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Abstract

The Institute of Modern Physics (IMP) of the Chinese Academy of Sciences (CAS) has designed and prototyped fundamental
power couplers for 81.25 MHz superconducting quarter-wave resonators (QWR) in the High-Intensity Heavy-Ion Accelerator
Facility (HIAF). The QWR coupler operates in the pulsed or continuous-wave mode with an average power of 6 kW. This
coupler is designed with a 50 Q coaxial structure and a dual-disk warm-window assembly. Focusing on the optimized heat
leakage, a double-walled structure is applied to the outer conductor of the coupler for helium gas cooling at 5 K. To suppress
multipacting (MP), a 10-nm titanium nitride (TiN) coating is applied to the vacuum side of the ceramic window, whereas a
DC bias voltage is applied to the inner conductor. To reduce the production cost of the coupler and make it suitable for mass
production, various coupler fabrication materials were tested, and the feasibility of the fabrication process was verified. The
coupler includes two types of diagnostic ports for vacuum and ARC monitoring. Two prototype couplers were fabricated
and tested for high-power conditioning. The QWR couplers proved their robustness with 10 h of 9 kW traveling-wave
conditioning and 12 h of 9 kW standing wave conditioning, achieving a stabilized 9 kW power level and a stable vacuum.
As predicted, MP barriers were encountered at input powers ranging from 1 kW to 9 kW, and a DC bias voltage of 800 V
effectively suppressed the occurrence of MP.
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1 Introduction platform for the exploration of exotic nuclear structures [1],

precise mass measurements of atomic nuclei [2-5], and
The High-Intensity Heavy-Ion Accelerator Facility (HIAF)  fusion physics [6]. The facility integrates several key com-
proposed by the Institute of Modern Physics (IMP) of the  ponents, including a superconducting electron cyclotron
Chinese Academy of Sciences (CAS) is a next-generation resonance (SECR) ion source, a superconducting ion linear
accelerator (iLinac), a booster synchrotron (BRing), and a
high-precision spectrometer ring (SRing) [7]. In iLinac, a
Thi.s work was supported by the Large Rese.a.rch Infrastructures superconducting quarter-wave resonator (QWR) is one of
71;15?53;?8%3' Heavy-Ion Accelerator Facility” (No. 2017-000052- the main acceleration structures, optimized for a relative

velocity of 0.07 and an operating frequency of §1.25 MHz,

0 Tian-Cai Jiang which facilitates the acceleration of low-energy ions and
jiangtiancai @impcas.ac.cn protons [8]. The iLinac utilizes six QWR cryomodules for
| Institute of Modern Phvsics. Chi Acad £ Sci beam acceleration, each comprising five QWRs for a total
nstitute o odern SICS, mese Academy ol dciences, .. .
Lanzhou 730000, Chin}; Y of 30 QWRs. ;l;h(?se QWRs are critical for boosting the
> University of Chincse Acad i Beiiing 100049 energy of 228U** ions with a beam current of 1 emA from
niversity o mese Academy ol dciences, beljin N . . .
China Y Y ne 0.8 MeV/u to 5.3 MeV/u, which requires strong coupling.
3 . Using Eq. (1) and (2) [9], the required RF operating power
Advanced Energy Science and technology Guangdong . . .
Laboratory, Huizhou 516001, China of the QWR superconducting cavity at the designed beam
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intensity can be calculated. These equations contain many
parameters of the superconducting cavity, such as its g, fun-

damental mode resonance frequency f, and accelerating
voltage V, .. The detuning frequency Af indicates the differ-
ence between the resonant and practical frequencies caused
by helium pressure fluctuations, Lorentz detuning, and
mechanical noise (microphonics). The parameters I, .,,, and
¢, of the iLinac represent its average beam intensity and
synchronous phase, respectively. These parameters are listed
in Table 1, where the synchronous phase is selected as —45°.
The detuning frequency is —90 Hz, with the mechanical
noise detuning contributing —50 Hz [10]. Therefore, an aver-
age power of 6 kW is required per QWR at the designed
beam intensity.

The fundamental power coupler (FPC) is a critical and
sensitive component of superconducting cavity systems. Its
task is to transfer RF power to the superconducting cavity
while maintaining a vacuum between the power source and
the superconducting cavity. The FPC is also a thermal bridge
between ambient (300 K) and cryogenic (2 K) temperatures,
which significantly increases the complexity of its design

Table 1 Main parameters of the FPC, QWR, and iLinac

Parameters Specification

Parameters related to coupler

Frequency (MHz) 81.25

Operating power (kW) 6 (CW)

Adjusting length (mm) +10

0. 1.8x 10° ~ 4.1 x 10°
Half bandwidth (S11< —20dB) (MHz) >2

FPC type Coaxial capacitive type
Window type Dual (warm)

