
Vol.:(0123456789)

Journal of the Korean Physical Society 
https://doi.org/10.1007/s40042-024-01151-2

Vol.:(0123456789)1 3

ORIGINAL PAPER - CROSS-DISCIPLINARY PHYSICS AND RELATED AREAS OF SCIENCE 
AND TECHNOLOGY

High precision tuning of RF cavity for 6 MeV SKKU X‑band medical 
LINAC

Donghyup Ha1 · SeungHyun Lee2 · Mitra Ghergherehchi1 · Sangbeen Lee2 · Hyojeong Choi1 · Ho Namgoong1 · 
Jong‑Seo Chai1

Received: 24 February 2024 / Revised: 4 April 2024 / Accepted: 24 April 2024 
© The Korean Physical Society 2024

Abstract
An X-band electron LINAC comprising 23 cells was fabricated and tuned for radiation therapy. The fabrication process used 
oxygen-free high-conductivity copper, which was divided into roughing and finishing stages to minimize machining errors. 
Resonance frequency measurements and tuning were performed for the half-cell, the unit cell with two half-cells combined, 
and all cells after assembly. Finally, the electric field inside the entire RF cavity was measured and tuned using a bead-pull 
test. The reason for the multi-step measurement and tuning was to minimize the number of tunings. Most of the tuning was 
done in the direction of increasing the frequency, and only a few were done in the direction of decreasing the frequency. All 
cells were tuned the same way. The finalized cavity had a resonance frequency of 9.306 GHz and a coupling coefficient of 
1.277. Performance validation was performed through the percentage depth dose (PDD) test, confirming good agreement 
with the results for 6 MV X-rays.
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1  Introduction

Radiation therapy is a well-known method for cancer treat-
ment, and more than half of patients with cancer receive 
treatment through radiation therapy [1, 2]. Most radiation 
therapies are external beam radiation therapies, which use 
external radiation beams to target the patient’s intended tis-
sue or tumor site [3]. Radiation therapy includes proton and 
neutron therapies; however, X-rays are most widely used 
because of their accessibility and cost-effectiveness [4]. 
Electron linear accelerators are primarily used to generate 
X-rays [5].

Some commercial radiation therapy devices utilize linear 
accelerators operating in the C-band (4–8 GHz) or X-band 

(8–12 GHz). However, most commercial radiation therapy 
devices that employ linear accelerators operate in the S-band 
(2–4 GHz). This is because they offer more alternatives for 
RF power and auxiliary components and exhibit a better tol-
erance for machining errors than higher frequency bands [6].

Since 2020, a dual-head gantry system for radiation ther-
apy has been developed by Sungkyunkwan University. The 
dual-head gantry system is characterized using two X-ray 
sources. The two X-ray beams were designed to enhance 
the treatment efficiency [7]. This feature allows for reduced 
gantry movement time during treatment, flexible utilization 
of dosage, and the acquisition of various treatment angles. 
One X-ray source system incorporates various components, 
including RF power, cooling, vacuum, and shielding. The 
dimensions of the gantry were 2510 mm (width) × 2673 mm 
(height) × 1611 mm (depth), considering the building size. 
Inside the gantry, various systems such as the kV system, 
MV system, and positioning system are housed for precise 
treatment. Considering limited space, an X-band linear 
accelerator was used. The size of the RF system is deter-
mined based on the wavelength. Compared to the S-band, 
the X-band has a wavelength of approximately one-third, 
allowing for a more compact system configuration.
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The reduction in the size of an X-band system implies 
an increase in manufacturing complexity. Typically, a 
machining error of 0.001 inch (2.54 μm) results in a fre-
quency change of 1 MHz in the S-band range, whereas in 
the X-band, it leads to a frequency change of over 10 MHz 
[8]. This error is negligible in the case of the S-band. How-
ever, in the case of the X-band, an additional process for 
frequency tuning becomes essential.

