
Design optimization of 3.9 GHz fundamental power coupler
for the SHINE project

Zhen-Yu Ma1 • Jin-Fang Chen1

Received: 24 July 2021 / Revised: 30 September 2021 / Accepted: 21 October 2021 / Published online: 25 November 2021

� The Author(s), under exclusive licence to China Science Publishing & Media Ltd. (Science Press), Shanghai Institute of Applied Physics, the

Chinese Academy of Sciences, Chinese Nuclear Society 2021

Abstract The third harmonic superconducting cryomodule

is being designed for the Shanghai High repetition rate

XFEL and Extreme light facility (SHINE) project, which is

under construction. In contrast to the European X-ray Free

Electron Laser (E-XFEL) project, the 3.9 GHz cryomod-

ules in the SHINE project will operate in the continuous

wave regime with higher radio frequency average power

for both cavities and couplers. We propose a 3.9 GHz

fundamental power coupler with an adjustable antenna

length, for satisfying the SHINE project requirements.

Here, we describe the 3.9 GHz fundamental power cou-

pler’s design considerations and power requirements for

various operating modes of the SHINE Linac. We also

present the results of the radio frequency simulation and

optimization, including the studies on multipacting and

thermal analysis of the proposed 3.9 GHz coupler.

Keywords 3.9 GHz fundamental power coupler � Third

harmonic cavity � Superconducting cryomodule � XFEL

and extreme light facility (SHINE) Linac

1 Introduction

The Shanghai HIgh repetition rate XFEL aNd Extreme

light facility (SHINE) is the first hard X-ray free electron

laser facility in China, which is under construction in

Shanghai Pudong New District [1–3]. The SHINE facility

includes an 8-GeV-energy superconducting linear acceler-

ator, three undulator lines, three beamlines, and the first 10

experiment stations in stage I. It will provide high-resolu-

tion imaging, ultra-fast process exploration, advanced

structural analysis, and other cutting-edge research meth-

ods for research in many fields, such as physics, chemistry,

life sciences, material sciences, and energy sciences. The

Linac contains 600 accelerating cavities operating at

1.3 GHz, which are assembled in 75 superconducting

cryomodules. It also contains 16 superconducting cavities

operating at the third harmonic frequency of 3.9 GHz,

which are assembled in two superconducting cryomodules.

The third harmonic cryomodules are applied just before the

first bunch compressor chicane in Main Linac, for lin-

earizing the longitudinal phase space distortion before

bunch compression, which is caused by the cosine-like

accelerated voltage curve of the 1.3 GHz accelerating

cryomodule [4–6].

The fundamental power coupler is one of the most

important and complicated components of the supercon-

ducting cryomodule. Its main function is to provide

microwave power to the superconducting cavity, for

establishing an accelerating electric field within the cavity.

Simultaneously, the ceramic windows of the couplers are

also used for isolating the super-high vacuum environment

in the cavity from the atmosphere [7–9]. Fermilab designed

and built a power coupler for the FLASH 3.9 GHz cry-

omodule operating in the pulse regime (1.3 ms 9 10
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Hz 9 45 kW; maximal average power * 600 W). The

same 3.9 GHz coupler design is used for the E-XFEL

project. The Linac Coherent Light Source facility (LCLS-

II) 3.9 GHz power coupler was modified from an old

FNAL/XFEL style coupler for 2 kW continuous wave

(CW) average power [10, 11]. Both 3.9 GHz couplers, for

the E-XFEL and LCLS-II, adopt a fixed antenna length.

