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Abstract 

 

The four-vane RFQ for CW and low frequency operation has been 

developed to accelerate from proton to uranium beams in considering the lower 

specific thermal load and the larger aperture for the lower beam loss. The brazed 

four-vane RFQ for the low frequency (< 200 MHz) was not ever existed due to 

the huge transverse dimension and difficulties of fabricating the cavity under the 

precise requirement. Another unique feature of the RFQ in this study is that the 

RFQ cavity was designed to have a ramped field profile to reduce the cavity 

length for the cost reduction and the simple design. Moreover, there is no 

preceding experience to tune a short and low-frequency RFQ with a ramped field 

profile until now.  

A short RFQ with a low operational frequency is insensitive for the 

perturbation. In other words, it is very difficult to change the field profile with 

only slug tuners. Therefore, it is very important to fabricate the cavity in precise 

condition. The inter-vane gap has been controlled within ± 50㎛ during the 

machining and the brazing process. Nevertheless, the machining and alignment 

error should be compensated by the tuning procedure. Especially, the low energy 

end of the cavity is harsh to tune due to the relatively low field strength.  

A basic idea to resolve the problem of insensitivity for the frequency 

perturbation in the low energy end region is to modify the endplate to tune the 

end region field with slug tuners simultaneously. The frequency perturbation can 

be controlled by changing the geometry of the endplate which contribute to 

inductance and capacitance components. It was proposed to overcome the 

limitation of the slug tuner without the modification of the RFQ cavity. 

Consequently, the ramped inter-vane voltage profile has been tuned as the error 

is less than ±2 % compared to the designed profile and the difference of the 
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dipole field is less than ±5 % compared to the quadrupole field. The mode 

stability, which is separating the quadrupole mode frequency and the dipole 

mode frequency, was achieved without the dipole mode stabilizer rods. The 

frequency gap between the operational frequency and the nearest dipole mode 

frequency is about 1.4 MHz over than the generally recommended 1 MHz. 

The RF system consisted of two coaxial couplers operated by an 80 kW 

SSPA (Solid State Power Amplifier) respectively. For the initial beam 

acceleration, a RF coupler has been installed which coupling coefficient was 

0.54. 

After the RFQ cavity is pumped down below 1X10-7 torr, the RF 

conditioning was performed for the RFQ cavity and the RF power coupler in the 

pulse mode operation. A pulsed RF power of 20 kW could be stably transmitted 

with 100 ㎲ duration and 1 Hz repetition. To confirm design, fabrication and 

field tuning of the RFQ, the initial beam acceleration experiment has been 

performed with the O+7 beam. With transmitted RF power of 10.4 kW to the 

cavity, the accelerated beam current of 3 μA was obtained at the Faraday cup 

located behind the RFQ cavity. The accelerated beam energy was also measured 

as the designed 500 keV/u by the RBS (Rutherford Back Scattering) method. On 

the basis of experimental results, it is confirmed that the four-vane type RFQ 

with a ramped field profile was successfully developed by using a brazing 

technology and operational after commissioning in a low frequency. 

 

Keywords: RFQ, low frequency, brazing, tuning, heavy ion beam, ramped 

profile    

 

Student number: 2009-30254 

Name in English: Bum-Sik Park 
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Chapter 1 Introduction 

 

1.1 Heavy Ion RFQ 

 

Nowadays, there are many heavy ion accelerator facilities which are 

planned, operated and under construction. Moreover much interest is also given 

to the heavy ion RFQ simultaneously. For the heavy ion beams, the duty factor of 

the machines has to be large because of the limits of source for highly charged 

heavy ions [1]. In general, a low frequency is better for Continuous Wave (CW) 

and high-current machines because of the lower specific thermal load for easier 

cooling and the lager aperture for the lower beam loss [2].  

The four-rod type RFQ was developed for less than 200 MHz RF 

frequency in the University of Frankfurt as shown in Fig. 1.1 [3]. This type is 

basically proper to accelerate heavy ions. However there are several limitations 

for the CW operation. These problems are mainly caused by that there is no 

difference between RFQ types in the RF power consumption though the surface 

area of the four-rod type is less than others. When the power consumption of 

different types were compared in the same RFQ aperture, vane voltage and 

frequency, the four-vane RFQ and the split coaxial (Window type) RFQ are less 

consuming types [4].  

Several RFQs have been designed and constructed for high charge state or 

high intensity heavy ion beams, a few of them working in CW mode. Table 1.1. 

shows parameters of some heavy ion RFQs except the four-vane type. The GSI 

HLI-RFQ accelerates high charge state U28+ ions with the duty factor of 50 % [5]. 

The ISAC RFQ of TRIUMF is a low charge state RFQ but works in CW mode 

[6]. Argonne Tandem Linac Accelerator System (ATLAS) RFQ has two 

distinguishing features: (1) a significant reduction of the transverse dimensions 
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with respect to the four-vane structures and (2) a large frequency separation of 

neighboring nonoperational modes from the operational one [7]. However, this 

type has also problem for the cooling due to the complicate cooling channel 

geometry.  

A conventional four-vane RFQ cavity with a longitudinal direction of the 

magnetic flux in the resonator chamber provides high shunt impedance due to 

the simple shape and wide smooth paths for RF currents. However, there is not 

an operating four-vane RFQ with low operational frequency (< 200 MHz) 

constructed by using brazing technology until now. It is due to the difficulty of 

construction the RFQ with largely transversal dimensions. Recently, several four-

vane RFQs are under development. SPIRAL 2 project developed a CW heavy 

ion RFQ for 1 mA ion beams with the radio of charge to mass A/q=3 [4]. This 

used the bolt to assemble vanes not the brazing technology. And it can accelerate 

limited ions. The FRIB project, conducted by Michigan State University, is 

developing a four-vane RFQ. 

In this work, a heavy ion RFQ was fabricated, tuned and commissioned. 

This RFQ is a unique four-vane RFQ compared to others. It has several 

distinguishing features: (1) Higher RF power can be input to accelerate heavy 

ions. It is higher as 1.5 times than the ATLAS RFQ. (2) It is designed to transmit 

the almost input beam. However, the transmission efficiency of the FRIB RFQ is 

80 %. (3) Significant reduction of the length by adopting the ramp-up inter-vane 

voltage design. Table 1.2 shows the design parameters of four-vane RFQs. 
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Figure 1.1. Four-rod type RFQ invented in the University of Frankfurt. 
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Figure 1.2. Window(Coaxial) type RFQ. 

Figure 1.3. Four-vane type RFQ. 
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Table 1.1 Four-rod and window type RFQ parameters of CW operated heavy ion 

accelerator. 

Parameter Unit HLI GSI[5] ISAC TRIUMF[6] ANL ATLAS[7] 

A/q - < 8 < 30 < 7 

Frequency MHz 108.5 35.3 61 

Type - 4-rod 4-rod Window 

Injection 

Energy 
keV/u 2.5 2 30 

Final Energy keV/u 300 150 297 

Current uA - - 5 

Length Meter 3 8 3.75 

Inter-vane 

Voltage 
kV 80 75 70 

RF Power kW - 75-100 60 

Beam Power kW - - < 1 

Kilpatrick 

Factor 
- - - - 

Duty % 50 100 - 

Transmission 

Efficiency 
% - - - 

Status - Operated Operated Operated 
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Table 1.2 Four-vane type RFQ of CW operated heavy ion accelerator. 

Parameter Unit 

IMP 

Lanzhou 

[8] 

SPIRAL II 

GANIL [4] 

FRIB MSU 

[9] 
RISP IBS 

A/q - 238U34+ 2, 3 3<A/q<7 1<A/q<7 

Frequency MHz 81.25 88 80.5 81.25 

Type - 4-vane 4-vane 4-vane 4-vane 

Injection Energy keV/u 14 20 12 10 

Final Energy keV/u 500 750 500 500 

Current uA - - 450 400 

Length Meter 5.946 5.077 5.04 4.94 

Inter-vane 

Voltage 
kV 70 

100 – 113 

Voltage ramp 

60 – 112 

Voltage 

ramp 

50 – 140 

Voltage ramp 

RF Power kW - - 100 100 

Beam Power kW - - 1 1.4 

Kilpatrick 

Factor 
- 1.55 1.65 1.6 1.7 

Duty % 100 100 100 100 

Transmission 

Efficiency 
% 97.2 97 80 98 

Status - Design Commissioning Fabrication Fabrication 
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1.2 Research Objectives and Outline of the Study 

 

The main objective of this study is to develop the four-vane type RFQ to 

supply proton to uranium beams, especially for the heavy ion superconducting 

linac of the Rare Isotope Science Project (RISP).  