Ceramic window material and type 96.7% alumina & disk

Coupling type Electrical coupling
Impedance () 50

Cooling method 5 K gas helium
Coupling adjusting Yes
Parameters related to QWR

Effective length Ly (m) 0.258

Epeak/ Eqce 4.69
E,..MV/m) 5.97

Ve MV) 1.54

RIQ (Q) 485.70

Qo 1.43%x10°

df /dp (Hz/mbar) -2.52

LFD (Hz/(MV/m)?) —-1.28
Parameters related to iLinac

Average beam intensity /,.,, (emA) 1

Operating mode CW/ pulse
Synchronous phase ¢y, (degree) —45 ~ =26
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[11]. Several key factors must be considered in designing an
FPC system. First, the coupler requires a wide bandwidth to
ensure optimal transmission performance. Second, an effec-
tive cooling design is crucial for minimizing total heat leak-
age and reducing heat transfer to the superconducting cavity
system [12]. Third, the multipacting (MP) effect within the
coupler can lead to ceramic window breakage. Therefore,
effective suppression methods must be implemented [13].
Finally, the coupler must have high mechanical strength to
withstand harsh conditions during its transportation, instal-
lation, and operation. In addition to these design considera-
tions, the development of FPCs for superconducting cavities
must focus on selecting viable and repeatable mechanical
designs and manufacturing processes to facilitate mass
production and reduce production time [14]. In addition,
establishing a stable and efficient high-power conditioning
procedure is critical for minimizing the conditioning time
required for couplers [15].
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In accelerators, most couplers are based on coaxial transmis-
sion lines. The HIAF QWR coupler was chosen to utilize
coaxial FPCs owing to its compact geometry, simple MP
suppression, and lower heat leakage. To balance complexity
and reliability, many couplers utilize a single-window design
to satisfy specific design requirements. The 166.6 MHz FPC
designed for the HEPS project utilizes a single warm win-
dow with a choke structure to ensure impedance matching
and a lower electric field at the brazed joints. This is highly
suitable for high-power couplers because it effectively pro-
tects the vacuum system of the superconducting cavity [16].
The ceramic window schemes for QWR couplers used in the
RISP [17] and SPIRALZ2 [18] projects are similar in that the
ceramic window utilizes a tapered structure to connect to
the coaxial section to ensure good transmission characteris-
tics. This ceramic window assembly is easy to machine and
suitable for couplers at medium power levels. QWR cou-
plers employed in the NICA [19], FIRB [20], ATLAS [21],
and RIKEN [22] projects utilize a cold/warm dual-window
design that provides protection against superconducting cav-
ity contamination. The NICA coupler uses a transition struc-
ture from the pillbox design of the fixed ceramic window to
the coaxial section of the coupler to achieve good transmis-
sion performance. The FIRB, ATLAS, and RIKEN couplers
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facilitate good transmission by adjusting the distance and
dimensions of the two ceramic windows. Compared with
cylindrical ceramic windows, disk-shaped windows are
easier to fabricate and are not limited by peak voltages [23].
The ceramic window of the coupler for the 25 MeV super-
conducting linear accelerator demonstration facility of the
China Initiative Accelerator Driven System (CiADS) project
broke repeatedly because of the emission of electrons from
the superconducting cavity. To avoid this problem, a dual-
disk warm-ceramic-window assembly was used in our QWR
coupler to further reduce the risk of vacuum leakage in the
superconducting cavity system.

Figure 1 shows a detailed schematic of the structure of
the HIAF 81.25 MHz FPC, which consists of four subas-
semblies: a coupling antenna, a coupler transmission sec-
tion, a dual-disk warm-window assembly, and a T-transition
structure (T-box). The dual-disk warm-window assembly is
part of the vacuum assembly and separates the vacuum from
air. The antenna adjustment method for the QWR coupler
uses bellows on the vacuum side of the outer conductor of

the coupler [21], and the depth of penetration of the antenna
can be adjusted by stretching or compressing the bellows
and varies within + 10 mm. Table 2 summarizes the status
of research on QWR couplers conducted by various research
institutes [17, 19-22]. To adjust the insertion depth of the
antenna, NICA, FRIB, ATLAS, and RIKEN adopted a solu-
tion similar to ours of incorporating bellows into the outer
conductor of the vacuum section of the coupler. In the cool-
ing scheme design, the QWR couplers used by RISP, FRIB,
ATLAS, and RIKEN incorporate a thermal interceptor
design to minimize total heat leakage. However, the NICA
project utilizes a liquid helium and liquid nitrogen immer-
sion scheme for this purpose. The design parameters of the
HIAF QWR coupler are listed in Table 1, HIAF QWR cou-
plers utilize helium gas at 5 K to cool the outer conductor of
the coupler and reduce heat leakage.

This study focuses on the development of QWR cou-
plers. The QWR coupler designed by our team has success-
fully completed a high-power conditioning test and meets
the long-term stable operation requirements of HIAF. The

Table 2 Design parameters of QWR fundamental power couplers used in various research institutes

Parameters NICA RISP FRIB ATLAS RIKEN
Frequency (MHz) 162 81.25 80.5 72.75 75.5

Operating power (kW) 30 2 4 4 10

Impedance (Q) 50 50 50 50 50

Window type Dual (cold+warm) Single (warm) Dual (cold+warm)  Dual (cold+warm)  Dual (cold+warm)
Ceramic window shape  Disk Disk Disk Disk Disk

Ceramic window mate-  95% alumina 99.9% alumina
rial

Coupling adjusting Yes No

Cooling method Liquid helium and nitro-

gen

97.6% alumina 96% alumina 99.5% alumina

Yes Yes Yes

40 K thermal anchor 55 K thermal anchor 80 K thermal anchor 40 K thermal anchor

Coupling antenna v| Antenna

Bellows

Cryomodule vacuum sealing flange

Vacuum gauge Port

Gas He inlet —

T-box

Variable short circuit end

/

Fig. 1 (Color online) Schematic of the mechanical structure of the HIAF QWR fundamental power coupler
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remainder of this paper is organized as follows. Section 2
describes the RF design of our QWR coupler. Section 3
describes the thermal analysis and cooling design of the
QWR coupler. Section 4 discusses its MP effect and the
methods to suppress this effect. Section 5 describes the
mechanical design, analysis, and machining of QWR cou-
plers. Section 6 discusses the high-power conditioning test
for QWR couplers and MP validation. Finally, the study’s
conclusions are presented in Sect. 7.