The E-XFEL team reported external quality factor mea-

surements on the first 3.9 GHz cryomodule (eight cavities),

which showed that the external quality factor can vary by

the factor of two across cavities [12]. For the SHINE

project, a 3.9 GHz fundamental power coupler was

designed for the third harmonic cavity, which was devel-

oped after a series of shape optimizations [4]. The main

technical parameters of the 3.9 GHz fundamental power

coupler are listed in Table 1. The SHINE 3.9 GHz funda-

mental power coupler was designed to withstand 2 kW CW

power in the traveling wave (TW) mode, and the optimal

external quality factor of the third harmonic cavity was

2.13 9 107. Compared with the E-XFEL and LCLS-II

3.9 GHz power couplers, the most prominent advantage of

the SHINE 3.9 GHz power coupler is that the external

quality factor of the cavity can be changed by adjusting the

coupler antenna insertion depth, to compensate for the

tolerance caused by the cryomodule assembly [13, 14]. The

adjustment range of the external quality factor spans from

1.0 9 107 to 5.0 9 107. In contrast to the layout of the

1.3 GHz couplers in the accelerating cryomodules, a 180�
rotation layout is adopted between the adjacent cavities for

the 3.9 GHz power couplers in the third harmonic cry-

omodules, for minimizing transverse radio frequency (RF)

kicks caused by fundamental power couplers [15].

The remainder of this paper is organized as follows. In

Sect. 2, the geometry and functionality of the SHINE

3.9 GHz fundamental power coupler, and the power

requirements for different accelerator operating conditions

are briefly introduced. In Sect. 3, the detailed RF simula-

tion and optimization of the 3.9 GHz coupler are presented.

In addition, the multipacting calculation and thermal

analysis are presented separately in Sect. 4 and Sect. 5.

Finally, the study’s conclusions are presented in Sect. 6.

2 Coupler design and power requirements

The SHINE 3.9 GHz fundamental power coupler con-

sists of four sections: (1) the cold section, (2) the warm

section, (3) the waveguide-to-coax transition, and (4) the

tuning mechanism. The mechanical design of the SHINE

3.9 GHz fundamental power coupler is shown in Fig. 1.

The 3.9 GHz coupler adopts dual ceramic windows and a

50-Ohm-resistance coaxial line design. The cold cylindri-

cal window is similar to the SHINE 1.3 GHz fundamental

power coupler’s cold window, and the warm circular

window is based on the conventional window design that is

developed for commercial klystrons [16]. The vacuum

sides of the ceramic windows are coated with TiN, for

reducing the secondary electron emission coefficient

(SEC). The bellows in the inner and outer conductors are

used for compensating for the mechanical flexibility and

thermal shrinkage during the cryomodule assembly and

cooldown. The antenna of the cold section and the

waveguide-to-coax transition are made of oxygen-free

copper, while the others are made of stainless steel. The

hollow structure of the antenna serves to reduce the

mechanical stress on the cold ceramic window. All stain-

less steel RF surfaces are coated with copper films for

reducing the RF loss, and the thickness of the copper film

on the inner conductor of the warm section was increased

to 150 lm, to alleviate overheating.

There are three diagnostic ports in the 3.9 GHz coupler:

two electron pickup probes are separately installed in the

cold and warm sections for detecting the emission of sec-

ondary electrons, while one arc detector is installed in the

waveguide-to-coax transition for detecting arcing inside

the coupler. In addition, a vacuum pump port is added to

the waveguide-to-coax transition, for pumping out the

vacuum of the warm section. In addition, the 5 K and 45 K

intercept points of the 3.9 GHz coupler are connected by a

Table 1 Main technical

parameters of the SHINE

3.9 GHz fundamental power

coupler

Parameters Specification

Frequency (GHz) 3.9

Type Coaxial, dual windows

Window type Cylindrical (cold) ? Planar (warm)

Coupler power capability (kW) 0.9 (0.1 mA beam current)

Coupler power capability (kW) 1.8 (0.3 mA beam current)

Conditioning power, TW mode (kW) 2 (test bench)

External quality factor, Qext 2.13 9 107

Qext adjustment range 1.0 9 107 * 5.0 9 107

Antenna adjustment range (mm) ± 3
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copper braid with 5 K and 45 K helium pipes in the third

harmonic cryomodule, to increase the cooling capacity of

the coupler. The waveguide port of the coupler, connected

to a solid-state amplifier (SSA), is selected as the WR284

waveguide, which has a higher power capacity and is easier

to manufacture than the WR229 waveguide.

