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Abstract
The SKKUCY-10 cyclotron based on 83.2 MHz, 40 kV half-wave RF cavity was developed at Sungkyunkwan University 
for the production of medical radioisotopes. The resonant frequency f

RF
 of the cyclotron and the RF coupling coefficient 

�
c
 of the RF cavity system were measured at various vacuum, and temperature conditions. The normalized multi-pacting 

intensities at four positions in the power coupler were analyzed to predict the multi-pacting power. Differences, Δf
RF

 and 
Δ�

c
 , caused by the vacuum, and temperature conditions were modified based on the coupler and tuner gap distances. During 

the RF conditioning, a constant 15 kW pulse mode and a variable 1 to 15 kW continuous wave mode were employed. The 
values of the reflection coefficient Γ and �

c
 were 1.2% and 0.8, respectively, when the cavity dissipation power was 12.4 kW 

at 83.2 MHz. Good agreement between the simulation and experimental data was obtained.
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1  Introduction

The cyclotron was developed to accelerate charged parti-
cles and has been used to produce radioisotopes for medical 
applications. The cyclotron RF cavity system, which consists 
of a dee (for an electric field), power coupler (for the trans-
mission of RF power), and fine tuner (for a constant resonant 
frequency), was developed to generate an accelerating elec-
tric field [1]. The resonant frequency ( f

RF
 ) of the cyclotron, 

which is in the range of a few tens of MHz, is selected by 
considering the harmonic number, magnetic field, particle 
species, and the structure of the RF cavity [2–5].

Because of the phase difference between the particle 
orbit and RF electric field, f

RF
 is designed carefully through 

the RF cavity [6]. However, the resonant frequency can be 

altered due to a fabrication error, as well as vacuum pres-
sure, and temperature variations, and for constant f

RF
 , an 

RF cavity was developed using one or two capacitive fine 
tuners [7]. Two power couplers, inductive and capacitive 
coupling types, have been developed for the transmission of 
the RF power and minimization of the reflected power from 
the power coupler to the RF cavity [8, 9]. The main advan-
tage of electric field coupling is that it has less impact on 
the multi-pacting effect compared to magnetic field coupling 
[10]; therefore, capacitive coupling is used in our design.

The 10 MeV cyclotron (SKKUCY-10) [11] based on the 
83.2 MHz, 40 kV half-wave RF cavity was fabricated for the 
production of the medical radioisotope 18F ( t

1∕2
= 109 min ) 

used in positron emission tomography (PET) [12]. The 
design of the RF cavity was considered to improve the 
energy gain, and the quality factor, so the RF cavity geom-
etry was optimized to increase the unloaded quality factor 
( Q

0
 ) 5830 and to decrease the cavity dissipation power ( P

c
 ) 

12.4 kW [13].
A capacitive power coupler and fine tuner were installed 

in the vacuum chamber, and the characteristic impedance (50 
Ω) and tunable RF frequency (± 0.5 MHz) were measured by 
using a network analyzer. When the high RF power is input to 
the RF cavity, the vacuum condition and magnetic field need 
to be prepared. Therefore, the RF characteristics may vary due 
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to the vacuum, and temperature conditions caused by the mag-
netic coil and RF power.

2 � Methods and materials

2.1 � RF cavity system

The vertical half-wave RF cavity of the 10-MeV cyclotron 
was designed with two dees and consisted of a power coupler 
and a fine tuner. The main design specifications are listed in 
Table 1. The 12.4 kW cavity dissipation power of a RF cavity 
was required for a 40 kV dee voltage; therefore, a 20 kW solid-
state RF amplifier was developed [14]. By combining eight 
modules (3.2 kW), the desired RF power could be amplified, 
and an absorption resistor was implanted in each module to 
protect it from the damage caused by the reflected power. The 
RF signal can be generated using a signal generator with both 
pulse and continuous wave modes and amplified by increasing 
the bias voltage.