This article outlines the construction and optimization 
procedures for an X-band linear accelerator (LINAC). The 
tuning process is systematically divided into four stages, 
each designed to minimize the overall number of adjust-
ments. The three initial stages focused on fine-tuning the 
resonance frequency of the RF cavity, whereas the final stage 
involved a bead-pull test to enhance the uniformity of the 
electric field within the RF cavity. In this step, tuning was 
performed by comparing the internal field data acquired 
from the bead-pull test to the internal field data produced 
from the simulation. The performance of the X-band LINAC 
was validated using a percentage depth dose (PDD) test.

2 � Specification of 6 MeV X‑band LINAC

The electron linear accelerator was designed based on 
a magnetron (L-6170) with a power of 1.7 MW, and the 
X-band (9.3 GHz) was used for system compactness. The 
X-band LINAC was developed for radiation therapy to 
achieve an X-ray dose rate of over 800 cGy/min at a refer-
ence source-to-skin distance (SSD) of 85 cm using a beam 
energy of 6 MeV and a peak beam current of 70 mA.

The developed X-band LINAC consists of 23 cells, com-
prising 5 buncher cells and 18 accelerating cells. One of 
the accelerating cells is a coupler cell. In the cells, a beam 
hole with a diameter of 4 mm was designed to maximize 
the shunt impedance. Five buncher cells were designed to 
minimize the beam size while reaching 1 MeV to minimize 
the collisions between the beam and cells. A symmetrical 
structure with ports on both sides is used for the coupler 
cell. One port excites power, whereas the other functioned 
as a vacuum port. The symmetrical structure reduces field 
asymmetry, thus improving beam trajectory distortion [9, 
10]. The accelerating cell consisted of 18 cells, which were 
designed to target a beam energy of 7 MeV to account for 
manufacturing errors. The overall structure of the X-band 
LINAC RF cavity is shown in Fig. 1.

3 � Fabrication and calibration

3.1 � Fabrication and tuning process

The sequence of activities for fabrication and optimization 
includes the following steps: fabrication of the RF cavity, 
measurement and tuning of half-cells, measurement and tun-
ing of unit cells, measurement and tuning of full cells, bead-
pull test and tuning, and RF characteristic measurement, as 
illustrated in Fig. 2.

The main considerations in the RF cavity fabrication 
process are the material to be used and the minimization 
of machining errors. The fabricated RF cavity cells were 
composed of side coupled cell (SC) and accelerating cell 
(AC). After the fabrication was completed, each half-cell 

Fig. 1   Overall structure of 
X-band LINAC RF cavity

Fig. 2   Fabrication and tuning process
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was measured and tuned. This step checks and tunes the 
difference between the frequencies of the designed and fab-
ricated cells. After measuring and tuning the half-cell, it is 
measured and tuned again relative to the unit cell, which is 
a combination of two half-cells. There were three main rea-
sons for this observation. When the LINAC was running, the 
default unit was the unit cell. Second, when a half-cell and 
a half-cell are combined, three resonance cavities are con-
nected. These three resonance cavities could generate and 
verify the π/2 mode used by the developed RF cavity. The 
third reason is that the number of tunings can be reduced 
using the unit cell, compared to tuning each half-cell indi-
vidually. The parameters vary when designing an X-band RF 
cavity, but some are designed with a 1 µm difference. Even if 
fabrication is completed using diamond tips, errors are inevi-
table. When measuring a half-cell, some will have a higher 
frequency than the designed frequency, and some will have 
a lower frequency. When these two half-cells are combined, 
an average value is obtained in the unit cell, thereby reduc-
ing the number of tunings. After the basic unit configura-
tion through two iterations, the next step was to determine 
the assembly sequence of the entire cell by rearranging the 
order of the unit cells. The assembly sequence of a unit cell 
affects the number of cells required for tuning. The goal 
was to determine a combination that minimized the need for 

tuning. Once the full-cell configuration is complete, repeat 
the measurement and tuning.