Unlike the 1.3 GHz accelerating cavity, the third har-

monic cavity is in the deceleration phase instead of the

acceleration phase. Most of the power comes from the

beam; thus, the power fed by the SSA is significantly

reduced. The external quality factor of the superconducting

cavity and the power requirements can be calculated using

Eqs. (1)–(3), and are related to the beam current and other

parameters, such as the coupling coefficient b, beam cur-

rent Ib, cavity intrinsic quality factor Q0, cavity voltage Vc,

R/Q of the cavity, frequency detuning df, and resonant

frequency f0 [17]. For the SHINE project, the optimal

external quality factor is 2.13 9 107, for the following

working conditions: the final average beam current in

Linac is 0.3 mA, the nominal accelerating gradient Eacc of

the 3.9 GHz superconducting cavity is 13.1 MV/m, the

cavity intrinsic quality factor Q0 is 2.0 9 109, the beam-

cavity phase U is at 153�, and the frequency detuning df
caused by the peak microphonics effect is 30 Hz. The RF

power induced by a beam and radiated to the coupler is

approximately 1.36 kW per cavity, and the required input

power from the SSA for maintaining the operating gradient

is approximately 0.2 kW. Thus, the coupler should be rated

for * 1.8 kW of average RF power. Therefore, the

3.9 GHz coupler is designed to withstand the CW power of

2 kW in the TW mode. Figure 2 shows the generator

power, the radiation power of the cavity, and the total

coupler’s power capability, for different beam currents.

The maximal generator power does not exceed 0.5 kW,

considering the waveguide transmission loss of * 15%.

The external quality factor of the cavities will be

adjusted to the optimal value after the cryomodule is

cooled down to 2 K, and it will be maintained during the

accelerator operation. To achieve the optimal external

quality factor, the SHINE 3.9 GHz fundamental power

coupler is designed as an adjustable structure. Through the

tuning mechanism of the warm section, the stretching of

the bellows can be controlled, to change the insertion depth

of the antenna into the cavity, thereby achieving coupling

adjustability. The adjustment range of the antenna is

about ± 3 mm, so that the external quality factor can be

varied from 1.0 9 107 to 5.0 9 107, increasing the exter-

nal quality factor adjustment capacity up to fivefold.
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3 RF simulations and optimization

3.1 Simulation and optimization of the cold section

All components of the 3.9 GHz coupler, including the

cold section, the warm section, the waveguide-to-coax

transition, and the bellows section, were optimized using

the high-frequency simulation software CST [18]. The goal

Fig. 1 (Color online) The

mechanical design of the

SHINE 3.9 GHz fundamental

power coupler
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of the S-parameter optimization was to make the reflection

coefficient as small as possible and the transmission coef-

ficient as large as possible, at the operating frequency. The

requirements are that S11 and S21 for the 3.9 GHz coupler

should be better than - 21 dB and - 0.2 dB separately.

The cold ceramic window of the 3.9 GHz coupler uses a

cylindrical window type, which is similar to the cold

window structure of the SHINE 1.3 GHz fundamental

power coupler. The cold section of the coupler consists of a

50-Ohm-resistance coaxial line with a 30-mm-diameter

outer conductor. Figure 3 shows the three-dimensional

(3D) model of the cold section and its instant electro-

magnetic field distribution in the TW mode. The trans-

mission coefficient is related to the size of the structure.

First, we scanned and optimized each size parameter of the

structure and finally combined them together for the final

optimization. Figure 4 shows the frequency dependence of

the S11 and S21 parameters, for different radii of the cold

window’s outer conductor. The S-parameter values were

the best when the radius of the cold window’s outer con-

ductor was 28 mm. Using this method, we determined the

dimensions of the other structural parameters. Figure 5

shows the S-parameter curves for the optimized cold sec-

tion, for the 3.4–4.4 GHz frequency range. The optimal

transmission coefficient S21 & - 0.0055 dB and the

reflection coefficient S11 = - 35 dB of the cold section at

the 3.9 GHz frequency were obtained.

