-function at 142 20.99 35700 0.375
the RF location, N is the cavity number, f;op 1S the HOM 1768 331 41100 0.113
frequency, and f,., is the bunch revolution frequency. 1821 248 58600 0.161
The acceptable HOM impedance depends on the design 2023 3.21 89700 0.144
2127 1.29 60600 0.0392

of the storage ring and beam parameters, as listed in Table 1.
Note that the bunch length is considered to increase from
5.5 mm to 30 mm with the introduction of a harmonic
cavity [41]. In addition, the effectiveness of the beam fre-
quency spectrum is considered up to the frequency at which
the maximum amplitude is reduced to 1/¢* [42], which is
approximately 3.5 GHz. However, the modes above the
beam tube cutoff frequency can be transmitted through the
beam tube. For the current RF design, the cutoff frequencies
of the TE and TM modes in the beam tube were 1.795 GHz
and 2.295 GHz, respectively.

The impedance of the HOMs was obtained using eigen-
mode and wake field simulations. Initially, the cavity imped-
ance spectrum was simulated using the wakefield solver with
a setup of 5000 m wakelength, which is appoximately 20
times the quality factor. The simulation results are presented
in Fig. 6. The impedance of the HOMs was higher than the
threshold. These HOMs were then simulated and analyzed
using the eigenmode solver. Information such as the Q-fac-
tors and R/Q were obtained and are listed in Table 4.

By investigating the effectiveness, technical difficulty,
and complexity of current HOM damping techniques,
a rectangular waveguide with an SiC load [43] was
employed in the cavity to perform HOM-damping (Fig. 7,
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Fig.6 (Color online) The HOM impedance distribution (blue line),
HOM threshold (red line), and beam form factor (yellow line).
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left). The electric and magnetic permeabilities of the SiC
loads can be expressed as

e(w) = € +ie

I @)
uw)=pu +ip

where €', €", ' and " are the dispersion parameters meas-
ured and illustrated in Fig. 7. The load in the current design
effectively absorbs electromagnetic signals above 650 MHz.
Compared to the original cavity, the HOMs were signifi-
cantly damped. The modes with higher impedance near
2.29 GHz were found to be intrinsic modes in the beam
tube by simulation with Eigenmode solver. In the Wakefield
method, the longitudinal impedance of all HOMs within the
cutoff frequency is approximately the threshold. However,
to achieve better performance on the ring, novel methods of
HOM-damping are required.

The HOM-damping efficiency is related to the width of
the HOM waveguide. Owing to space constraints, the cut-
off wavelength HOM waveguide was designed to be near
the frequency of the first HOM. In addition to adapting
to the waveguide width, the distribution of HOM-damp-
ing waveguides may lead to different induced efficien-
cies for each HOM. As shown in Fig. 8, the impedances
of the first and third HOMs, denoted as the TMO011 and
TMO21 modes, respectively, increase as the waveguide
angle increases. However, the impedance of the mode
at 1.8 GHz, which was determined to be a TM022-like
mode, and that at 2.1 GHz, which was the TM030 mode,
decreased. The optimal damping positions are different
for various monopole modes in the cavity. By changing
the positions of the HOM waveguides, we can determine
an appropriate distribution for the HOM waveguides to
achieve a low-HOM impedance distribution.

In the latest design, the impedance of all HOMs at fre-
quencies below the cutoff frequency is well below the thresh-
old, as shown in Fig. 8 (right). As presented in Table 5, the
coupler and HOM-dampers have no significant effect on the
fundamental mode, and the longitudinal impedances of the
HOMs within 2.3GHz are well suppressed.
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Fig.7 (Color online) HOM-damping with rectangular waveguide (left), SiC load parameters (middle), and HOM impedance decrease signifi-

cantly with the damper (right).
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Fig.8 (Color online) HOM-damping with asymmetric damper (left) and optimization results for HOM damping (right).

Table 5 RF performance of the cavity

Parameters Valued
Frequency (MHz) 499.654
Voltage (kV) 600
Quality factor 31880
RIQ () 113
Shunt impedance (M) 3.7
Power loss (kW) 50
Accelerating gradient (MV/m) 1.6

4 Mechanical design and thermal analysis

The RF cavity was operated in the CW mode. Thus, a spe-
cific thermal design of the cavity is necessary to reduce
the thermal stress and fatigue. For the current RF design,
a simulation of cavity heating and cooling was performed.