Four-vane type RFQ for low frequency operation was fabricated by using 

the braze technology. There is no one which used this method for the heavy ion 

RFQ due to the transversely large size though this type is proper for high power 

RF operation. In addition, the ramp-up vane voltage scheme was adopted to 

reduce the length of a huge RFQ, which has not ever employed up to now in the 

heavy ion RFQs. The ramped field profile was tuned considering the end region 

effect of cavity and the perturbation of the slug tuner. Moreover the performance 

of a RFQ field tuning was confirmed by the oxygen beam acceleration 

experiment in this study. 

 

The outline of the thesis is as following. In chapter 2, the theoretical 

background related with the RFQ operation, RF tuning issues and the field 

profile measurement are briefly addressed. Chapter 3 is devoted to describe the 

experimental setup of the RFQ commissioning including the fabrication and 

installation procedure of the RFQ cavity. Chapter 4 contains the experimental 

results and discussions. The tuning method for the low frequency RFQ with 

ramped field profile are addressed with the tuning result. RF characteristics of 

the RFQ are measured and treated in detail. Results of the beam acceleration 

experiment are also presented. Finally, the conclusion of this study and the future 

work are given in Chapter 5. 
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Chapter 2 Theoretical Backgrounds 

 

2.1 Principle of RFQ Operation 

 

The principle of RFQ operation was suggested by the Kapchinsky and 

Tepliakov (K-T) in 1970 [10, 11]. The first RFQ was a spiral type which was 

constructed at Russia. The 4-rod RFQ was developed at the University of 

Frankfurt for the compact and inexpensive injector which is usually designed for 

the under the 200 MHz [3]. But this type of RFQ is unfavorable to a continuous 

wave (CW) operation and a high RF power due to ineffective cooling scheme, 

melting at RF joints, structural and RF field stability problem and the low beam 

transmission. Recently the window type RFQ was invented at Argonne National 

Laboratory to provide a smaller cavity at low RF frequencies [7]. However, 

manufacturing of this type RFQ is very challenging due to its complex geometry 

and there is a limit to the operational RF power. The four-vane RFQ was firstly 

manufactured at Los Alamos National Laboratory to overcome the flexibility of 

the spiral type RFQ [12]. It is appropriate for high RF power and CW operation 

though it needs large transverse dimensions for low operational frequency. In this 

thesis, a four-vane RFQ type is only treated. 

The RFQ is a linear accelerator which combines acceleration, focusing and 

bunching of the beam using electric RF fields of four alternately loaded 

electrodes. A transverse electrostatic field focuses ions and a longitudinal 

electrostatic field accelerates beams. Nowadays the RFQ is adopted as the initial 

inject system of the most linac system for ions. The RFQ is especially well suited 

for the acceleration of beams with low velocities in the typical range of about 

0.01 to 0.06 times of the speed of light [13]. 
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Focusing 

 

The RFQ is a unique accelerator that starts with an alternating-gradient 

focusing and adds acceleration as a perturbation to the fundamental structure. In 

all other accelerator types, the focusing is added as a perturbation to the structure. 

The principle of alternating-gradient (strong) focusing is based on the idea that a 

periodic sequence of focusing and defocusing lenses of appropriate and equal 

strengths provides net focusing for certain values of lens spacing and strength. A 

sequence of quadrupoles of alternating polarity will focus in both planes. 

As an ion moves along the electrostatic quadrupole with velocity 

cv   in the RFQ, it will experience an alternating quadrupole gradient as 

shown in Fig. 2.1. Then, instead of the usual sequence of ‘spatially’ distributed 

quadrupoles with alternating polarities, a strong focusing sequence can be 

produced by a long, single quadrupole with time varying fields as shown in Fig. 

2.2 [14]. 

Figure 2.1. An electric quadrupole having alternating voltages on its electrodes. 
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Figure 2.2. Alternating gradient focusing with space and time periodicity. 
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Acceleration 

 

Acceleration field is produced by perturbing the RF quadrupole structure 

to generate longitudinal fields which bunch and accelerate the beam. Figure 2.3 

shows the general four-vane RFQ accelerator. If the electrode geometry is 

uniform along the axis, there is no axial electric field component for acceleration 

of the particles. However the transverse displacements relative to the axis of the 

horizontal and vertical electrodes are unequal, the potential on the axis will be 

nonzero due to the influence of the electrodes that are closer to the axis. Figure 

2.4. shows how the particles can be accelerated by the vane modulation. If the 

pattern of the electrode displacements changes through half period during the 

time that the electrode voltages change sign, the axial voltage will maintain the 

correct sign for sustained acceleration of as synchronous particle [13].  

Figure 2.3. Four-vane RFQ structure 
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(a) 

 

(b) 

Figure 2.4. Electric-quadrupole geometry with unequal electrode spacing 

 



24 

Bunching 

 

The continuous stream of ions must be modulated to consist of clumps of 

particles separated by the empty space at the operating frequency (or a 

subharmonic) before it can be accelerated by the longitudinal RF field in the 

structure. Additionally, the nearly 100% capture of an unbunched beam from the 

ion source is especially important for high-charge-state heavy ions since it is 

difficult and expensive to generate.  

The RFQ can bunch and capture nearly all the beam presented. This is 

accomplished by slowly increasing the longitudinal field along the beam axis. 

Particles with the correct initial velocity will gain the right amount of energy to 

maintain synchronism with the field. This is called as the synchronous phase and 

is the stable operating point. Particles that arrive earlier than the synchronous 

phase experience a smaller accelerating field, and particles that arrive later will 

experience a larger field as shown in Fig. 2.5. As a consequence, the particle 

density will start increasing around the phase at which the RF voltage passes 

through zero after the first modulated cells and the bunch will be slowly formed. 

Over many cells, the bunching process can be carefully controlled and made 

“adiabatic”, with the result of capturing a large fraction of the beam inside the 

RFQ “bucket”. 
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(a) 

 

(b) 

Figure 2.5. Phase focusing compared to the synchronous phase. 
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2.2 RFQ Tuning Theory 

 

There are several purposes of the RFQ tuning to compensate the error of 

machining or misalignment for the proper operation. The first one is to tune the 

resonance frequency of RFQ as the operational mode frequency. Secondly, the 

instability occurred by the dipole mode which causes the beam deflection and 

lost in the RFQ cavity. Therefore, the dipole-mode frequency should be 

separated from the quadrupole-mode frequency for the mode stability. In 

generally, the field distribution at each longitudinal position can be described in 

terms of the quadrupole and dipole components. So, the next purpose of RFQ 

tuning is best approximation to a pure quadrupole mode and minimize the 

magnitude of the dipole mode effect. Finally, the designed inter-vane voltage 

distribution should be obtained by the tuning procedure. To achieve these 

purposes, the theoretical background was summarized as following.  

 

Four-vane Cavity Eigen-mode of the RFQ 

 

In the RFQ as an RF circuit, there are three independent azimuthal modes, 

the quadrupole mode and two dipole modes which are transverse electric (TE) 

modes with no Ez component. The TE21X quadrupole mode is the operating 

mode of RFQ, since it can focus any particle that is passing through the on-axis. 

The TE11X dipole mode causes beam deflection, therefore it should be avoided 

by having its resonance frequency far away from the quadrupole mode [15]. The 

quadrupole mode is not the lowest order mode in RFQ, since each couple of 

RFQ vanes generates a dipole mode as well. The resonant frequency of dipole 

mode is determined by the capacitance sum of inter-vane and opposite vanes. 