3.2 Simulation and optimization of the warm section

and the waveguide-to-coax transition

The warm window structure of the 3.9 GHz coupler was

based on the window structure of the klystron, which uses a

flat disk ceramic. The waveguide-to-coax transition adop-

ted the WR284 waveguide structure. To convert the

transverse electric (TE) mode of the waveguide into the

transverse electromagnetic (TEM) mode of the coaxial

line, a conical transition structure was added to the warm

section. Meanwhile, the diameter of the warm ceramic

window must be larger than the length of the diagonal of

the waveguide cross-section, to minimize the electric field

intensity at the center of the ceramic. The thickness of the

warm ceramic window must also be carefully considered. It

should not be too thin; otherwise, the mechanical strength

will be insufficient; at the same time, it should not be too

thick, as the microwave loss will increase. The optimal

S-parameters were obtained by scanning various size

parameters of the warm window and the waveguide-to-

coax transition. Figure 6 shows the 3D model of the warm

section and the waveguide-to-coax transition and its instant

electromagnetic field distribution in the TW mode. Fig-

ure 7 shows the optimal S-parameter curves of the warm

section and the waveguide-to-coax transition in the

3.4–4.4 GHz frequency range. The optimal transmission

coefficient S21 & - 0.00067 dB and the reflection coef-

ficient S11 = - 30.9 dB of the warm section and of the

waveguide-to-coax transition at the 3.9 GHz frequency

were obtained.

Fig. 2 Generator power,

radiated power, and total power,

vs. the beam current
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3.3 Simulation and optimization of the bellows

The structure and the size of the bellows used in the

3.9 GHz coupler should be considered carefully. On the

one hand, its deformation is required for meeting the

adjustment requirement of ± 3 mm and easy manufactur-

ing; on the other hand, it is necessary to achieve better

power transmission. By scanning different structure size

parameters of the warm section bellows, the optimal

S-parameters were obtained. Figure 8 shows the optimized

Fig. 3 (Color online) The model of the cold section and its instant electric (a) and magnetic (b) field distributions

Fig. 4 S11 (a) and S21 (b) parameter curves vs. frequency, for different radii of the cold window’s outer conductor
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structural model of the bellows. Figure 9 shows the optimal

S-parameter curves of the bellows in the 3.4–4.4 GHz

frequency range. The optimal transmission coefficient S21

& - 0.003 dB and the reflection coefficient

S11 = - 56.2 dB of the warm section bellows at the

3.9 GHz frequency were obtained.

3.4 Simulation and optimization of the 3.9 GHz

coupler

By combining the optimized cold section, the warm

section, and the waveguide-to-coax transition, the optimal

S-parameters of the 3.9 GHz coupler with minor structural

size changes were obtained. Figure 10 shows the 3D model

Fig. 5 S11 (a) and S21 (b) parameter curves vs. frequency, for the optimized cold section

Fig. 6 (Color online) The model of the warm section and the waveguide-to-coax transition, and its instant electric (a) and magnetic (b) field

distributions
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of the 3.9 GHz coupler and its instant electromagnetic field

distribution in the TW mode. Figure 11 shows the optimal

S-parameter curves for the 3.9 GHz coupler in the

3.4–4.4 GHz frequency range. After careful selection of

the coupler geometry and the materials, the optimal

reflection coefficient S11 = - 27.6 dB and the transmis-

sion coefficient S21 = - 0.05 dB at the 3.9 GHz fre-

quency were obtained. These satisfied our requirements,

that is, the requirements are that S11 and S21 for the

3.9 GHz coupler should be better than - 21 dB and

- 0.2 dB separately.