The brazing process proceeds after the full-cell process. 
After brazing, we used bead-pull measurements to measure 
and tune the field inside the RF cavity. When the bead-pull 
measurements and tuning were complete, the characteristics 
of the final RF cavity were measured.

3.2 � Fabrication

Oxygen-free high-conductivity copper (OFHC) was used for 
production. OFHC have high electrical and thermal conduc-
tivities, and produce a relatively low number of secondary 
particles. Using a frequency of 9.3 GHz meant that ultralow 
errors were allowed in the fabrication. Various variables 
are used in the design of the X-band LINAC, and the mini-
mum variation of variables is required to be 0.001 mm. This 
implies the machining error must be 0.001 mm or less for 
fabrication, as designed. The AC and SC half-cells were 
fabricated as one cell, as shown in Fig. 3a, b. The LINAC 
was produced using 23 unit cells, as shown in Fig. 3c. To 
minimize machining errors, the fabrication process was 
divided into two stages: roughing and finishing. Diamond 
tips were used for finishing to minimize machining errors. 
The fabrication process was carried out through the Variaxis 

Fig. 3   Fabricated X-band LINAC: (a) AC half-cell, (b) SC half-cell, (c) complete X-band LINAC structure
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i-600 from Mazak, a five-axis CNC machine. In the case of 
the buncher cell, it is difficult to solve the resonance fre-
quency problem with a combination of half-cell and half-cell 
because the same cell is not repeated. However, in the case 
of the accelerating cell, it is often possible to solve the reso-
nance frequency problem with a combination of half-cell 
and half-cell because the same cell is repeated. The fabrica-
tion was made with double the required cell in the case of 
the buncher cell, and the accelerating cell was made with 
1.2 times (Table 1).

3.3 � RF cavity measurement and tuning

In the Fig. 4a, the solid lines represent the tuning for a fre-
quency increase, whereas the dashed lines represent the 
tuning for a frequency decrease. The tuning method was 
uniformly applied to all the cells. For frequency-increase 
tuning, an external force was applied inward to the RF cav-
ity through a metal bead, causing it to deform. Figure 4b 
and c shows the tuning process for the frequency increase, 
inserting the metal bead into the hole shown in Fig. 4b and 
rotating the rod, as shown in Fig. 4c. The rod was threaded 
and exerted a downward force depending on the angle at 
which it was turned. Three tuning holes were created for 

each half-cell, and each hole allowed a maximum frequency 
increase of up to 10 MHz per half-cell.

For frequency-decrease tuning, the flat region inside 
the cells was shaved off. This process involves mechanical 
machining and cannot be performed after assembly. Thus, it 
is the first step after identifying the required cells.

In the case of flat region tuning, because immediate fre-
quency changes could not be observed during the tuning 
process, a trial was conducted using two cells to understand 
the trends before proceeding. On average, a change of 10 μm 
resulted in a frequency shift of approximately 0.9 MHz, as 
shown in Fig. 5.

Figure 6 shows the method for measuring the resonance 
frequency of a half-cell using a vector network analyzer. 
The measured data were compared with the design values. It 
exhibits different values up to 20 MHz, as shown in Fig. 7a.

The unit cell consists of the largest value in the posi-
tive direction and the largest value in the negative direc-
tion based on the half-cell measurement result. For exam-
ple, there are four cells and each of the four cells has 
resonance frequencies of − 10 MHz, − 7 MHz, + 9 MHz, 
and + 6 MHz relative to the reference frequency. Positive 

Table 1   Specification of the designed X-band LINAC

Parameter

Unloaded Q factor(Q0) 7886
Coupling beta ( �) 1.328
Operating frequency 9.3 GHz
Dose rate (@ SSD = 85 cm) 800 cGy/min
Beam size (full width at half maximum) 0.45/0.45 mm
Output beam energy  > 6 MeV
Beam current (peak) 70 mA
Input RF power 1.7 MW
Operating mode Standing wave, π/2 mode
Structure type Side-coupled type
E-gun voltage 12.5 kV
Length of LINAC structure 345.65 mm