Therefore, the dipole modes are in general the lowest order mode in RFQ. Figure 

2.6 shows the electromagnetic field plot of quadrupole and dipole modes in RFQ 
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cross section. The magnetic flux from each quadrant splits in half, each half 

flows around the end of a vane, and returns in the adjacent quadrants at the vane 

ends. If the cavity is not properly tuned, the magnitude of the nB  will not 

necessarily be equal, and the cavity mode will be an admixture of the quadrupole 

mode and the two dipole mode. From flux conservation, 

04321  BBBB . The quadrupole-mode amplitude is proportional to 

44321 /BBBBAQ  . The amplitudes of the two dipole modes are 

2311 /BBAD   and 2422 /BBAD  . Consequently, the 

electromagnetic fields of the quadrupole modes exist in four quardrants, while 

for the dipole modes, the electromagnetic fields exist in only two quadrants 
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(a) Quadrupole mode TE21X 

 

(b) Dipole mode 1 (TE11X)                   (c) Dipole mode 2 (TE11X) 

Figure 2.6. Azimuthal modes of the RFQ four-vane cavity: (a) quadrupole, (b) dipole 1 

and (c) dipole 2. The electromagnetic fields of the quadrupole modes exist in four 

quadrants, while for the dipole modes, the electromagnetic fields exist in only two 

quadrants. 
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Mode Stability of the RFQ 

 

As described in previous section, the beam can be deflected and lost by the 

dipole mode, which is the instability of a RFQ. Therefore, dipole mode 

frequency should be apart from the operational mode frequency. Several methods 

are known to improve quadrupole to dipole frequency mode separation. Two 

commonly used stabilizing methods are the Pi-mode stabilizing loop and dipole 

stabilizer rods. The Pi-mode stands for an azimuthal electromagnetic mode with 

Pi phase advance, which is the quadrupole mode. The Pi-mode stabilizer induces 

a current flow through adjacent RFQ quadrants by placing multiple stabilizing 

loops as shown in Fig. 2.7. The current flow increases in the dipole modes 

because the RF phase at each stabilizer loop ends has 180º difference compared 

to 0º difference in the quadrupole modes. As a result, the dipole modes 

experience almost short circuit and the resonant frequency of the dipole modes 

can be significantly higher. On the other hand, the dipole stabilizer rods in Fig. 

2.8 does not make current coupling between RFQ quadrants, but simply provides 

more perturbation on dipole fields at end-plate than on the quadrupole mode. 

One of the two degenerate dipole modes occupies only two opposing quadrants 

and has greater magnetic flux density around a rod compared to the quadrupole 

mode that occupies all four quadrants as shown in Fig. 2.9 and Fig. 2.10. 

Therefore, dipole mode frequencies are moved further out resulting in greater 

mode separation. 
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Figure 2.7. Pi-mode stabilizer which is adopted at SNS RFQ. 

 

Figure 2.8. Dipole stabilizer rods which is adopted at KOMAC RFQ. 
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Figure 2.9. The effect of dipole stabilizer rods for dipole mode 

Figure 2.10. The effect of dipole stabilizer rods for quadrupole mode. 
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This narrow frequency spacing (separation) issue becomes more severe as 

RFQ length and operational frequency increase. The dispersion curve, showing 

the longitudinal-mode spectrum for the quadrupole family of modes, is generally 

given by the expression 

 

22 2
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n
n

c c

      
      

     
       (2.1) 

where n
  is the frequency of the nth mode, 

0
  is the frequency of the 

operational quadrupole mode, which has a guide wavelength 2 /
n v

n   for 

an effective vane length 
v

. The cavity higher order electromagnetic modes 

occur at lower frequencies upon increasing the cavity length; hence the 

frequency spacing between these modes is reduced. Though the RFQ length is 

about 1.3 λ in this study, the dipole stabilization rods are prepared as shown in 

Fig. 2.11. However, the frequency difference between the lowest quadrupole 

mode with the adjacent dipole mode is about 1.4 MHz according to the 

measurement as shown in Fig. 2.12. In general, the RFQ can operate stably when 

the operational mode frequency and the instability mode frequency is separated 

over 1 MHz. Therefore, the dipole stabilization rod was removed in this study. 
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Figure 2.11. The dipole stabilization rods for tuning experiment. 
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Figure 2.12. Measured frequency spectrum. 
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Transmission-line model of the RFQ 

 

The effect of perturbations on the field distribution can be understood by 

the transmission-line model [13]. The four-vane-cavity quadrupole mode can be 

modeled as shown in Fig. 2.13. The variable z is the axial distance along the 

RFQ. Let  zL  be the inductance associated with longitudinal current that 

flows along the vane tip, and define  zV  and  zI  as the inter-vane voltage 

and the longitudinal current along the vane tip. Then, the wave equation can be 

obtained as equation 2.2 by using to the transmission-line theory. 
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where the dispersion relation is LC/
22

0
2   , and 00

2
0 1 CL/  is 

the cutoff frequency. The speed of light is identified as 0
2 1 LC/c  . For the 

open-circuit boundary conditions at each end of the line,     00  vII   

and it follows that     00  dx/dVdx/dV v  from the transmission-line 

equation. 

The solution of the wave equation that satisfy the boundary conditions are 
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where 
vg /n/   2n

. According to this result, the modes are 

characterized by the number of half wavelengths of the voltage cosine waves that 

fit between the boundaries. 
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(a) 

(b) 

 

Figure 2.13. Transmission-line model of the RFQ quadrupole mode for the four-vane 

cavity. 
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Perturbation theory 

 

The standard perturbation theory for eigenvalue problem can be applied to 

investigate the effects of local frequency perturbations on the field distribution. 

Equation 2.2 can be modified as follows to define the problem of the RFQ field 

distribution;  
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where eigenvalues are identified as 
20
nn   . Assume that there exists a 

small perturbation  z0  in the operating frequency. Suppose
2
0

2
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where 00
2
0 2   . Then the perturbed field in the lowest order is 
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Consider the example of a  -function frequency error at some position 
0
x , 

expressed as  2

0 0
x x     , where   determines the magnitude of the 

error. Then the perturbed field distribution is given as follows; 
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(2.8) 

On the basis of this relation, the longitudinal field variation is in inverse 

proportion to the frequency and the square of the mean free path. Therefore, long 

and high-frequency structures are particularly sensitive to mechanical 

construction errors and the perturbation of slug tuners. 
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2.2.1  Field Profile Measurement with Bead-pull Method 

 

The field profile of the RFQ can be measured with the bead-pull method based 

on the Slater’s perturbation theorem [13]. According to this theorem, the field 

intensity can be estimated by measuring the frequency shift due to the bead 

perturbation. The frequency shift is derived as follows; 
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         (2.9) 

 

where, 0E : unperturbed electric field without bead 

      E  : perturbed electric field with bead 

0H : unperturbed magnetic field without bead 

H : perturbed magnetic field with bead 

0V : cavity volume 

 : difference between the permittivity of bead and vacuum 

 : difference between the permeability of bead and vacuum 

0 : unperturbed resonance frequency without bead 

 : perturbed resonance frequency with bead 

U : stored energy in the cavity 

 

Equation 4.1 is an exact expression without any approximation. Therefore, it is 

not useful since the perturbed fields in the cavity is difficult to measure. 

Assuming the perturbation is small enough to approximate the perturbed field 

with the unperturbed one, the resonance frequency shift due to the spherical bead 

can be expressed as, 



40 

 
 

   

 





























































2

00

2

00

2

00

2

00

000000

00

00
0

2

1

2

1

4

3

2

3
1

2

3
1

0

0

0

0

HE
U

V

dVHE

dVHHEE

dVHHEE

dVHHEE

r

r

r

r

V

V
r

r

r

r

V

V



























 

(2.10) 

 

where, V : bead volume 

      0
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EE

r 



 : electric field inside of spherical bead 

0
2

3
HH

r 



 : magnetic field inside of spherical bead 

 

The frequency shift due to the spherical bead is proportional to the square of the 

field intensity on the bead position. By this relation, the field profile can be 

obtained by measuring the frequency shift as the bead is moving through the 

cavity. Especially, for a metal bead, equation 4.2 can be simplified furthermore 

for easier profile measurements. 