2 Fundamental power coupler RF design

The RF design of the FPC is intended to maximize the power
transfer to the beam-loaded superconducting cavity, mini-
mize the risk of ceramic window rupture due to ARC or MP,
and provide a significant margin of safety. The RF design of
the QWR coupler is divided into the design of four parts: the
T-box, dual-disk warm-window assembly, coupler transmis-
sion section, coupling antenna design of the coupler, and
coupling to the superconducting cavity. Figure 2 shows the
RF simulation model of the coupler and the related design
parameters. The RF designs of the coupler were created
using CST Microwave Studio [24].

The dimensions of the T-box include the outer box
width LTboxouter, inner box width LTboxinner, outer
conductor radius at the short circuit Lsc-outer, and short
circuit length Lshort, as shown in Fig. 2. The T-box feeder
end can be connected to a rigid coaxial line with an outer
diameter of 79.4 mm and an inner diameter of 34 mm,
and the coupling ports for the T-box connections have
an inner radius of 13.04 mm and an outer radius of the
interface of 30 mm. The inner conductor radius of the
short circuit was determined to be 12 mm for production
cost and compatibility with external monitoring devices.
The final optimized parameter values are not unique
because they are not independent of each other, and the

T-box

Dual disk-warm windows assembly

Coupler transmission section

Fig.2 (Color online) Simulation modeling of the coupler and related
design parameters
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final parameters must be determined in practical situa-
tions. The initial values of the parameters LTboxouter,
LTboxinner, Lsc-outer, and Lshort were set as 160 mm,
100 mm, 20 mm, and 150 mm, respectively. LTboxouter
and LTboxinner were first optimized for a suitable T-box
volume and convenient installation using scanning steps
of 5 mm and 10 mm, respectively. The values of these
two parameters were initially determined to be 180 mm
and 140 mm. Figure 3(a) shows the effect of varying the
LTboxouter parameter on the transmission performance
of the T-box at the initial values. Figure 3(b) shows the
relationship between the transmission performance of the
T-box and LTboxinner when LTboxouter is determined
to be 180 mm. The parameters Lsc-outer and Lshort were
optimized to ensure minimum reflection at the nominal
frequency, as shown in Fig. 3(c) and (d). The final T-box
dimension parameters, LTboxouter, LTboxinner, Lsc-outer,
and Lshort, were 180 mm, 140 mm, 50 mm, and 230 mm,
respectively. Figure 4(a) shows the optimized transmission
performance of the T-box with when the S11 parameter is
less than —70 dB at 81.25 MHz.

The dual-disk warm-window assembly is a fragile and
critical component of the FPC, and it utilizes a dual-disk
window structure with a taper structure to ensure good
transmission performance. Figure 2 shows the RF window
model and related parameters. The dielectric constant of the
ceramic window was determined to be 9.2 during the elec-
tromagnetic design process. The thickness of the ceramic
window Tceramic directly affects the performance and pro-
duction costs of the coupler. The height of the rectangular
cryomodule and the difficulty of machining the component
limit the distance Dceramic between the two ceramic win-
dows, and the inner diameter Rinner and outer diameter
Router of the ceramic windows are determined by the coax-
ial section of the connection. These parameters interact with
each other and affect the transmission performance of the
ceramic window assembly. A series of parameter sweeps
was performed. First, we determined the thickness Tceramic
of the ceramic window and the distance Dceramic between
the two ceramic windows and then adjusted the inner diam-
eter Rinner and outer diameter Router of the ceramic win-
dow. Finally, we searched for a suitable taper structure of the
inner and outer conductors to achieve excellent transmission
performance. Therefore, Tceramic, Dceramic, Rinner, and
Router were selected to be 6 mm, 60 mm 11.5 mm, and
35 mm, respectively. The monitoring locations of the dual-
disk warm-window assembly are shown in Fig. 2, with lines
1, 2, 3, and 4 located on the top and bottom surfaces of the
first and second ceramic windows, respectively. The possi-
bility of breakdown is determined by the distributed electric
field on these lines. The electric field distributions on the
top and bottom surfaces of the ceramic windows under an
average traveling power of 6 kW are shown in Fig. 4(b).
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Fig.3 (Color online) S11 parameters for T-box as functions of fre-
quency. (a) Different widths of the outer box (LTboxouter). (b) Dif-
ferent widths of the inner box (LTboxinner). (¢) Different radii of

The maximum electric field in these regions was less than
0.065 MV/m, which is significantly lower than the break-
down electric field of 3 MV/m in ambient air [25].

The transmission section of the QWR coupler is based on
a 50 Q coaxial transmission line. To match the dimensions of
the QWR superconducting cavity coupling port, it is neces-
sary to smoothly change the radius of the outer conductor to
that of the superconducting cavity coupling port. Figure 2
presents the design parameters of the transmission section
of the coupler. The transmission performance varies with
the taper length, as shown in Fig. 4(c). The return loss is
minimized when the taper length is 65 mm. However, when
the QWR superconducting cavity is in the no-beam state, the
taper length depends on whether the ceramic window of the
coupler is at a position where the electric field is relatively
strong. The final choice of a taper length of 45 mm and an
S11 parameter of —37 dB balanced the transmission perfor-
mance and coupler length requirements. As shown in Fig. 5,
the optimized position of the dual-disk warm-ceramic-win-
dow assembly was confirmed to be close to the standing
wave node [26]. After optimizing the main FPC, the S11
value of the entire QWR coupler is as shown in Fig. 4(d).
The return loss of the coupler was —72 dB at 81.25 MHz and
less than —20 dB at a bandwidth of 14 MHz. To evaluate the
effect of manufacturing errors in key design parameters of

-10 \
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g
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=
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% — Lshort=170
Lshort = 180
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-30 Lshort =210

= Lshort =220
Lshort =230
~— Lshort =240
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_4%0 55 60 65 70 75 80 85 90 95 100
Frequency (MHz)

(d)

the outer conductor at the short-circuit end (Lsc-outer). (d) Different
lengths of the short-circuit end (Lshort)

the coupler on the coupler performance, a manufacturing
error of plus or minus 0.5 mm was assumed, which is much
larger than the practical processing error. Figure 6 shows
that the effect of the practical manufacturing error on the
coupler performance is minimal, and the S11 parameter of
the coupler for a manufacturing error of plus minus 0.5 mm
in various design parameters of the coupler is still less than
—25 dB at the operating frequency.