3.5 Simulation and calculation of the external

quality factor

The external quality factor Qext characterizes the degree

of power coupling between the superconducting cavity and

the fundamental power coupler [19]. The geometry of the

antenna tip of the cold section influences the external

quality factor, and it is necessary to confirm it before

deciding the optimal Qext. Figure 12 shows the geometry of

the antenna tip of the cold section. The antenna adopts a

hollow structure, for reducing the mechanical stress on the

cold ceramic window. The radius of the hollow hole

(R) and the radius of the antenna tip chamfer (r) both affect

the external quality factor. Some results were obtained

from simulations, as follows:

(1) When the radius of the antenna tip chamber changes

from 0.1 mm to 0.5 mm, the external quality factor

Qext changes by * 2.7%, as shown in Fig. 13a.

Fig. 7 S11 (a) and S21 (b) parameter curves of the optimized warm section and the waveguide-to-coax transition, vs. frequency

Fig. 8 (Color online) The model of the bellows for the warm section

Fig. 9 S11 (a) and S21 (b) parameter curves of the optimized warm section bellows, vs. frequency
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(2) When the radius of the antenna’s hollow hole

changes from 3 to 6 mm, the external quality factor

Qext changes by * 14%, as shown in Fig. 13b.

(3) When the height of the antenna’s hollow hole

(h) changes from 31.75 to 36.75, the external quality

factor Qext changes by * 0.36%, which has little

effect on Qext. This effect can be ignored.

The final geometry of the antenna tip of the cold section

was determined by compromising the calculation results

and machining capability. The radius of the antenna’s

hollow hole was set to 5 mm, the height of the hollow hole

was set to 36 mm, and the radius of the antenna tip

chamber was set to 0.5 mm. Then, the external quality

factor of the 3.9 GHz 9-cell cavity could be calculated for

different antenna insertion depths. Figure 14 shows the

external quality factor Qext curve for the 3.9 GHz 9-cell

cavity in relation to the position of the antenna from the

cavity axis. When the distance between the antenna tip and

the cavity axis changes from 24 to 30 mm, Qext varies from

1.0 9 107 to 5.0 9 107.

3.6 The position of the cold window in the standing-

wave mode

There are two situations where the coupler works in the

standing-wave mode: (1) when the fundamental power

couplers are off-resonance (cavities not tuned) high-power

conditioning after assembly into the cryomodule, and (2)

when there is no beam current, but the cavity should

maintain the accelerating gradient, and thus most or all of

the input power will be reflected from the cavity. The input

RF power is approximately 1 kW and 0.35 kW, respec-

tively, in both cases for the 3.9 GHz fundamental power

coupler. The ceramic window is usually placed at the

standing-wave electric field node to reduce the damage to

the ceramic window. Because the cold window of the

3.9 GHz coupler is a cylindrical ceramic window, and

because the electric field is concentrated at its two ends, it

is hoped that the two ends of the cylindrical ceramic

window are placed as close as possible to the node of the

standing-wave electric field. Here, we only considered the

most extreme case; that is, the case of the off-resonance

high-power conditioning of the coupler when the super-

conducting cavity is detuned. By adjusting the length of the

Fig. 10 (Color online) The model of the 3.9 GHz coupler and its

instant electric (a) and magnetic (b) field distributions

Fig. 11 S-parameter curves of

the optimized 3.9 GHz power

coupler, vs. frequency
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cold section of the coupler, the two ends of the cold

ceramic window were positioned at the minimum of the

standing-wave electric field. Figure 15 shows the instan-

taneous standing-wave electric field distribution of the

3.9 GHz coupler when the cavity is off-resonance.

Figure 16 shows the relationship between the position of

the cold window and the standing-wave electric field

intensity. Evidently, the two ends of the cold ceramic

window are at the weak standing-wave electric field loci.