For a spherical metal bead ( 0 rr ,  ), 
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Figure 4.4 shows the schematic diagram of a field-measurement apparatus 

based on the Slater’s perturbation method. In principle, the field profile in the 

RFQ can be obtained simply and accurately by using equation 4.3, but measuring 

the frequency shift for such a long cavity generally takes long time so that it may 

contain large errors due to the transient effects of environmental changes such as 

the ambient temperature change and humidity change. To reduce the errors 

caused by the transient effects, measuring time should be minimized. The phase 

shift is known to be measured much faster than the frequency shift by avoiding a 

time-consuming frequency sweep [16]. Instead of measuring the frequency shift 

directly, the frequency shift can be obtained from the measured phase shift [17]. 

The measured phase shift can be converted to the frequency shift by using a 

phase curve, shown in Fig. 4.5., measured right before each phase scan. An 

example of the measured phase shift data is shown in Fig. 4.6. Figure 4.7 shows 

the installed bead pull measurement system. And figure 4.8 shows metallic beads 

to measure the phase shift for each quadrant. 

 

Figure 2.14. A schematic diagram of bead-pull measurement. 
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Figure 2.15. Measured phase curve as a function of the frequency. 
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Figure 2.16. An example of measured phase shift data 
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Figure 2.17. Bead pull measurement system setup 

 

Figure 2.18. Installed metallic bead to measure the phase shift 
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2.2.2 Slug Tuner Adjusting Principle 

 

The magnetic field distribution for the longitudinal and azimuthal direction 

can be adjusted by control the radial penetration of slug tuners. Through this kind 

of method, mechanical imperfections which lead to RFQ field distortion can be 

compensated. As described in chapter 2.2, the fractional field error in terms of 

the cavity resonance frequency shift caused by a δ-function error can be derived 

as equation 2.8 from the transmission line model and the perturbation theory. 

According to that, local resonance frequency is proportional to local electric field 

energy in opposite direction. Therefore, the designed field profile can be tuned 

by changing the insertion depth of the slug tuners. As a consequence, the local 

frequency should be decreased to increase the local field. On the contrary, the 

tuner insertion depth should be increased to increase the local field as shown in 

Fig. 2.19. 

Equation 2.8 can be analytical expressed as follows; 

(2.12) 

Field error varies as a second-order polynomial in z. Figure 2.20 shows the 

example for the δ-function error at the low energy end of vane and at the middle 

of vane with the equation 2.12. The high energy end field varies in opposite 

direction when the δ-function error is applied at the low energy end. Each end 

field varies in opposite direction with small amplitude when the δ-function error 

is applied at the center of the vane. This is the basic mechanism between the slug 

tuner adjustment and the field profile variation. 
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Figure 2.19. Tuner insertion in the RFQ cavity 

Figure 2.20. Perturbed field distribution for the δ-function error 
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A general tuning procedure for the RFQ can be described as a flow chart 

of Fig. 4.9. The frequency difference between the vacuum and the atmosphere 

pressure is measured as 24 kHz when the RFQ wall temperature is controlled as 

30 ℃. Therefore the target frequency was determined as 81.226 MHz for the 

tuning procedure. The field profile can be measured with bead-pull method and 

can be controlled with slug tuners as described in previous sections. 

 

 

Figure 2.21. Flow diagram for the RFQ tuning procedure 
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2.2.3 End Region Effect 

 

As described in the section 2.2, the equation 2.8 shows that the sensitivity 

for the perturbation is depend on the cavity length and the frequency. In this 

study, the RFQ has low operational frequency and a short vane length 

( 31./v  ). Therefore, the RFQ is intrinsically insensitive to the 

perturbation and it is difficult to change the longitudinal field profile with slug 

tuners. 

To estimate the slug tuner sensitivity, the frequency variation was 

calculated with Micro-wave Studio (MWS) simulation for the first tuner (Low 

Energy) and the last tuner (High Energy) as shown in Fig. 2.22. Each quadrant of 

the RFQ has 5 slug tuners. The diameter of the tuner is 146.6 mm. 

Figure 2.22. MWS model for the tuner sensitivity calculation. 



49 

 

 

Figure 2.23. Simulated results of tuner sensitivity for high energy end 

and low energy end. 

 

Figure 2.23 shows results of the tuner sensitivity simulation with the full 

model. The slug tuner sensitivity is nonlinearly grown according to the tuner 

insertion depth and the frequency shift due to the tuner perturbation is increased 

for the high energy part compared to the low energy part. Therefore, it can be 

concluded that the tuner sensitivity depends on the field strength. 

 -function frequency errors at each end that are equal and opposite can be 

expressed as    2

0 v
x x        , where   determines the magnitude of 

the error. Then, the fractional change in the field distribution can be describe as 

equation 2.13 [13].  
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According to the equation 2.13, the perturbation field distribution is a 

linear field tilt according to the frequency shift due to the end region perturbation. 

Therefore, the ramped field profile can be performed by using these end region 

effect.  

Figure 2.24 shows the transmission-line model applied to the end region. 

The inductance component can be controlled by the undercut depth where the 

magnetic field is dominant. Whereas, the gap between the end of vane and the 

end cover determines the capacitance components because the electric field is 

concentrated on the center of the cavity. Consequently, the field profile can be 

adjusted by not only slug tuners but also the shape of the endplate.  

Figure 2.24. Transmission-line model of the end region. 
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2.3 Ramped Inter-vane Voltage Profile 

 

Nowadays, more interest was given in shortening the RFQ for the several 

advantages which are simpler structure without coupling plate and more compact. 

One of the ways to reduce the RFQ length is the ramped-inter vane voltage 

scheme [18-20]. Nevertheless, there is no heavy ion RFQ which is constructed 

with the linearly ramped field scheme until now. There is an example for a 

proton RFQ [21, 22]. That is the Compact Pulsed Hadron Source RFQ which 

operational frequency is 325 MHz and the length is 3 m. Figure 2.25 shows that 

the initial field profile was flat before tuning. However, the acceleration field 

was tuned to have the ramped profile only using the slug tuners.   

The design parameters of the RFQ is summarized in Table 2.1. On the 

basis of this constraints, the beam dynamics design was conducted by RI 

Research Instruments GmbH [23]. In this study, the length of the RFQ structure 

was estimated according to the field profile on the basis of the beam dynamics 

design. The simulation was conducted with PARI and PARMTEQM codes [24]. 

PARI calculates the vane modulation required to give the accelerating and 

focusing forces. This code takes into account the effects of circular pole tip 

geometry. Moreover, PARMTEQM generates the detailed RFQ design and 

integrates multi-particle bunches through the accelerator. This code uses a two-

dimensional space charge calculation. PARMTEQM code includes the effects of 

higher order multipole field components arising from the use of circular vane 

tips. 

At sufficient high fields, room-temperature copper cavities will suffer 

electric breakdown or sparking. Therefore, the Kilpatrick criterion is commonly 

used to describe the design field level for accelerating cavities [25]. Tom Boyd 

expressed Kilpatrick’s result in a convenient formula [26]. The formula relates 
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frequency in MHz to Kilpatrick limit KE  in MV/m: 

 

  KE/.

KeE.MHzf
582641 

               (2.14) 

 

The Kilpatrick criterion is based on experimental results that were obtained in an 

era before clean vacuum systems were common. Therefore, the Kilpatrick 

criterion is considered conservative by today’s standards. Nevertheless, the same 

expression is commonly used for choosing the design field level for accelerating 

cavities, except that the actual peak surface field sE  is expressed as 

 

Ks bEE                           (2.15) 

 

where b  is known as the bravery factor. The b  should be less than 1.7 which 

was defined in Table 2.1. At that case, the maximum surface electric field should 

be less than 17.9 MV/m. Figure 2.26 shows the simulated results with PARI code 

for the surface electric field according to the variation of flat vane voltages. In 

this case, the vane voltage should be less than 80 kV to satisfy the Kilpatrick 

criterion. Figure 2.27 shows the required RFQ lengths to accelerate from 10 

keV/u to 500 keV/u according the flat vane voltage. When considering the noble 

flat voltage profile, the length of the RFQ is about 6 m to get the required 

performance. However, the length of the RFQ can be reduced as 5 m when the 

ramp up voltage scheme was adopted. For proton to uranium ions, the energy per 

nucleon will remain identically, but the total energy will be lower. Figure 2.28 

and 2.29 shows the designed parameters applied the ramped field profile scheme. 
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(a) The field distribution before tuning with all the tuners flush 

(b) The field distribution after tuning 

Figure 2.25. The tuning example for the proton RFQ 
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Table 2.1. Basic RFQ parameters 

Particles H+ to U+33 and U+34 

Frequency 81.25 MHz 

Input energy 10 keV/u 

Output energy 500 keV/u 

Duty 100 % (CW) 

Beam power ~1.4 kW 

Max. surface fields < 1.7 Kilpatrick factor 

Beam transmission ~ 98% 

 

Figure 2.26. Surface electric fields according to vane voltages. Which were calculated 

with PARI code. 
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Figure 2.27. Required RFQ length to satisfy the design parameter according to the vane 

voltage. 