Electrical coupling facilitates power transmission
between the coupler and QWR cavity. The coupler intro-
duces RF power into the cavity through an antenna probe,
which gradually generates an electromagnetic field inside
the cavity. The ratio of the intrinsic quality factor Q to the
external quality factor Q.,, quantifies the coupling strength
between the superconducting cavity and the FPC. The cou-
pling strength is affected by the coupling port position,
antenna diameter, antenna tip chamfer radius, and antenna
insertion depth. The position of the coupling port is prede-
termined during the design of the superconducting cavity,
while the antenna diameter is based on the characteristic
impedance of 50 Q. The external quality factor varies with
the chamfer radius, as shown in Fig. 7(a). It is impractical to
modify the chamfer radius during the actual operation of the
coupler. Therefore, a chamfer radius of 3 mm was chosen.
Figure 7(b) shows the variation in the external quality factor

@ Springer
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Fig.7 (Color online) Variation of external quality factor with different parameters. (a) Variation of external quality factor with chamfer radius.

(b) Variation of external quality factor with antenna insertion depth

with antenna insertion depth. The antenna insertion depth
can be adjusted from 29 mm to 49 mm to obtain a wider
range of external quality factor values than that specified in
the coupler design requirements.

3 Thermal analysis and cooling design
of the coupler

The FPC is the interface between the cryogenic and ambi-
ent environments and constitutes a significant thermal load
in cryogenic systems. The thermal analysis and cooling
design of the coupler aim to minimize the thermal load on
the superconducting cavity through a simple design, while
ensuring that the ceramic window does not rupture owing
to thermal stress. To determine the temperature distribu-
tion of the coupler for the designed power operation and
to design a suitable cooling method to ensure the stable
operation of the superconducting cavity, thermal analysis
simulations of the QWR coupler were performed using
COMSOL [27].

The T-box connection flange and coupling port of the
coupler were set to 300 K and 2 K, respectively. The material
parameters used in the thermal analysis and cooling design
are detailed in Ref. [28, 29]. Figure 8 shows the temperature
distribution of the QWR coupler under various boundary
conditions. Figure 8(a) shows the temperature distribution
at the air end of the coupler’s outer conductor with the heat
transfer coefficient set to 0.1 W/(m? - K), where the tem-
perature near the cryomodule flange is less than the outside
ambient temperature, and the water droplets are prone to
condensation, which may accelerate oxidation of the mate-
rial and damage the monitoring devices. Therefore, fans to
cool the outer conductor were included on the air side of the
coupler to prevent the condensation of water droplets; thus, a
boundary condition with the forced convection heat transfer
coefficient set to 5 W /(m? - K) was applied to the outer con-
ductor on the air side of the coupler. Figure 8(b) shows the
temperature distribution of the coupler with forced convec-
tion heat transfer, where the temperature of the outer con-
ductor at the air side of the coupler is close to 300 K, which
prevents water droplets from condensing.

Fig.8 (Color online) Tem- K K
perature distribution of the g A

QWR coupler. (a) The inner = 492 A 312
conductor of the coupler, and =

the outer conductor of the air 300 300
side are set to a 0.1 W/(m? - K) = 298 298
natural convection heat transfer 296 296
coefficient. (b) The inner 294 294
conductor of the coupler is set 292 2092
to a 0.1 W/(m? - K) natural 290 290
convection heat transfer coeffi- 288 288
cient and the outer conductor at 286 286
air end is set to a 5 W/(m? - K) 284 584
forced convection heat transfer 282

coefficient 280 %gg

(a)

(b)

@ Springer



116 Page8of17

G.-C. Liuetal.

Copper plating was applied to the inner surface of the
outer conductor to minimize the RF power loss associated
with stainless steel surfaces. The selection of an appropriate
thickness of high-quality copper, characterized by its resid-
ual resistivity ratio (RRR), is critical for reducing RF power
loss. However, it is worth noting that an increase in thermal
conductivity may lead to a corresponding increase in static
heat leakage. Huang et al. systematically investigated the
effects of the copper-plating thickness and the RRR value of
copper on the heat leakage of couplers [16]. Their findings
indicate that a copper-plating thickness ranging from 36 to
56 can sufficiently reduce power losses, whereas a copper
layer with a thickness of 36 and an RRR value between 10
and 30 can effectively reduce the total heat load, where 6 is
the skin depth (g »5pp = 8.5 pm). Therefore, to further
reduce the total heat leakage, the outer conductor of the
QWR coupler is made of 1 mm thick stainless steel and its
inner surface is plated with a 30-micron-thick copper layer
with an RRR of 10.