2.2 � Theoretical approach to the RF characteristics 
Dee configuration of the RF cavity

The desire RF values of the resonant frequency 
( f

RF
= 83.2 MHz ) and the coupling coefficient ( �

c
= 1 ) 

depend on the RF operating conditions, so these parameters 
should be optimized to avoid damage to the RF amplifier and 
the cavity system. The vacuum and temperature conditions 
were investigated for the RF operating conditions to find desir-
able RF values during the RF conditioning process, and the 
vacuum and temperature conditions were applied from the 
settings of air and room temperature, respectively. The f

RF
 

relation between air and vacuum can be expressed as Eq. (1),

where �
0
 , �

0
 , �

0
 are the permittivity, permeability, wave-

length in vacuum, respectively, and �
r
 is the relative permit-

tivity in air [15]. Moreover, the coil current of the magnet 

(1)
1

�
0

√

�
0
�
0

= f
RF, vacuum

= f
RF, air

√

�
r ,

and the ohmic loss of the dissipated cavity power increase 
the total temperature of cyclotron; therefore, f

RF
 and �

c
 can 

be increased, as well. The frequency difference Δf
RF

 was 
denoted as Δf

RF
= −f

RF
(ΔL∕L) , where L is the linear dimen-

sion of the cavity, and ΔL∕L was studied for oxygen-free 
copper [16].

Meanwhile, the value of �
c
 between the power coupler 

and RF cavity can be represented as,

where P
c
 and P

e
 are the cavity dissipation power and 

external power, respectively [17]. The cavity dissipa-
tion power alters the RF surface resistance ( R

s
 ), which 

can be presented in terms of the temperature resistivity 
( �T2 = �T1

(

1 + �T
(

T
2
− T

1

))

 ) and the skin depth ( � ) of oxy-
gen-free copper, where �T1 is the resistivity at the initial tem-
perature and �T is the temperature coefficient 1∕(233.54 + T) 
for copper [18].

2.3 � Power coupler and fine tuner for RF tuning

Figure 1 shows, the designed power coupler, fine tuner, and 
pick-up probe with detailed components are manufactured. 
The position of the coupler plate is fixed; however, that of 
the tuner plate can be moved using a stepping motor. The 
power coupler has cooling channels, which were manufac-
tured using polyether ether ketone (PEEK) as insulation 
between the inner and the outer conductors. The rod for the 
pick-up probe was designed with consideration of the cou-
pling attenuation due to the dee.

The multi-pacting effect is a major issue in generating 
reflected RF power during the RF conditioning, regardless 
of the cyclotron RF cavity. However, the power coupler is 
connected to the RF amplifier, even if the magnetic field is 
negligible, and the multi-pacting effect was analyzed using a 
power coupler simulation. In our RF system, the power cou-
pler was designed based on a coaxial waveguide with a char-
acteristic impedance ( Z

0
 ) of 50 Ω and a multi-pacting power 

( P
m

 ) of the coaxial waveguide, which can be expressed as,

where A has the constant value of 0.25 for a traveling wave, 
� = 2�f

RF
 is the RF angular frequency, r

1
 and r

2
 are the 

inner/outer conductor radii of the coaxial waveguide, �, 
m and e are the wave impedance in vacuum, electron mass 
and charge, respectively [19]. The detailed structure of the 
power coupler was evaluated for the multi-pacting power 
condition using the CST-Particle Studio code through the 
RF eigenmode [20]. Additionally, the static magnetic field 
that was generated by the cyclotron magnet was imported, 

(2)�
c
=

P
e

P
c

=
2P

e

R
s
∫ H2dS

,

(3)P
m
=

A�4(r2−r1)
4

m2

��e2 ln (r2∕r1)
,

Table 1   RF cavity parameters for the 10 MeV Cyclotron

Design parameter

Resonant frequency (MHz) 83.2
Resonant structure �∕2

Dee voltage (kV) 40
Cavity dissipation power (kW) 12.4
Characteristic impedance (Ω) 50
Coupler type Capacitive coupling
Frequency tuning range (MHz) ± 0.5
Amplifier type Solid-state
Maximum output RF power (kW) 20
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and four initial electron positions (positions 1–4) near the 
RF window and adaptor are shown in Fig. 2.