 

 

 



56 

Figure 2.28. Designed RFQ parameters considering the ramped vane voltage. 
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Figure 2.29. Surface electric field considering the ramped vane voltage. The maximum 

surface electric field should be less than 17.8 MV/m to satisfy the Kilpatrick criterion. 
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Chapter 3 Experimental Setup 

 

3.1 RFQ Fabrication 

 

The RFQ has a nominal length of 4940.07 mm. This is the distance of the 

inner surface of the two end plates. The RFQ is separated to nine modules so that 

the weight of the components fit to the machines and the brazing furnace. One of 

the mating surfaces between the modules is equipped with grooves for a Viton 

O-ring. For the end plates, the grooves were machined for canted coil RF springs 

and a Viton O-ring. From transversal point of view, the RFQ consists of 4 pieces, 

two major vanes and two minor vanes as shown in Fig. 3.1. The four vanes were 

brazed together. 

The RFQ has the following ports: 

20 slug tuner ports 

10 pickup ports 

12 vacuum ports 

2 coupler ports 

2 beam ports 

The validation of the RFQ fabrication procedure was conducted through 

the prototyping one-segment as shown in Fig. 3.2. In the first time, there were 

several problems. 

1. The unit was not vacuum leak tight. 

2. Although the braze joints were tight prior to brazing, there had been 

movement of the pieces during the braze cycle and there were gaps as 

large as 70 microns on the cavity side of the braze joint. 

3. There were large changes in the tip-to-tip distance (up to 1 mm) after 

the braze heat. 
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4. Thermocouple measurements showed differences in the temperature of 

locations on the segment as high as 15℃ 

 

The reasons which caused these problems and the countermeasures can be 

summarized as follows: One of the reasons is the difference of thermal expansion 

ratio between the STS flange and the OFE copper cavity. Therefore, the design 

of the flanges was changed from octagonal STS flanges to circular OFE copper 

flanges to solve the difference of thermal expansion ratio. And there is tens of 

temperature difference between the OFE copper cavity and STS flange during 

the brazing process. The measured temperature difference is induced by 

improper thermocouples. Therefore, Inconel shield K-type thermocouples were 

adopted to replace the bare K-type thermocouples.  

 Figure 3.1. Cross sectional view of the cavity 
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Figure 3.2. Prototype of RFQ 

 

The fabrication process was validated through the prototype one-module. 

The details are described as follows:  

High-purity oxygen-free copper with hot isostatic pressing was used for 

vanes, quadrants, and flanges. The low oxygen content should be guaranteed for 

the good electric conductivity and the soundness of the brazing process. At the 

first step, vanes and quadrants were roughly machined to have 5 mm residual 

dimensions of the final shape. Then, the coolant passages were machined by 

using a gun-drill machine. After rough machining, high temperature brazing was 

conducted for conflat flanges by using the BNi-2 alloy which melting 

temperature is 1010 ℃. The water channel plugs also brazed by using the 35-65 

Au-Cu alloy which melting temperature is 970 ℃. The brazing step was divided 

in considering the downflow of the filler alloy. The high temperature brazing 
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serves as the annealing process to remove the residual stress caused by the 

forging. This is necessary to prevent the distortion before the fine machining. 

The soundness of cooling channels and brazing procedure were checked by the 

water flow test and the vacuum leak test.  

All parts were finally machined including vane tip modulation. For the 

vane modulation, the machining was conducted through seven steps by using the 

ball-end mills which was numerically controlled. The remained margin for each 

step is 3 mm, 1 mm, 0.5 mm, 0.1 mm, 0.05 mm, 0.03 mm, and 0.01 mm. The 

temperature was controlled as 21 ± 2℃during the machining. All dimensions 

were inspected by using a coordinate-measuring machine (CMM). For the vane 

modulation, the distance from the beam line and the transverse radius of 

curvature were confirmed for each peak and valley. The tolerance were less than 

± 30㎛. At the fine machining step, the length of vanes and quadrants was left 5 

mm on each end than the final dimensions. The cavity was machined to the final 

length after the final brazing. 

After machining and cleaning of vanes and quadrants, each segment was 

assembled and aligned by using adjustment plates on a surface table. The 

tolerance of gaps between vanes is less than ± 50 ㎛ after the final brazing. The 

gap between the vanes was inspected by using pin gauges. RFQs must be 

fabricated with precision, because the gap between the vanes is small with 

respect to the overall dimensions of the cavity, and small changes in the gap 

cause large change in the frequency. The assembled mating surfaces were 

inspected also visually by using a light to check the gap and the machining 

flatness. If light can be seen, the gaps in the braze joint are too large and it is 

likely that the braze will not be successful. After the first assemble process, each 

segments was drilled for dowel holes. This is to assure that the cavity will be 

properly aligned when re-assembled after cleaning. And the ends of the segment 

was machined to accept the end flanges. 
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The segments were disassembled and cleaned including all braze surfaces. 

Next, the segments were re-assembled by using the dowel holes and inspected 

with pin-gauges and a CMM. The tolerance of inter-vane gap was controlled as 

less than ± 50 ㎛. As a final assembly process of a module, end flanges were 

inserted by using a shrink fitting method. The flange was heated to nearly 

100 ℃. 

As the final brazing step, the assembled module was loaded on the furnace 

and the final brazing was conducted using the CuSil alloy(Bag-8) which liquidus 

temperature is 780 ℃. Figure 3.3 shows the measured temperature of the cavity 

segment during the brazing procedure. The maintained period over the liquidus 

temperature of filler alloy is about 40 minutes. Additionally, the temperature 

difference between bare type thermocouples and shielded thermocouples. 

Figure 3.3. Temperature monitoring results with bare thermocouples and Inconel 

sheath thermocouples 
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3.2 RFQ Installation 

 

The weight of the RFQ cavity is nearly 15 tons. Therefore, a strong 

support system was needed which is adjustable with jack screws. Nine unit 

modules of the RFQ were installed and aligned on the girder type support system 

as shown in Fig. 3.4. To use the laser tracker during the alignment, each module 

was fiducialized by using the dowel pin hole which are located at the end of 

vanes. Then modules were positioned on the support system which can adjust the 

three dimensional motion of modules. After the first module was installed, the 

others were assembled one by one by using a laser tracker. Moreover the vane 

gap was confirmed for the connected position with the pin gauge and the vacuum 

test was accomplished in every step of assembling the module. The procedure of 

assemble and alignment is as follows; 

- Install the RFQ support system  

- Fiducialize the module 

- Assemble and check the vacuum tightness 

To assemble each module, two pins were installed for each mating plane. 

One of the groove for the pins is slotted in radial direction. Figure 3.5 and 3.6 

shows the interior of the RFQ cavity after the installation of all the segments. 