Fig. 4   Tuning method and 
position: (a) tuning position, (b) 
tuning method with side view, 
(c) tuning method with upper 
view

Fig. 5   Tendency to frequency down
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direction means + direction, and negative direction means 
– direction. Based on the four cells, − 10 MHz and + 9 MHz, 
− 7 MHz and + 6 MHz combine to form two unit cells. This 
process was applied to the entire set of cells, resulting in 
the graph depicted in Fig. 7b. Figure 7 shows that (b) has a 
reduced deviation compared to (a). Based on the accelerat-
ing cell, the tuning frequency was chosen to be 9.305 GHz, 
which is 5 MHz above the reference frequency. Tuning was 
performed using the method in Fig. 4. The entire cell was 
assembled, measured, and tuned as a final check before braz-
ing. Figure 8 shows the AC measurement method used when 
the full cell was assembled. For the SC measurement, the SC 
frequency was measured at the SC short-pin position after 
shortening the AC. Using this method, we measured all the 
cells and verified that the values measured and tuned in the 
unit-cell step were correct. Figure 3 shows that each cell 
has four pinholes to guide the alignment during assembly. 

Although there are pins for alignment, this method was used 
for the final confirmation because the RF cavity is fixed after 
brazing, and modifying it later is difficult. After the unit-cell 
measurement and tuning were completed, the frequency and 
coupling beta values of the coupler cell were measured, and 
values of 9.305 GHz and 1.2 were obtained, respectively.

3.4 � Bead‑pull test and tuning

The brazing process was completed after tuning, as shown 
in Fig. 3c. After brazing, the field distribution inside the RF 
cavity was measured using a bead-pull method based on 
the Slater perturbation theorem [11]. The bead used was a 
metallic sphere with a diameter of 1.55 mm, and a polyester 
series with a diameter of 0.55 mm was used for the string. 
The tuning was performed by comparing the measured 

Fig. 6   Frequency measurement set up: (a) half-cell, (b) unit cell

Fig. 7   RF cavity measurement results: (a) half-cell, (b) unit cell
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and designed field distributions. The final state is shown 
in Fig. 9.

The frequency was adjusted through the previous three 
stages, but a difference between the initial state and the sim-
ulation data was found. This is because the frequency com-
pounds the field magnitude inside the RF cavity, the degree 
to which the AC and SC cells are coupled, the electric field, 
the magnetic field, and the bead size. [12, 13] In addition, 
distortion can occur due to the expansion and contraction of 
cells during brazing. It is recommended to change the size 
of the AC and SC coupling slots for field-flatness tuning; 
however, after brazing, the location of the coupling slots is 
not visible outside, and the location is deep inside, making 
direct tuning difficult. Therefore, the field magnitude was 
adjusted using additional frequency tuning.

The entire electric field distribution was tuned to achieve 
a field flatness of less than 5%. When comparing the ini-
tially measured field distribution with the simulated field 

distribution, the most significant difference was observed 
between the first and last cells, as shown in Fig. 9b. The 
first cell exhibits a difference of 15% in the simulations. 
Excluding these two cells, the remaining cells did not show 
significant deviations from the simulation results. The tuning 
was focused on the first and last cells, which differs by 4.8% 
from the simulation. The final state of field distribution is 
shown in Fig. 9c.

4 � Experimental result of RF cavity

After completing the tuning process, including the bead-pull 
test, the X-band RF cavity characteristics were measured 
using a network analyzer. The value of S11 was measured 
at -18.34 dB at 9.306 GHz, and the coupling state was meas-
ured in an over-coupled state with an SWR (standing wave 
ratio) of 1.277 as shown in Fig. 10.