The 5 K helium gas cooling method is more effective
in reducing heat leakage from the coupler than the thermal
anchor cooling scheme [30]. Figure 9 illustrates the design
used for cooling the outer conductor on the vacuum side of
the QWR coupler. The design utilizes a double-walled struc-
ture with an internal helical flow channel, and the helium
gas inlet is located near the flange connecting the cavities.
According to the design of the cryomodule of the QWR
superconducting cavity, the interface between the cryomod-
ule and coupler has a diameter of 4 mm; thus, the diameter
of the helium pipe was selected to be 4 mm. The variation in
the total heat leakage at 2 K in the FPC was evaluated for a

)
He gas inlet !ll
e —N

Fig.9 (Color online) Double-walled structure of the outer conductor
for helium gas cooling

@ Springer

continuous-wave power of 6 kW in the traveling-wave mode
at a helium inlet temperature of 5 K and different helium
mass flow rates. Figure 10 shows the relationship between
the mass flow rate of helium gas and the total heat leakage.
As shown in Fig. 10, heat leakage is minimized when the
mass flow rate of helium gas is chosen to be 50 mg/s. Table 3
lists the total heat leakage with different cooling methods,
where the boundary condition for the “without any cooling”
term is set to 0.1 W/(m? - K) for the heat transfer coefficient
of the inner conductor of the coupler and to 5 W /(m? - K)
for the heat transfer coefficient of the outer conductor of the
air side of the coupler. The “30 um RRR 10 copper plating”
term corresponds to the addition of a 30 pm thick, RRR 10
copper-plating layer to the “without any cooling” condi-
tion. The “50 mg/s 5 K gas helium” term corresponds to the
addition of 50 mg/s gas helium to the “30 pm RRR 10 cop-
per plating” condition. The 5-K helium gas cooling method
effectively reduces the total heat leakage from the FPC and
lowers the risk of thermal breakdown of the superconduct-
ing cavity.

Mechanical and thermal analyses of the ceramic window
of the 5 K gas-helium-cooled couplers with an optimal cop-
per-plating thickness while transmitting 6 kW of continu-
ous-wave power were performed using COMSOL [27]. Fig-
ure 11(a) shows the temperature distribution of the ceramic
window, which has a maximum temperature of 305 K and
a maximum temperature difference of 5 K for the ceramic
window assembly. The maximum thermal stress shown in
Fig. 11(b) is 14.3 MPa, which is much lower than the flex-
ural strength of 97.6% alumina (296 MPa). Therefore, the
risk of the ceramic window cracking is small.

4 Multipacting analysis
Multipacting (MP) in the coupler directly affects the nor-

mal operation of the coupler. The electrons generated on
the inner surface of the coupler absorb the RF power, and
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Fig. 10 (Color online) Total heat leakage from the coupler as a func-
tion of the mass flow rate of helium
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Fig. 11 (Color online) (a) Temperature distribution of the ceramic windows assembly. (b) Thermal stress distribution of the ceramic windows

assembly

Table 3 Total heat leakage at 2 K for a power of 6 kW CW in the
traveling-wave mode across various cooling methods

Cooling method Total heat
leakage (W)

Without any cooling 2.7376

30 pm RRR 10 copper plating 2.0291

50 mg/s 5 K gas helium 0.02385

the charged particles with relatively high energy con-
stantly impinge upon the outer wall of the coupler and
the ceramic window. Severe MP leads to the degradation
of the coupler performance and even destroys the vacuum
sealing function of the coupler [31]. MP analysis is used
to identify areas where MP occurs, and appropriate and
effective methods are used to suppress it. In our study,
we employed the tracking solver in CST Particle Studio
[24] for MP simulations. To quantify the occurrence of
MP more intuitively, a particle number growth factor is
used to determine the likelihood of MP. The correspond-
ing exponential growth factor f is calculated by fitting the
curve of the number of emitted particles versus time to an
exponential function, that is, N = N()eﬂ % where # denotes
the particle number growth factor, N, denotes the initial
number of particles, N is the number of electrons after
a time interval AT, and T is the RF period. A positive f
indicates the occurrence of MP, and a negative f indicates
that there is no MP. The secondary electron multiplication
coefficients of copper, alumina, and titanium nitride (TiN)
can be found in Ref. [32-34].

Figure 12 shows the three initial particle sources setup
for the MP simulation: the vacuum side of the ceramic
window, the bellows, and the inner surface of the coupler

EE ~ ~ Taa
N DO KR RF P
oN &

V¥ 1.54%x1073

(b)

(a) (b) (c)

Fig. 12 (Color online) Initial particle area sources. (a) Particle source
1: the inner surface of the transmission section. (b) Particle source
2: the vacuum side of the ceramic window. (c¢) Particle source 3: the
bellows

transmission section. The inner surfaces of the outer and
inner conductors of the coupler are composed of copper,
whereas the ceramic window is composed of alumina. The
initial electron counts in these three regions were 3408,
3150, and 3986, respectively. Figure 13 shows the parti-
cle number growth factor g for the emission of the initial
electrons from the three particle area sources at different
power levels from 1 kW to 9 kW in steps of 1 kW, where
the phase of the source electrons varies from 0° to 300°
in steps of 60° for each power level. As shown in Fig. 13,
the simulation results indicate that MP may occur at all
scanning power ranges. This may be due to the partial
bellows in the outer conductor of the coupler, which are
characterized by a very small gap between the waves and
slots, resulting in a higher field strength and, therefore,
an increase in the probability of the occurrence of MP.
The coupler must employ an appropriate MP suppression
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Fig. 13 (Color online) Relationship between different input powers
and growth factors corresponding to particle area sources

method to mitigate or eliminate MP under the operating
power.