Fig. 12 (Color online) The

geometry of the cold section’s

antenna tip

Fig. 13 The dependences of Qext on (a) the radius of the antenna tip chamber and (b) on the radius of the antenna hollow hole
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4 Multipacting simulations of the cold section

Secondary electron multipacting is a common resonant

effect between electrons and high-frequency electromag-

netic fields in vacuum microwave devices, such as power

couplers and superconducting cavities [20, 21]. The

underlying physical process is generally described as fol-

lows: some free electrons in vacuum microwave devices

are produced owing to cosmic rays, the photoelectric

effect, field emission, and other mechanisms. These free

electrons collide with the surface of the device under the

action of a high-frequency electromagnetic field, and one

or more secondary electrons are ejected from the surface of

the device. The number of secondary electrons is directly

related to the SEC of the surface material and the impact

energy of the free electrons. These secondary electrons are

also accelerated or decelerated by the high-frequency

electromagnetic field, bombarding the surface of the device

again, and new secondary electrons may be ejected. When

the flight trajectory of the electrons returns to the starting

point or its vicinity after the integer multiple of the

microwave period and the SEC of the surface exceeds 1,

the number of electrons increases exponentially. The

accelerated electrons bombard the surface of the device,

causing surface heating and damage, and the vacuum

deteriorates owing to the desorbed gas, which is one of the

main factors that limit the operating power of the couplers.

It is almost impossible to design a coupler that has no

multipacting throughout the entire range of power values,

but in practice multipacting can be alleviated in the oper-

ational power range. Selecting the appropriate coaxial line

size and characteristic impedance of the coupler, or

changing the resonance mode of the secondary electrons by

applying a bias voltage between the inner and outer con-

ductors or adding an external deflection magnetic field are

some conventional methods for avoiding and/or suppress-

ing multipacting in the operational power range. Some-

times, multipacting disappears after high-power

conditioning, and the corresponding vacuum becomes

better. Multipacting that does not disappear with high-

power conditioning is called structural multipacting.

Structural multipacting should be avoided by careful

design.

Fig. 14 (Color online) The relationship between Qext of the 3.9 GHz 9-cell cavity and the distance between the antenna tip and the cavity axis

Fig. 15 (Color online) The instantaneous standing-wave electric field

distribution of the 3.9 GHz coupler and the cavity
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We used a two-dimensional (2D) simulation program,

MultiPac 2.0, jointly developed by Rolf Nevanlinna (Fin-

land) and the DESY team (Germany), to simulate multi-

pacting in axisymmetric RF structures, such as ellipsoidal

cavities, coaxial couplers, and other high-frequency devi-

ces [22]. Because multipacting in general does not occur in

atmospheric environments, here we only focused on the

multipacting simulations of the cold section. Figure 17

shows the 2D model of the cold section and its electro-

magnetic field diagram.

The multipacting simulation of the cold section was first

carried out in the TW 0–1000 kW power range, to deter-

mine the power level at which the structure exhibits mul-

tipacting. In this simulation, the material of the inner and

outer conductors was oxygen-free copper, and the cold

window material was an alumina ceramic. The secondary

electron emission yields of the three different materials are

presented in Fig. 18. Figure 19 shows the results of the

three important parameters that characterize the multi-

pacting effect in relation to the input power. From top to

bottom, they are: (1) the statistics of the number of initial

electrons, (2) the average collision energy of the last col-

lision, and (3) the ratio of the remaining electrons to the

initial electrons after 20 collisions. It can be seen from the

e20/C0 graph in Fig. 19 that the ratio of the number of

secondary electrons to the number of initial electrons in the

40–45 kW range and at 785 kW is above 1, which indi-

cates multipacting on the SSA side of the ceramic window

Fig. 16 The relationship between the position of the cold window and the standing-wave electrical field intensity

Fig. 17 (Color online) The 2D model of the cold section (a) and its electromagnetic field (b)
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in the TW mode. By checking the trajectory of electrons at

the 40 kW power level, it was found that there is a two-

point first-order multipacting effect between the ceramic

window and the copper ring. The electrons form a

stable trajectory after more than 20 high-frequency cycles

and return to the vicinity of the starting point after each

high-frequency cycle, which means that the electrons and

the electromagnetic field form a stable first-order reso-

nance. The electrons’ trajectories are shown in Fig. 20.