The vane gap error is less than ±100 ㎛ after the final installation. Figure 3.7 

shows the finally installed RFQ.  
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Figure 3.4. Assembling scheme of modules of the girder type support 

 

Figure 3.5. The assembled RFQ cavity looking from the high energy end. 
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Figure 3.6. Interior of the assembled RFQ cavity 

 

Figure 3.7. Installed RFQ on the girder type support 
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3.3 Experiment Setup 

 

3.3.1 Tuning Experiment 

 

The tuning experiment has been carried out with twenty movable slug 

tuners as shown in Fig. 3.8 and 3.9. The diameter of tuners is 146.6 mm and the 

stroke is 90 mm. In this study, movable tuners were adopted to remove the 

replacement the dummy tuners with copper tuners. Additionally, this movable 

tuners can be applicable for the in-situ control the frequency with the motor 

driving.  

The resonance frequency should be fixed during the tuning experiment. 

Additionally, the frequency control also be established experimentally during on-

line operation, which requires setting different RFQ power levels for the 

acceleration of different ion species. To regulate the temperature of the RFQ 

body, a Resonance Control Cooling System (RCCS) was adopted in this study as 

shown in Fig. 3.10. The RCCS was designed to control the cavity within ± 0.1℃ 

with PID control by combining chilled water from the external cooling system 

and hot water returning from the cavity. The resonance frequency according to 

the cavity temperature is measured as 1.5 kHz/℃. Therefore, we can control the 

resonance frequency stability within ± 0.15 kHz. 

The tuning procedure was accomplished according to the Fig. 2.21 in 

section 2.2.2. In the first step, all slug tuners flush with the cavity wall and the 

resonance frequency was measured when the temperature of the cavity wall was 

controlled as the operational temperature (30 ℃). There is a frequency different 

as 0.58 MHz. Therefore, all tuners inserted identically to adjust the resonance 

frequency is to the target frequency. Through this kind of process, the initial 

insertion depth was determined as 43 mm. 

As described in section 2.2, the longitudinal squared magnetic field 
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distribution near the outer wall of a RFQ can be measured by the standard bead 

pull method using a metallic bead. Figure 2.17 and 2.18 show the established 

bead pull measurement system. The magnitude of perturbation signal was 

checked according to the bead size and the bead position. For the magnetic field 

dominant region, the phase shift is less than 1 degree with the hollow ball of 

0.625” diameter according to the experiment. Therefore, the bead was installed 

25 mm away in radial direction from the beam center. It is the electric field 

dominant region. 

The problem to be solved by one who tunes the cavity is to find the 

mechanical settings of the tuners that produce the desired magnetic field 

distribution in the operating quadrupole mode. Consequently, the tuning 

requirements are determined by the beam dynamics study as follows; 

- Quadrupole field profile error compared to the designed field 

 : less than ±2 % 

- Dipole field profile error compared to the quadrupole field 

: less than ±5 % 

 

 



68 

Figure 3.8. A movable slug tuner. The stroke is 90 mm. 

Figure 3.9. Installed movable slug tuners 
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Figure 3.10. Resonance frequency Cooling Control System. 
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3.3.2 RF Conditioning 

 

A narrow-band 80 kW RF amplifier tuned to a central frequency of 81.25 

MHz and a 120 kW RCCS were available for the off-line RFQ testing. The rf 

conditioning was started at an RFQ resonator vacuum level of 1X10-7 torr. For 

an initial performance test, one RF power coupler was installed. In the final 

installation, two amplifier will provide the RF power into the RFQ through two 

identical PETRA type coaxial couplers which were shown in Fig. 3.11 [27]. 

During off-line RF conditioning and the initial beam acceleration test, the RFQ 

has been operated at low power about 20 kW. Therefore, a single rf coupler is 

enough. It was installed and tuned for under critical coupling. 

The SSPA (Solid State Power Amplifier) is used as a high power RF 

source. The required generator power for the RFQ to accelerate the uranium 

beam is about 80 kW. If we consider a 20 % of marginal power for the cavity, 

10 % of power loss in the transmission line and 20 % of control margin, the total 

power required amount to be about 150 kW 

Figure 3.11. PETRA type RF power coupler 
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Figure 3.12. Schematic diagram of the solid state power amplifier. 
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3.3.3 Low Energy Beam Transport System 

 

To validate the RFQ performance, the RFQ was connected to a 28 GHz 

electron cyclotron resonance (ECR) ion source through the low energy beam 

transport (LEBT) line [28-30]. The experimental setup used for off-line beam 

commissioning of the RFQ is shown in Fig. 3.13. It consists of an 28GHz ECR 

ion source, a LEBT system based on two 90 bending magnets, several Faraday 

cups, a chopper, three electrostatic triplets, two electrostatic doublets, the RFQ, 

and two quadrupole magnets. The beam diagnostic chamber which includes the 

energy measurement system was also installed after the RFQ. 

The input energy can be calibrated by using two bending magnets before 

the RFQ. The accelerated energy was measured with the RBS (Rutherford Back 

Scattering) method. 
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Figure 3.13. Experimental setup for the RFQ test with ECR ion source, LEBT, RFQ, 

and beam diagnostic chamber. 
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Chapter 4 Results and Discussions 

 

4.1 RFQ Tuning Results 

 

4.1.1 Limitation of Tuner Perturbation 

 

The vane gap voltage is inferred from the measured magnetic fields by 

comparison to SUPERFISH calculations of the RFQ cross section [31]. However, 

the designed acceleration field was calculated every 10 cm along the RFQ for the 

bead position where the electric field is dominant. It is because the magnitude of 

the perturbation signal is so weak caused by the metallic hollow bead. According 

to the tuning procedure as shown in Fig. 2.21, the target frequency should be 

determined. In generally, the resonant frequency measured in air is lower than 

the resonant frequency in vacuum. The air temperature, relative humidity, and 

barometric pressure all affect this. In this study, the target frequency was 

determined by the measurement as 81.226 MHz. The initial tuner insertion depth 

was 43 mm for all tuners which satisfied the target frequency.  

Figure 4.1 shows the measured field distribution before tuning. And Fig. 

4.2 shows the error compared to the designed field profile according to the bead 

position. The error is large in the low energy end due to the small denominator 

compared to the high energy end. As shown in Fig. 4.1, there is a fluctuation in 

the field profile which caused by the spin of the bead, fluctuation of the fishing 

line and the temperature variation. Therefore, the measured field profile was 

smoothed with the fourth order polynomial. Additionally, the field variation 

caused by the thermal change was compensated assuming the temperature is 

varied linearly. Figure 4.3 shows the comparison of measured field profile and 

the smoothed profile with the fourth-order polynomial. 
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Figure 4.1. The measured field distribution before tuning with all the tuners flush. 

Figure 4.2. The measured field error compared to the designed profile before tuning 

with all the tuners flush. 
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Figure 4.3. The comparison the measured profile with the smoothed fitting by the 

fourth-order polynomial. 

 

On condition that all tuners are flush, the field was tuned according to the 

slug tuner adjusting principle as described in section 2.2.2. After one tuner was 

adjusted, the other was controlled to compensate the resonance frequency. 

Therefore the frequency was always fixed as the target value.  

Through the several iteration, the measured field profile compared with the 

designed field was obtained as shown in Fig. 4.4. Figure 4.5 shows the field error. 

The insertion depth of tuners are as follows; 

 

Tuner 1st(Low Energy) 2nd 3rd 4th 5th 

Insertion depth [mm] 90 84 46 32 0 

 

For the first and the last tuners, there is no margin to change the 
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perturbation in considering the stroke of tuner which is 90 mm. Therefore, there 

is limitation of the tuner perturbation for the low energy end. 

 

 

Figure 4.4. The comparison of the designed field with the measured field after the first 

tuning trial. 
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Figure 4.5. The measured field error compared with the designed field after the first 

tuning trial. 
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4.1.2 Endplate Modification 

 

To overcome the tuner limitation, the endplate was modified to tune the 

field profile for the low energy end. As described in section 2.2.3, the frequency 

perturbation in end region can be controlled by the undercut depth. However, it is 

impossible to modify the cavity structure directly due to the cooling channel in 

vanes. In this study, a method to modify the geometry of endplates was proposed. 

The inductance components can be decreased by the undercut depth change 

through the endplate modification. Figure 4.6 shows the MWS model to simulate 

the frequency change according to the endplate shape and Fig. 4.7 shows the 

machined endplate. Figure 4.8 shows the simulated frequency change according 

to the thickness of the low energy endplate which contribute to change the 

inductance components 

 

 

Figure 4.6. The MWS model to simulate the frequency change due to the endplate 

modification. 
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Figure 4.7. Modified endplate to decrease the inductance component 

 in the low energy end region. 