MP simulation results clearly demonstrate the need for
MP suppression methods. There are several methods for
suppressing MP in couplers. Common methods include
coating the inner and outer conductors, as well as the vac-
uum side of the ceramic window, with a thin layer (a few
nanometers thick) of low secondary electron-yield mate-
rials such as titanium or TiN. In addition, applying a DC
bias voltage to the coupler can break the resonance that
occurs during MP. Therefore, the QWR coupler employs a
10-nm TiN coating on the vacuum side of the ceramic win-
dow and applies a positive DC bias to the inner conduc-
tor to suppress the occurrence of MP in the coupler [35].
The MP suppression effect of TiN and various biasing DC
voltages ranging from 500 V to 1000 V were investigated.
The QWR coupler is designed to operate at a power of
6 kW; however, to ensure the stability of the coupler’s
performance and minimize the uncertainty factor in the
clean assembly of the coupler, a suitable bias voltage is
selected to suppress the occurrence of MPs for power
ranges from 1 kW to 9 kW and ensure that the coupler
can be adapted to variable operating conditions. Figure 14
shows plots of the growth factors in the input power range
from 1 kW to 9 kW for different DC bias voltages, with
the boundary conditions set for a TiN material with a low
secondary electron yield at the vacuum side of the ceramic
window. Figure 14(a) shows that a bias voltage of 600 V
can suppress the occurrence of MP with an input power
in the range of 1-9 kW for particle source 1. As shown
in Fig. 14(b), DC bias voltages of 600 V and above can
suppress the MP-generated power range of 1 kW to 9 kW
for particle source 2. Figure 14(c) illustrates the effect
of different DC bias voltages on the suppression of MP
occurrence in the coupler bellows. A DC bias voltage of
at least 800 V is required to suppress the MP generation
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Fig. 14 (Color online) Growth factors corresponding to various parti-
cle area sources versus different DC bias voltage. (a) Particle source
1. (b) Particle source 2. (¢) Particle source 3

of particle source 3 in the power range of 1 kW to 9 kW.
According to the simulation results shown in Fig. 14, we
finally chose a DC bias voltage of 800 V to suppress all
MP occurrences in the coupler, with an input power in the
range of 1 kW to 9 kW.
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5 Mechanical design and fabrication

Once the physical designs were completed, the mechanical
designs of the QWR couplers were initiated. Each coupler
contains three main subcomponents: a coaxial transmission
section on the vacuum side of the coupler, a dual-disk warm-
window assembly, and a T-box. These subassemblies are
made from a variety of materials such as 316 L and 304
stainless steel, oxygen-free high-thermal-conductivity cop-
per (OFHC), aluminum alloys, and 97.6% alumina ceramic.

The outer conductor of the vacuum section is made of
304 stainless steel with a wall thickness of 1 mm, and the
bellows to which it is connected are also made of 304 stain-
less steel with a thickness of 0.25 mm. To minimize the
total heat leakage, they are plated on the inner surface with
30 micron RRR 10 copper. Considering the high perme-
ability of 304 stainless steel, the flange of the coupler outer
conductor connecting the superconducting cavity is made
of 316 L stainless steel with low permeability. The mag-
netic shielding layer inside the helium jacket of the QWR
superconducting cavity and the 316 L stainless steel flange
of the coupler connecting the superconducting cavity work
together to reduce the residual magnetic field inside the
superconducting cavity to less than 15 mG, which meets
the requirements of the IMP for the residual magnetic field
of the superconducting cavity. The antenna is hollow and can
be cooled by natural air convection to mitigate temperature
increases in the inner conductor. The QWR coupler utilizes
a dual-disk warm-ceramic-window assembly, and the cop-
per ring is made of OFHC. The coupler incorporates sev-
eral monitoring ports, such as vacuum and ARC ports, to
monitor the vacuum variations and record the RF breakdown
counts. The body of the T-box is made of 6061 aluminum
alloy, and the capacitor of the T-box is made of polyvinyl
film to prevent a high DC bias voltage from damaging the
power source system. To achieve adjustability, the QWR
coupler, following the design used in Argonne Laboratory
[20], employs an adjustable coupling method using an outer
conductor bellows. Adjusting the lengths of the three bolts
changes the coupling coefficient of the coupler and ensures
the eccentricity of the inner and outer conductors.

A thorough mechanical analysis of a dual-disk warm-
ceramic-window assembly is imperative for evaluating its
performance under various operating conditions, such as
transportation, assembly, operation, and testing, which could
potentially result in ceramic window rupture or bending of
the coupler inner conductor [36]. Mechanical analysis of
the coupler was performed using COMSOL Multiphysics
[27]. A mechanical model of the coupler ceramic window
components and internal conductors is shown in Fig. 15.
The boundary conditions were that cryomodule sealing
flange and the air-end inner conductor were fixed. The

Table 4 Results of mechanical analysis of ceramic windows and the
inner conductor

Direction Deformation (pm) Stress (MPa)
Y-axis (—5xgravity) 0.691 (MAX) 1.76 MAX)
Z-axis (5xgravity) 390 (MAX) 53.9 (MAX)

Fixed Constraint

5*Gravity

5*Gravity

Fig. 15 (Color online) Schematic of the mechanical analysis of the
inner conductor and the ceramic windows of the coupler

first model frequency and its degenerate mode frequency
were 55.9343 Hz and 55.9371 Hz, respectively. The second
model frequency and its degenerate mode frequency were
409.5572 Hz and 409.5578 Hz, respectively. The simulation
results show that the model frequencies of the ceramic win-
dow assembly and inner conductor of the coupler are well
above 50 Hz, which is sufficient to mitigate the resonance
of the QWR coupler with external equipment. An axial and
lateral load of five times gravity was applied to the ceramic
window assembly and inner conductor of the coupler with
the same simulation boundary settings. Five times the grav-
ity acting on the inner conductor from the coupling port to
the T-box, because the coupler is assembled in a vertically
downward direction, and five times the gravity acting on
the inner conductor along the Z-axis are considered as the
external force to which the coupler may be subjected dur-
ing transportation or testing. Table 4 lists the deformation
and stresses used for the mechanical analysis of the ceramic
window assembly and coupler inner conductor. The maxi-
mum deformation in the z-direction was 390 pm, which did
not significantly affect the coupler performance. The yield
strengths of OFHC (oy;eq = 69 MPa) and alumina (97.6%,
thickness = 6 mm, o,;,4 = 296 MPa) exceed the maximum
stress of the simulation results, as indicated in Table 4.
Therefore, the couplers are less prone to ceramic window
breakage and large deformations of the inner conductor dur-
ing transportation, testing, and operation.