A multipacting simulation of the cold section of the

3.9 GHz coupler in the pure standing-wave mode was also

carried out. The locations of the walls were determined

using an iterative method and by defining a ‘‘stretching

area’’. The default step size in phase was 5�. Simultane-

ously, the multipacting simulation of the cold section was

carried out in the TW 0–5 kW power range, to further

verify the geometry of the cold section, as shown in

Fig. 21. According to the multipacting simulation of the

cold section, the following conclusions were reached:

Fig. 18 The secondary electron

emission yields of the three

different materials

0 100 200 300 400 500 600 700 800 900 1000
Power  [kW]

0

0.5

1
MultiPac 2.1       Counter Function   Warm Side       14-Apr-2020

0 100 200 300 400 500 600 700 800 900 1000
Power [kW]

0

2000

4000
Final Impact Energy in eV

0 100 200 300 400 500 600 700 800 900 1000
Power  [kW]

100

105 Enhanced counter function

Fig. 19 The input–output

ratio of secondary electron

emission, for the cold section,

for the TW 0–1000 kW power

range
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(1) For the 40–45 kW and 785 kW TW power levels, a

two-point, first-order multipacting effect occurred

between the groove of the ceramic window and the

copper ring on the SSA side of the cold window.

(2) For 630 kW and 880 kW TW power levels, there

was a one-point, 16th-order multipacting effect at the

outer conductor on the cavity side of the cold

window.

0.08 0.1 0.12 0.14 0.16 0.18
z-axis [m],  flight time 9.9817 periods

0.01

0.02

0.03
MultiPac 2.1       Electron Trajectory,   N = 20,     14-Apr-2020

0.11 0.115 0.12 0.125 0.13
z-axis [m]

0.02

0.022

0 2 4 6 8 10 12
time in [1/f], average energy 138.112, final energy 104.9011

0.02

0.021

0.022

Fig. 20 (Color online) The

electrons’ trajectories for the

cold window, at 40 kW

Fig. 21 The input–output

ratio of the secondary electron

emission for the cold section, in

the TW 0–5 kW power range
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(3) For the 35 kW SW power level, there was a two-

point, first-order multipacting effect that occurred

between the groove of the ceramic and the copper

ring on the SSA side of the cold window.

(4) For the cold section of the 3.9 GHz coupler, no

structural multipacting was observed at the 2 kW

power level.

However, it should be noted that the occurrence of

multipacting is a very complex process, and computer

simulations have certain limitations and cannot fully reflect

reality. However, the simulation results also depend on the

real SEC values of the corresponding materials. Simula-

tions can be used for alleviating structural multipacting to

the maximal possible extent while designing couplers. At

the same time, it is suggested that the vacuum sides of the

ceramic window should be coated with a TiN film, for

reducing the SEC of the ceramic surface in actual manu-

facturing [23]. A bias voltage between the inner and outer

conductors can be also considered, for destroying the

electronic resonance conditions. In addition, ensuring a

very clean RF surface of the coupler and clean baking can

reduce multipacting.

5 Thermal calculation of the 3.9 GHz coupler

When RF power is transmitted through the coupler,

ohmic heat loss on the coupler’s RF surface and dielectric

heat loss in the ceramic body are generated. Copper elec-

troplating is often performed on the RF surface of stainless

steel inner and outer conductors to reduce the RF heat loss

[24, 25]. The antenna of the 3.9 GHz coupler cold section

is made of oxygen-free copper, and other stainless steel

conductors are coated with copper. The thickness of the

copper film is carefully controlled, to ensure that the sur-

face temperature of the coupler is in the acceptable range.