3 � Experimental results

Optimizations of the resonant frequency ( f
RF

 ), RF cou-
pling coefficient ( �

c
 ), and performance of the RF condi-

tioning were performed through analyses of experimen-
tal data. The components of the 10 MeV cyclotron are 

shown in Fig. 3. The RF cavity was installed inside the 
vacuum chamber, and the power coupler and the fine tuner 
are located on the right/left sides of the vacuum cham-
ber, respectively. The penning ionization gauge (PIG) ion 
source is positioned at the center of the cyclotron, and it 
can be moved in the horizontal plane. The vacuum system 
comprises two rotary and diffusion pumps. The magnet 
power supply (MPS), and a solid-state RF amplifier are 
connected to the coil and the power coupler, respectively.

Fig. 1   Manufactured power 
coupler, fine tuner, and pick-up 
probe

Fig. 2   Detailed scheme of the power coupler for multi-pacting simulation
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3.1 � Tuning results for the frequency and coupling 
coefficient

The f
RF

 and �
c
 were measured using a network analyzer 

under various conditions of vacuum and temperature, rela-
tive to the reference values ( f

RF
= 83.2 MHz, �

c
= 1.03). The 

calculated and the measured RF characteristics are listed in 
Table 2. At first, the RF characteristics were measured by 
applying each condition (vacuum, temperature), after which 
two conditions (net conditions) were applied together in the 
RF cavity.

The Δf
RF

(= f ’
RF

− f
RF

 ) values were calculated based on 
the difference between f ’

RF
 (Eq. 1) and the reference data, 

and the Δ�
c
 values were calculated using the frequency 

ratio ( f ’
RF
∕f

RF
 ) with a relative permittivity of 1.000647 

in air. Meanwhile, for a coil current of 242.2 A, the room 
temperature was increased to 40 °C inside the RF cavity. 
The statistic of error in Δf

RF
 between the calculated and the 

measured values was less than 8%; however, the Δ�
c
 error 

was 98%. A significant portion of the Δ�
c
 error was caused 

by the external power ( P
e
 ) and the increase in the tempera-

ture, which could not be approximated in the calculation; to 
overcome this problem, we had to re-optimize �

c
.

Δf
RF

 and Δ�
c
 were optimized by considering the design of 

the power coupler apparatus. Figure 4 shows the simulated 
and the measured results according to the power coupler 
gap distance. When the gap distance was increased, Δf

RF
 

Fig. 3   10 MeV cyclotron system with a magnet power supply and a solid-state RF amplifier

Table 2   RF Characteristics corresponding to various vacuum and 
temperature conditions

Design parameter Vacuum condition Tempera-
ture condi-
tion

Net condition*

Δf
RF

[kHz] (Calc.) 26.9 27.6 54.5
Δf

RF
[kHz] (Meas.) 27 32 59

Δ�
c
(Calc.) 0.0003 0.04 0.00403

Δ�
c
(Meas.) 0.03 0.16 0.19
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decreased because the applied electric field introduced 
an additional capacitance between the power coupler and 
the dee whereas Δ�

c
 increased because the external power 

( P
e
 ) was increased according to Eq. (2). The characteristic 

impedance ( Z
0
 ) and coupling coefficient ( �

c
 ) corresponding 

to the tuner gap distance were measured at f
RF

= 83.2 MHz, 
and the results are shown in Fig. 5. �

c
 increased and Z

0
 

decreased with increasing tuner gap distance via decreasing 
the cavity dissipation power ( P

c
).

3.2 � Results for the power coupler, pick‑up probe, 
fine tuner

The multi-pacting power was considered in the design of 
the power coupler, which has high possibility of RF reflec-
tion, to predict the power level; the theoretical calculation 
and the simulation results were compared using a coaxial 
waveguide in the CST-PS PIC code [21]. Figure 6a shows 
the RF magnetic field distribution, which is a TEM mode in 
the traveling wave mode. The magnetic field in the traveling 
wave mode depend on time (according to the RF period) and 
generated a field from the RF amplifier (Left) to the cav-
ity (Right). Figure 6b shows the normalized multi-pacting 
intensity (ratio of the number of secondary electrons to the 
highest value of secondary electrons) vs. the RF power. In 
the figures the particle intensities for positions 1 and 2 were 
almost negligible because of the static magnetic field.