A drawing of the RF cavity in processing view is shown
in Fig. 9. The cavity was formed from three subassemblies:
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Fig.9 (Color online) RF cavity in processing view with detailed
insets.

the cavity wall and end caps. The HOM-damping wave-
guides were located on one end cap, and components such
as the coupler, tuner, vacuum pump, and observing port
were designed on the cavity wall.
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The cavity was mechanically designed using internal
water cooling. The heat load on the cavity caused by the
RF field is first transferred to the wall of the water circuit by
thermal conduction and then removed by the cooling water
in the form of thermal convection. The water circuits were
distributed according to the RF power density. The peak
power density on the cavity surface was located near the
nose cone, and was calculated to be 9 W /cm? using SUPER-
FISH. However, in 3D calculations, additional elements such
as couplers and HOM waveguides can introduce changes to
the local distribution of the magnetic field. The maximum
power densities at the coupling holes were 17 W /cm? and
42 W /cm? in the HOM waveguide. Based on the power dis-
tribution and cooling structure, parameters such as the heat
coefficients for each region in the simulation are presented
in Table 6.

The temperature distribution of the cavity with an input
power of 70 kW and an initial temperature of 22 °C is shown
in Fig. 10. With the current water circuit, the highest tem-
perature increase of 43 K occurred at the corner of the HOM
waveguide, because the power density at the corner was
higher and the cooling area was smaller. The temperature
near the nose cone was 46.361 °C. The simulation indicates
that the temperature increase on the cavity wall causes cavity
deformation, which eventually shifts the cavity frequency by
approximately 282kHz. The frequency shift can be compen-
sated for by the tuner in the cavity.

Table 6 Cooling parameter set in the simulation

Location Leftend  Wall  Rightend
Channel diameter (mm) 16 16 12

Flow rate (m/s) 1.41 1.41 1.47

Heat transfer coefficient (W/m*K) 5970 5970 6555

Fig. 10 (Color online) The temperature distribution on different section.
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5 Prototype machining and low-power test

A prototype of the 499.654 MHz RF cavity for processing
exploration was manufactured. The machining process was
meticulous and precise, and the RF cavity was organized
into three distinct parts for machining, as shown in detail
in Figs. 9 and 11. The machining process used a vertical
lathe to form the machined components. After the two
end caps and cavity wall were machined, we assembled
the components for the first low-power test; because of
the lack of fixturing, the coupling and Q-values were only
approximately 1/3 of the design values. Following brazing
in a hydrogen environment as shown in Fig. 11, the various
RF parameters of the cavity were measured. The coupling
coefficient of the RF cavity without the three-screw tuner
was 2.62, and the quality factor was 29300, which is close
to the designed value.

With the three-screw tuner assembled, the coupling
coefficient became modifiable. As shown in Fig. 12, the
coupling coefficient (f) can be modified between 0.4 to
3.87, which can satisfy different states such as high power
testing and working with the beam. As shown in Fig. 12,
the quality factor and frequency vary slightly according to
the state of the three-screw tuner. Owing to the insertion
depth of the screws, the frequency of the cavity shifted
between 499.25 MHz and 499.275 MHz, which could be
compensated for by the tuner. The quality factor reduced
from 29400 to 28600, which fluctuated within a range of
no more than 3%.

Currently, the main part of the prototype cavity is being
machined. In subsequent research, the HOM spectra and
high-power tests will be performed when the SiC load and
CW power source are ready.
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Fig. 11 (Color online) Manu-
facturing and brazing of the
cavity parts.
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Fig. 12 (Color online) Results of the low-power test.

6 Conclusion

A 499.654MHz RF cavity was designed for the WALS pro-
ject. In the design process, the MOEA was applied to opti-
mize the RF performance of the cavity. After a few itera-
tions, a multipacting-free scheme with alternative couplers
was developed. The HOMs were found to be well damped

}<104

294
293¢
292+
291+

289+
2.88
287+

2.86

and met the requirements of WALS. Moreover, a proto-
type of the RF cavity was manufactured with reference
to the mechanical and thermal design, and the low-power
results of the RF characteristics were consistent with the
simulation results. In a subsequent study, we will perform
further validation measurements on the RF performance,
such as the HOM spectrum and stability of high-power
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operation, and develop a synergistic optimization method
for the HOMs and the fundamental mode.
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