A 3D model of the 3.9 GHz coupler was established

using the CST software, for thermal calculations; the model

is shown in Fig. 22. First, CW RF power at 2 kW was

applied to the coaxial port, and the thickness of the copper

film on the inner and outer conductors was set to 30 lm in

the simulation. Stainless steel 316 L, high-conductivity

oxygen-free copper, and ceramic materials were used for

the different parts of the coupler. The thermal and electrical

conductivity properties of the copper film corresponding to

RRR (Residual Resistance Ratio) = 50 were used [26]. The

ceramic’s properties were e = 9.4, tand = 4 9 10–4. The

temperature boundaries of the 5 K and 45 K intercept

points of the 3.9 GHz coupler were also set, as shown in

Fig. 21. Because the coupler maximal temperature of the

3D model including the coaxial-to-waveguide transition

increased by approximately 10% compared with the

coaxial coupler geometry without the input waveguide

[11], we used a coaxial coupler model without a waveguide

to speed up the computation in our thermal calculation.

The electromagnetic field distribution under the 2 kW

power TW condition was first calculated. Second, the

surface temperature of the coupler was calculated based on

the microwave loss and dielectric loss. When the thickness

of the copper film on the inner and outer conductors was

30 lm, the maximal surface temperature of the coupler was

approximately 645 K, as shown in Fig. 23. The coupler

temperature should not exceed 450 K, which corresponds

to the coupler baking temperature; therefore, extensive

surface degassing was prevented, and a manageable vac-

uum level was ensured [27]. It was necessary to increase

the thickness of the copper film on the inner conductor of

the warm section, for solving the overheating problem.

Figure 24 shows the relationship between the maximal

temperature of the 3.9 GHz coupler and the copper film

thickness, for the 2 kW TW power scenario. When the

thickness of the copper film on the inner conductor surface

of the warm section reached 150 lm, the maximal tem-

perature of the 3.9 GHz coupler was controllably below

350 K (ceramic maximal allowable temperature for normal

operation) for the 2 kW TW power. Therefore, the thick-

ness of the copper film for the 3.9 GHz fundamental power

coupler was selected as follows: the thicknesses of the

copper films on the outer conductor of the cold and warm

Fig. 22 (Color online) The 3D

thermal model of the 3.9 GHz

coupler and its thermal

boundary conditions
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sections were 30 lm, and the thickness of the copper film

on the inner conductor of the warm section was 150 lm.

Figure 25 shows the surface temperature distribution for

the 3.9 GHz coupler with a 150-lm-thick copper film on

the inner conductor of the warm section, for the 2 kW TW

power scenario. Figure 26 shows the temperature

Fig. 23 (Color online) The

surface temperature distribution

of the 3.9 GHz coupler under

the 2 kW TW power (30-lm-

thick copper film was coated on

the inner and outer conductors)

Fig. 24 The relationship between the maximal temperature of the 3.9 GHz coupler and the copper film thickness, for the 2 kW TW power

scenario

Fig. 25 (Color online) The

surface temperature distribution

of the 3.9 GHz coupler with a

150-lm-thick copper film on the

inner conductor, for the 2 kW

TW power scenario
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distribution along the inner conductor surface of the warm

section. The maximal temperature of the 3.9 GHz coupler

was approximately 340 K, satisfying our requirements.

6 Conclusion

The 3.9 GHz fundamental power coupler of the third

harmonic cavity for the SHINE project was designed to

meet the 2 kW TW power requirements. The geometry of

the different subassembly of the 3.9 GHz coupler was

optimized using RF simulations. After careful selection of

the geometry and the materials, the optimal reflection

coefficient of the 3.9 GHz coupler was reduced to

- 27.6 dB and the transmission coefficient was only

- 0.05 dB. The external quality factor Qext of the third

harmonic cavity varied from 1.0 9 107 to 5.0 9 107 by

adjusting the insertion depth of the coupler’s cold antenna.

No structural multipacting occurred at the 2 kW CW power

level for the cold section of the 3.9 GHz coupler, and the

cold window was in a position with low electric fields, for

reducing the risk of a voltage breakdown. The thickness of

the copper film on the inner conductor of the warm section

was increased to 150 lm, for solving the overheating

problem. The simulation results showed that the optimized

coupler design met the SHINE project requirements. Based

on this design, the first 3.9 GHz coupler prototype is now

being manufactured and is expected to be ready for testing

at the beginning of the next year.
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