The multi-pacting power ( P
m

 ) of the coaxial waveguide 
were obtained as 2.2 kW and 4 kW using calculations based 
on Eq. (3) and a simulation at position 3 of the power cou-
pler, respectively. The effect of the multi-pacting intensity 
at position 4 was less than that at position 3, owing to the 
geometry of the power coupler. The normalized multi-pact-
ing intensity was 0.12 kW at the desired cavity dissipation 
power ( P

c
 = 12.4 kW) at position 3.

Fig. 4   Δf
RF

 and Δ�
c
 vs. coupler gap distance

Fig. 5   Measurement results for the characteristic impedance and cou-
pling coefficient vs. to tuner gap distance

Fig. 6   a Magnetic field distribu-
tion in the traveling wave mode 
and b normalized multi-pacting 
intensity vs. the RF power
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The cyclotron RF experimental setup is shown in Fig. 7. 
In the block diagram, the RF signals are measured through 
forward ( V

f
 ) and reflected ( V

r
 ) voltages and the transmitted 

RF power ( P
t
).

The experiment was performed at a vacuum pressure of 
3 × 10

−6
mbar , a coil current of 242.2 A, and a coil tem-

perature of 29 °C, as shown in Fig. 8. A 15 kW traveling 
wave RF power with a pulse width of 10 μs and a repetition 
rate of 200 Hz were applied in the RF conditioning process.

The reflection coefficient ( Γ ) was calculated by meas-
uring the forward and the reflected voltages ( V

f
, V

r
 ) via 

DC connectors, and the vacuum pressure was meas-
ured using a vacuum gauge. When the pulse width was 

increased to 1500 μs, the vacuum pressure remained less 
than 4.4 × 10

−6
mbar ; however, Γ fluctuated because of 

the increased average cavity dissipation power in the RF 
cavity with increasing pulse width.

Figure 9 shows the measurement results for the RF 
characteristics ( �

c
 , P

c
 ) and the reflection coefficient ( Γ ) 

in the continuous wave mode based on the (a) RF input 
power and (b) the tuning gap distance, respectively. When 
the RF input power was increased, �

c
 decreased owing 

to the increase in the temperature inside the RF cavity; 
for the optimal value of �

c
= 1, we could achieve a cavity 

dissipation power of 12.4 kW at an RF input power of 
12.55 kW by interpolation.

Fig. 7   Experimental setup for RF conditioning

Fig. 8   Experimental setup: a forward and reflected voltage and b Γ vs. pulse width
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Figure 9b shows a semi-symmetric exponential behavior 
of Γ versus the tuner gap distance at the maximum cavity 
dissipation power of 12.4-kW. When the tuner gap dis-
tance was increased, �

c
 increased, and tuner gap distance 

was adjusted to obtain the optimum �
c
= 1 using a stepping 

motor with a step size in the 0.0125 mm range. �
c
 were 

measured as 0.806 and 1.29 at 0 mm and 0.0125 mm tuner 
gap distance, respectively; as a result, the critical coupled 
state ( �

c
= 1 ) was obtained by interpolation.

4 � Discussion and conclusion

Optimizations of the resonant frequency ( f
RF

 ), RF coupling 
coefficient ( �

c
 ), performance of the RF conditioning, and the 

12.4 kW cavity dissipation power ( P
c
 ) were tested through 

experimental procedures. The multi-pacting effect was con-
sidered for the coaxial waveguide power coupler, and the 
multi-pacting power was simulated as 4 kW in the traveling 
wave mode. The constant 15 kW pulse mode and the varia-
ble 1–15 kW continuous mode were employed during the RF 
conditioning. The obtained reflection coefficient ( Γ ) and �

c
 

values were 1.2% and 0.8, respectively, at f
RF

= 83.2 MHz, 
and P

c
= 12.4 kW. The RF control system can automatically 

be applied for a stable RF operation, dee voltage, and reso-
nant frequency using RF feedback control, including an RF 
amplifier and a fine tuner, as future work.
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