 

Figure 4.8. Simulated frequency change of the low energy endplate according to the 

endplate modifications  
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 The geometry of the endplate was modified gradually with the experiment. 

For the first time, the thickness of endplate was changed 6.5 mm considering the 

O-ring groove. According to the MWS simulation, the frequency change was 

calculated as 10 kHz. However, the measured value is 18.5 kHz. Figure 4.9 and 

4.10 show measured results for the first endplate modification. Then, the field 

tuning was retried with slug tuners. The insertion depth of tuners are as follows; 

 

Tuner 1st(Low Energy) 2nd 3rd 4th 5th 

Insertion depth [mm] 81 52 41 30 23 

 

There is still limitation of the tuner perturbation. As a next step, the thickness of 

endplate was changed as 20 mm. 

 

Figure 4.9. The comparison of the designed field with the measured field 

after the first endplate modification. 
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Figure 4.10. The measured field error compared with the designed field 

after the first endplate modification 

 

When the step thickness is increased as 20 mm, the calculated frequency change 

is 50 kHz. The measured value is 17.8 kHz. Figure 4.11 and 4.12 show the 

measured field profile and the error compared with the designed value. The 

maximum field error is reduced from 11% to 7% compared to the thickness of 

endplate is 6.5 mm. However the field error is still not satisfied the tuning 

requirement. The insertion depth of tuners are as follows; 

 

Tuner 1st(Low Energy) 2nd 3rd 4th 5th 

Insertion depth [mm] 90 0 0 0 89 
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Figure 4.11. The comparison of the designed field with the measured field 

after the second endplate modification 

Figure 4.12. The measured field error compared with the designed field 

after the second endplate modification 
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Due to the limitation of the endplate thickness, the frequency perturbation 

was accomplished another method. As a next step, the capacitance components 

were changed. As shown in Fig. 2.24, the capacitance components can be 

controlled by the gap of vane end and the endplate. To decrease the field in the 

low energy end, the local frequency perturbation should be increased by 

increasing the gap. Figure 4.13 and 4.14 show the measured results after 

increasing the capacitance components in the low energy end. Figure 4.15 shows 

the modified endplate. By the endplate modification, the field error is reduced 

less than 3 % compared to the designed value. The insertion depth of tuners are 

as follows; 
 

Tuner 1st(Low Energy) 2nd 3rd 4th 5th 

Insertion depth [mm] 90 87 54.5 17.5 0 

 

For the low energy end, the field error is satisfied the requirement. 

Figure 4.13. The comparison of the designed field with the measured field 

after increasing the capacitance components in the low energy end. 
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Figure 4.14. The measured field error compared with the designed field after increasing 

the capacitance components in the low energy end. 

Figure 4.15. The modification of the endplate to decrease the capacitance components. 
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4.1.3 Fine Tuning 

 

In previous trial, we assumed each quadrant operate independently. 

Therefore, the field tuning was tried to adjust tuners of each quadrant by 

quadrant. However, the field error was not saturated for four quadrants 

simultaneously when tuners of a quadrant was controlled independently 

according to the tuner adjusting principle. So, the effect of the perturbation by 

one slug tuner was tested for all quadrants. Figure 4.16 shows the measured field 

profile for all quadrants before changing the field by a tuner and the amount of 

perturbation. Figure 4.17 shows measured field profile for four quadrants. By the 

perturbation due to the one tuner insertion, the field profile of four quadrants 

were affected. Therefore it can be concluded that the field profile of the RFQ is 

linked for all of quadrants.  

Figure 4.18 shows the magnetic field pattern of the RFQ dipole mode. The 

electromagnetic flux for diagonally positioned quadrant was linked. If field 

profiles of diagonal quadrants are linked and varied together in the same pattern, 

the tuning scheme can be simplified. On the basis of the assumption that the 

diagonal quadrants are linked, the quadrant field profile can be adjusted by 

control the two dipole mode field. Figure 4.19 shows the field profile of each 

quadrants before the dipole mode compensation. Since the quadrupole field error 

is not satisfied the requirement as in Fig. 4.20, two dipole field were adjusted 

together to compensate shifted frequency and dipole field as shown in Fig. 4.21 

and 4.22. As a result, the quadrupole field error compared to the designed value 

is less than ±2 % and the dipole field compared to the quadrupole field is less 

than ±5 % as shown in Fig. 4.23 and 4.24. 

The ramped inter-vane-voltage-profile can be tuned roughly according to 

the tuning adjusting principle for the quadrant by the quadrant. However, it is 

difficult to fine tune since the four quadrants are linked for the perturbation each 
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other. So, the dipole mode compensation method was proposed in this study. By 

this method, the field profile can be controlled with the compensation of the 

frequency and the dipole mode components. 

 

 

Figure 4.16. Measured field profile for all quadrants and a perturbation to check the 

relation. 
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Figure 4.17. Measured field profile which is affected by a tuner perturbation. 

 

Figure 4.18. Linked electromagnetic flux for dipole modes. 
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Figure 4.19. Measured field profile for each quadrants before the dipole mode 

compensation. 

Figure 4.20. Quadrupole field error before the dipole mode compensation. 
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Figure 4.21. Dipole field and the perturbation to compensate the dipole field. 

 

 

Figure 4.22. Tuner adjustment to compensate the dipole mode. 
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Figure 4.23. Quadrupole field error compared to the designed value 

 after the dipole mode compensation 

Figure 4.24. Dipole field compared to the quadrupole field 

 after the dipole mode compensation 
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4.2 RF Characteristic of the RFQ 

 

A properties of a resonator should be experimentally tested. The three 

fundamental characteristics of an RF resonator that have to be determined by 

measurement are: (1) resonant frequency, (2) coupling coefficient, and (3) 

unloaded quality factor. These parameters can be measured by using the vector 

network analyzer [32, 33]. After the final tuning procedure as described in 

section 4.1, the endplates was replaced from the aluminum plates to the OFC 

plates as shown in Fig. 4.25. At the outer position of endplates, the RF seal was 

inserted as shown in Fig. 4.26.  

 

Figure 4.25. The finally machined OFC endplate with Viton O-ring. 
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Figure 4.26. The RF seal was inserted at the outer position of the endplate. 
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4.2.1 Quality Factor 

 

 The quality factor is referred to explain how the cavity is designed and 

fabricated. The unloaded quality factor is defined as, 

0
0

c

Ustored energy
Q

dissipated energy W


            (4.1) 

where U  is the stored energy, c
W  is the energy losses in the cavity and 0

  

is the resonance frequency. When the external loss is considered, the quality 

factor, called the external ext
Q , is written as, 

0
ext

ext

U
Q

W


                       (4.2) 

Since the total power losses are c ext
W W W  , the loaded L

Q of the cavity 

can be expressed as follows: 

0

1 1 1

L ext
Q Q Q

                       (4.3) 

For the waveguide-cavity system, the coupling strength definition needs to be 

qualified. The definition of  , coupling coefficient of the installed RF pickup, 

is defined as, 

0ext

c ext

W Q

W Q
                       (4.4) 

From equation 4.3 and 4.4, the unloaded quality factor can be obtained by using 
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the coupling coefficient and the loaded quality factor as follows: 

 0
1

L
Q Q                     (4.5) 

When 1   the waveguide and cavity is under-coupled. When 1  , the 

waveguide and the cavity are said to be over-coupled. It is critically coupled 

when 1  . 

 Generally there are three methods which can be used to measure the 

loaded quality factor [34]. The bandwidth of a resonator is defined as the 

frequency difference by the two points where the stored energy is halves and the 

signal is dropped as -3.0 dB. The resonator bandwidth can be defined as 

0

L
Q


                             (4.6) 

It is one of the way to measure the loaded L
Q  by using the equation 4.6. In this 

study, the loaded quality factor was measured with the vector network analyzer. 

Figure 4.27 shows the loaded L
Q  is measured as 8250 by measuring S21.  