Figure 16 shows the detailed manufacturing process of the
QWR coupler. The main processing techniques used in the
production of QWR couplers include vacuum brazing, elec-
tron beam welding (EBW), and tungsten injection gas (TIG)
welding. The air-side stainless steel was brazed using TIG
welding. The ceramic windows and copper ring were brazed
in a vacuum furnace at 800 °C with a silver copper brazing
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Ceramic window with inner conductor assembly

Coupler vacuum segment assembly
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Fig. 16 (Color online) Flowchart of the manufacturing process for the QWR coupler

Fig.17 (Color online) Copper-plating process test for the bellows
and QWR coupler subcomponents during the fabrication. (a) Vacuum
heat treatment of the bellows after copper plating of the inner surface.
(b) Continuous drawing test (tensile state) of bellows after copper
plating the inner surface. (¢) Ceramic window assembly awaiting pro-
cessing. (d) Copper plating of the coupler’s outer conductor’s inner
surface before performing protective glue treatment. (e) Copper-
plated coupler’s outer conductor storage

@ Springer

material. The inner conductor of the vacuum side and the
dual-disk warm-window assembly were welded using EBW
to ensure the cleanliness of the vacuum side. Once the parts
were machined, they were assembled mechanically. The
coating process for the coupler production consists of cop-
per plating and TiN coating with a 10 -nm TiN layer on the
vacuum side of the ceramic window coated by magnetron
sputtering [37, 38]. Copper plating of the inner surface of
the bellows is crucial for the copper-plating process. Three
methods were used to test the adhesion of the copper layer
on the inner surface of the bellows: vacuum annealing, con-
tinuous drawing, and liquid nitrogen thermal shock. Fig-
ure 17(a) and (b) shows the copper-plated bellows subjected
to vacuum annealing and continuous drawing testing. After
the above three tests, there were no obvious wrinkles, peel-
ing, blistering, or delamination on the inner surface of the
bellows, indicating that the copper-plating process met the
requirements. Figure 17(c), (d), and (e) shows the ceramic
window assembly to be machined, the coupler outer con-
ductor to be copper-plated, and the coupler outer conductor
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(a) (b) (c)

Fig. 18 (Color online) Three main assemblies for the QWR coupler.
(a) Dual-disk warm-ceramic-window assembly and inner conductor.
(b) Coaxial transmission section of the vacuum side. (¢) T-box

after machining. Several critical manufacturing processes
for QWR couplers were validated to ensure their repeat-
ability and reproducibility. Figure 18 illustrates the three
main assemblies of the QWR coupler. These components
were machined. The T-box, outer conductor of the coupler,
and ceramic window can be mechanically assembled and
prepared for high-power conditioning.

6 Performance verification

The coupler performance was evaluated by analyzing the
RF conditioning phenomena. Before installing the cryo-
modules, each QWR coupler was subjected to high-power
RF conditioning at room temperature to a stabilized power
level of 9 kW. This testing process can eliminate the surface-
adsorbed gases and MP barriers of the coupler and incinerate

Fig. 19 (Color online) Layout

schematic of the high-power

conditioning of the QWR

coupler FPC 2
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microscopic surface impurities. This process evaluates the
robustness of the coupler [39].

Before high-power conditioning, the coupler underwent
a comprehensive cleaning process in which each assembly
of the coupler was cleaned in an ultrasonic bath for 25 min.
The assemblies were dehydrated using anhydrous ethanol
and dried using filtered high-purity nitrogen. The cleanliness
of the assemblies was evaluated using a particle counter.
Following the assembly, vacuum leak testing must be per-
formed, and the helium vacuum leak rate must be less than
1.0 x 1078 Pa - L/s. The assembled coupler was positioned on
the test bench for in situ baking at a temperature of 150 °C
for 72 h. This procedure effectively removes moisture from
inside the coupler, thereby minimizing the conditioning time
[40].

A high-power conditioning system consists of three main
subsystems: a microwave power source and transmission
system, a test bench, and a low-level control and protection
system [41]. The microwave power source and transmis-
sion system primarily consist of a solid-state power source
capable of delivering an output power of up to 10 kW. The
high-power conditioning mode can be modified by replac-
ing the terminal equipment of the downstream coupler. The
test bench comprises a coupler support bracket and a test-
connecting cavity, facilitating optimal electrical contact and
high transmission efficiency between the two sets of cou-
plers. The low-level control and protection system monitors
parameters such as the forward power, reflected power, tem-
perature, vacuum, and ARC. If any of these signals exceed
predefined thresholds, the power source is temporarily deac-
tivated to protect the coupler. The interlocking system is
activated when the vacuum pressure exceeds 5.0 X 1075 Pa,
and the power source is reactivated once the vacuum pres-
sure falls below 1.0 X 107 Pa

Figure 19 shows the schematic of a high-power condition-
ing system. The forward and reflected powers were measured

Ceramic window
Test cavity

F1_Vacuuml l

CAT_Vacuum
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Fig.20 (Color online) Test bench setup of the power couplers and test cavity

using a directional coupler. The electronic activity of the
coupler was measured by monitoring the vacuum changes
in the coupler. Seven temperature probes were used to meas-
ure the temperature distribution across the couplers. These
probes were affixed to specific locations: the inner box of
the T-box of FPC 1 (T1), dual-disk warm-window assembly
of FPC 1 (T2), outer conductor of the transmission section
of FPC 1 (T3), outer conductor of the test cavity (T4), outer
conductor of the transmission section of FPC 2 (T6), dual-
disk warm-window assembly of FPC 2 (T7), and inner box
of FPC 2 (T8). Temperature probe T5 was used to monitor

the ambient temperature. Four ARC detectors were installed
in the ceramic window sandwich and vacuum sides of FPC
1 and FPC 2.