Fig. 8   AC measurement method 
at a full cell

Fig. 9   Electric field distribution in the X-band LINAC. (a) On-axis E-field distribution, (b) initial state with the simulation, (c) final state with 
the simulation
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A test bench was set up to match the actual operat-
ing conditions, as shown in Fig. 11a. The electron beam 
is generated from a 12.5 kV DC electron gun and enters 
the X-band RF cavity, which consists of 23 cells. Among 
these, the 12th cell is a coupler cell, housing two ports. 
The first port is the power coupler port, where power is fed 
and connected to a magnetron through a WR 112 wave-
guide. The other port is a vacuum port connected to a tur-
bomolecular and a rotary pump. An ion pump was installed 
to maintain a vacuum state of pressure less than 10–8 torr. 
The cooling system is constructed using deionized water to 

maintain a system temperature of 28 °C. The beam enter-
ing the X-band RF cavity was accelerated to more than 
6 MeV, collided with the tungsten target, and was con-
verted into bremsstrahlung X-rays.

The PDD curve for radiation therapy is crucial for treat-
ment planning. This information is vital for determining 
the appropriate treatment depth and dosage for effective 
delivery to the target area while safeguarding healthy tis-
sues and organs. The PDD curve was measured using a 
solid water phantom at an SSD of 100 cm. The doses at 

Fig. 10   Measurement of X-band LINAC characteristics with network analyzer: (a) S11, (b) SWR

Fig. 11   PDD test: (a) PDD experiment test bench, (b) PDD result
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each point were measured using an ion chamber, and the 
results are shown in Fig. 11b.

The PDD test was performed with a magnetron power of 
1.5 MW and a 2 mm thick copper plate installed after the 
target. When the PDD test was performed according to the 
design specifications, that is, a magnetron power of 1.7 MW 
and no copper plate, the electrons continued to penetrate the 
target, and a PDD curve was not formed.

The depth of the PDD test was measured from 5 to 
190 mm. The maximum dose rate was observed at a depth of 
12 mm. At a depth of 100 mm, it reached 64% of the maxi-
mum value. Typically, for a 6 MV medical linear accelerator, 
the maximum dose rate occurs at a depth of 13–15 mm [14]. 
This data confirmed that the generated beam was near 6 MV 
energy. With a magnetron power of 1.7 MW and considering 
the additional 2 mm thickness of the metal plate, it can be 
inferred that the developed accelerator can produce X-rays 
exceeding 6 MV. However, experiments need to further con-
firm this after optimizing the tungsten target thickness.

The ion chamber recorded a measured dose rate of 
6.47 Gy/min at an SSD of 100 cm. When adjusted to an SSD 
of 85 cm, this value increased to 8.9 Gy/min, satisfying the 
targeted dose rate. As summarized in the Table 2, the manu-
facturing and experimental processes validated the strong 
alignment between the designed and fabricated values.

5 � Conclusion

This study describes the fabrication, tuning, and validation 
of an X-band linear accelerator operating at a frequency of 
9.3 GHz as an X-ray source for radiation therapy. Following 
fabrication, there was an approximately 10 MHz discrep-
ancy from the reference frequency. Various measurements 
were conducted to minimize the number of tuning iterations, 
including half-, unit-, and full-cell measurements. After 

completing these steps, the electric field generated within 
the RF cavity was verified by bead-pull tests. A comparison 
between the measured and simulated electric fields guided 
additional tuning. Upon final tuning, the field flatness was 
within 5%. After completing all the tuning processes, the 
RF cavity frequency characteristic was 9.306 GHz. This 
discrepancy from the original RF cavity measurement was 
1 MHz higher in the reference value setting, and additional 
tuning during the bead-pull process contributed to the fre-
quency increase. Subsequently, the suitability of the devel-
oped X-band RF cavity as a medical accelerator was verified 
using PDD measurements. The PDD results confirmed that 
the developed X-band LINAC generates 6 MV X-ray. The 
developed RF cavity was optimized using a tungsten target 
and experimental conditions. Subsequently, it was integrated 
into a gantry and subjected to quality assurance procedures 
in a real treatment environment.
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