Figure 20 shows the test bench setup, which consists
of two power couplers and a test cavity. The QWR cou-
pler was evaluated during high-power conditioning using
a hybrid approach involving the traveling and standing
wave modes for QWR coupler fabrication and perfor-
mance. High-power conditioning specifications were
devised for QWR couplers. First, traveling-wave condi-
tioning was performed in the CW mode, and the power
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Fig.22 (Color online) MP test 0.0012
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was gradually increased from 1 kW to 9 kW and then
maintained at 9 kW for 10 h. Thus, the main purpose of
traveling-wave conditioning is to pre-degas the couplers.
Standing wave conditioning was then performed with an
adjustable short-circuit plunger in place of the terminating
load, and the position of the short-circuit end was adjusted
in steps of 1/16 wavelength (3689 mm) for a total length
of 1/2 wavelength to ensure that all the RF surfaces of the
coupler were conditioned. In the standing wave mode, the
incident power was adjusted to a CW power of 9 kW for
the standing wave conditioning of the coupler. As shown
in Fig. 21, after an RF power of 9 kW is applied for 2 h,
these two couplers can reach a stable power level of 9 kW,
the vacuum state of both couplers is stable, and the inter-
locking protection of the system is not triggered. How-
ever, the temperature of T1 increased slightly and then
stabilized relative to that T8, because the T1 temperature
probe was attached to the copper piece that connected the
inner conductor to the inner box of the T-box, whereas the
T8 temperature probe was mounted on the inner wall of
the inner box away from the copper plate. During standing
wave conditioning, the temperature of the inner conductor
increased, resulting in an increase in T1. In future experi-
ments, the location of the T1 probe will be changed to the
inner wall of the inner box. The total conditioning time
for these two prototype couplers was 22 h, with 10 h of
traveling-wave conditioning and 12 h of standing wave
conditioning, during which no ARC events occurred.

MP is verified using traveling-wave conditioning. MP
causes the vacuum of the couplers to deteriorate. There-
fore, we characterized the level of MP occurrence in terms
of the vacuum of the coupler. The vacuum variations in
the coupler at different power levels during traveling-wave
conditioning were recorded. F1_vacuum and F2_vacuum
in Fig. 19 are the MP-verified vacuum measurement
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ports. Figure 22 shows the vacuum variations in the two
couplers for input powers ranging from 1 kW to 9 kW
at different DC bias voltages. In the absence of a DC
bias voltage, the coupler suffered vacuum deterioration
in the input power range of 1 kW to 9 kW. In the range of
1 kW to 3 kW, the vacuum deterioration was severe; the
results of this test agree with the simulation results that
the growth factor of MP in the absence of a DC bias volt-
age decreases progressively from 1 kW to 9 kW. Subse-
quently, we applied DC bias voltages from 500 V to 800 V
and observed the vacuum variations in both couplers. As
the bias voltage gradually increased, the vacuum of the
coupler gradually stabilized at a lower value. However, a
bias voltage of 500 V induced new MP barriers at input
powers of 1 kW to 3 kW, and a bias voltage of 600 V
generated new MP barriers at input powers of 4 kW to
6 kW. A bias voltage of 700 V cannot effectively suppress
MP at the input powers of 8 kW to 9 kW, as predicted by
the simulation results. Therefore, the bias voltage was
set to 800 V. The input power was scanned from 1 kW
to 9 kW, the two couplers were subjected to traveling-
wave conditioning, and the vacuum of the two couplers
was stabilized. A DC bias voltage of 800 V was found to
effectively suppress MP occurrence in the input power
range from 1 kW to 9 kW.

7 Conclusion

The fundamental power coupler for the development of the
QWR at 81.25 MHz used in the HIAF project is a cutting-
edge component designed to meet the rigorous requirements
of superconducting RF systems. Two prototype couplers
with power capacities of 6 kW were designed, fabricated,
and subjected to high-power conditioning tests. The coupler

@ Springer



116 Page160f17

G.-C. Liuetal.

utilized a dual-disk warm-window structure to reduce the
risk of vacuum leakage in superconducting RF systems.
Simultaneously, to minimize the total heat leakage of the
coupler, a double-wall structure was applied to the outer
conductor of the coupler to allow for helium gas cooling at
5 K. MP in the coupler was suppressed by applying a DC
bias voltage and using TiN material. The selection of materi-
als for coupler processing and feasibility verification of the
fabrication process were conducted to reduce the production
cost of the coupler and make it suitable for mass production.
The couplers were subjected to 10 h of 9 kW traveling-wave
conditioning and 12 h of 9 kW standing wave conditioning,
finally reaching a stabilized 9 kW power level and stable
vacuum. An MP barrier was encountered, as predicted by
the simulation results. In the input power range of 1 kW to
9 kW, a DC bias voltage of 800 V effectively suppressed MP
in the coupler. These MP barriers were eventually cleared by
high-power conditioning. These couplers will be mounted
on a cryomodule along with a QWR superconducting cav-
ity for future horizontal testing. We plan to focus on the
temperature distribution and multipacting behavior during
horizontal cryomodule testing.
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