If a wave is emitted from the generator into the guide, the amplitude of the 

reflected voltage wave normalized to the amplitude of the incident voltage wave 

is defined as the reflection coefficient,  . 

_

0

0

1

1

V

V






  


                     (4.7) 

A measurement of the mismatch of a line, called the voltage standing wave ratio 

(VSWR), can be defined as [35] 



96 

max

min

1

1

V
VSWR

V

 
 

 
                     (4.8) 

From the equation 4.7 and 4.8, VSWR is equal to 1/   for the under-coupled 

case and   for the over-coupled case. For the matched case, VSWR is 1 [36]. 

Figure 4.28 shows the Smith chart for the RFQ with one RF power coupler and a 

pickup. The impedance locus for the low loss pickup near the resonance is 

circular on the Smith chart. If the circle encloses the center point of the Smith 

chart, the coupler is over-coupled. If the circle is so small that the center point is 

outside of the circle, then the coupler is under-coupled. In case of critical 

coupling, the center point is located on the circumference of the circle [37]. On 

the basis of this sense, it is under-coupled for the case of Fig. 4.28. In this system, 

two RF coupler is to be operated simultaneously. Therefore, the power coupler 

was designed to have the coupling coefficient as 0.5. Figure 4.29 shows the 

measured result of the VSWR for the installed RF power coupler and the RFQ 

cavity. The measured coupling coefficient is 0.54.  

The designed unloaded 0
Q  is 17048 according to the MWS simulation. 

The measured unloaded 0
Q  is 12697 which can be calculated by using the 

equation 4.5. Therefore the measured values of the unloaded 0
Q  for the RFQ is 

about 75 % of the calculated ones. 
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Figure 4.27. Loaded Q value measured by S21 with a vector network analyzer. 

Figure 4.28. Smith chart of the RFQ. The installed RF coupler is under-coupled. 
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Figure 4.29. VSWR measurement for the RF power coupler with a network analyzer 
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4.2.2  RF Conditioning 

 

For the RFQ, RF conditioning was carried out. The cavity temperature was 

controlled to adjust the operation frequency with the RCCS. As described in 

section 3.3, the tuning procedure was accomplished under the cavity temperature 

as 30 ℃. However, it is needed to increase the temperature as 35   to match the 

design frequency, 81.25 MHz. The initial operating parameters such as driving 

frequency, pulse duration, vacuum level, and repetition rate were 81.25 MHz, 

100 ㎲, 9X10-8 torr, and 1 Hz, respectively. 

 The forward RF power was increased gradually while the reflected power 

and the vacuum level were being monitored. At the low forward RF power of 

under 5 kW, the reflection was large due to the multipacting as shown in Fig. 

4.30. However it is impossible to distinguish which cause the multipacting since 

vacuum condition was only monitored for the cavity. To improve the rf 

waveform, the baking procedure was conducted for the RF window by using a 

heating band as shown in Fig. 4.31. At the first time, the vacuum level was 

increased from 9.8 X 10-8 torr to 2.4 X 10-7 torr during the baking and slowly 

recovered. It has been maintained the 120 ℃ heating condition for 48 hours.  

 When the forward power was increased to the level of about 10 kW, the 

large reflection was diminished and the field in the cavity was stabilized as 

shown in Fig. 4.32. Moreover, the fill-up time and the reflected power were 

reduced after more conditioning as shown in Fig. 4.33. 
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Figure 4.30. RF power when the forward RF power is about 600 W 

(Ch1 : RFQ cavity, Ch2 : Forward RF power, Ch3 : Reflected RF power)  

 

Figure 4.31. RF power coupler under the baking procedure with 120 ℃ 
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Figure 4.32. Initial RF power when the forward RF power is about 20 kW 

(Ch1 : RFQ cavity, Ch2 : Forward RF power, Ch3 : Reflected RF power) 

Figure 4.33. Conditioned RF power when the forward RF power is about 20 kW 

(Ch1 : RFQ cavity, Ch2 : Forward RF power, Ch3 : Reflected RF power) 
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4.3 Beam Acceleration Experiments 

 

4.3.1  Low Energy Beam Transport 

 

Following the RF conditioning, the beam acceleration experiments were 

conducted. For an initial beam acceleration experiment, the 28GHz ECR ion 

source was operated to extract the O+7 CW beam. The injected beam parameters 

are as follows; 

- Particle : O7+ 

- Injected beam energy : 10 keV/u 

Figure 4.34 shows the layout of beam diagnostic systems which were 

consisted with 6 Faraday cups and an energy measurement system. Faraday cups 

were installed before and after of bending magnets, a chopper and the RFQ. 

There are also 13 ESQs (Electro-static-quadrupole) for the transverse matching 

before the RFQ. Due to the beam characteristic was not measured exactly, the 

transverse focusing setting was swept with monitoring the Faraday cup signals in 

the first stage as shown in Table 4.1. The potential between electric poles are 

double and the sign represent the horizontal pole. Figure 4.35 shows the 

measured beam current before the RFQ. 

Figure 4.36 shows the timing structure of the RF power trigger and the 

chopper trigger. The pulse width of the RF power was 250 ㎲ and the overlap 

time duration of the RF power and beam injection was 110 ㎲. The rising and 

falling time of the chopper were 5 ㎲, respectively. Additionally, the chopper 

trigger was delayed as 120 ㎲in considering the time to build up the 

accelerating field in the RFQ cavity. 
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Figure 4.34. The beam diagnostic systems to measure the beam characteristics. 

 

Table 4.1. The high voltage input on the ESQ poles 

Electrostatic quadrupole Potential on the pole [kV] 

ESQ1 -1.45 

ESQ2 3.00 

ESQ3 -1.70 

ESQ4 -1.20 

ESQ5 1.60 

ESQ6 1.20 

ESQ7 -1.60 

ESQ8 1.65 

ESQ9 -2.10 

ESQ10 1.10 

ESQ11 1.30 

ESQ12 -3.10 

ESQ13 1.60 
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Figure 4.35. Measured beam currents at the entrance of the RFQ 

Figure 4.36. Timing structure for RF power and chopper trigger 

(Ch1 : RF power trigger, Ch2 : chopper trigger) 
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4.3.2  Beam Acceleration Experiment 

 

  After the commissioning for the low energy beam transform, the beam 

accelerator experiments have been accomplished. To determine the RF power 

setting value, the required RF power was calculated to accelerate the oxygen 

beam according to the mass to charge ratio as shown in Table 4.2. The 20 % 

marginal power was determined assuming the quality factor is generally 80 % of 

the designed value. For the O+7 beam, the required cavity RF power is 9.8 kW. 

Figure 4.37 shows the measured beam current at the Faraday cup located behind 

the RFQ according to the variation of cavity RF power. The peaked current was 

measured when the cavity RF power is about 10 kW. According to the 

experimental result, the maximum beam current was measured when the input 

cavity power is about 10 kW. 

Figure 4.38 shows the measured beam current signal with the Faraday cup. 

Moreover forward RF power, reflected RF power, and pickup signal installed in 

the RFQ cavity were also shown. When the cavity RF power is 10.4 kW, the 

forward RF power and the reflected RF power were 13.2 kW and 2.75 kW 

respectively. In considering the coupling coefficient 0.486  , the reflected 

RF power was bigger than the expected value, 1.58 kW. As shown in Fig. 4.39, 

the energy of the accelerated beam was measured by using the RBS (Rutherford 

Back Scattering) method. The measured beam energy is 516 keV/u and the 

simulated with the PARMTEQ code is 508.5 ± 4.0 keV/u. 
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Table 4.2. Required RF power to accelerate oxygen beam 

q A/q RF power (kW) 20% marginal power (kW) 

4 4.0 24.6 29.5 

5 3.2 15.8 18.9 

6 2.7 11.2 13.5 

7 2.3 8.1 9.8 

8 2.0 6.2 7.4 

  

 

 

 

Figure 4.37. Measured beam current behind the RFQ according to the cavity RF power. 
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Figure 4.38. RF power and beam signal 

(Ch1 : Cavity RF field, Ch2 : Forward RF (13.2 kW), Ch3 : Reflected RF (2.75 kW), 

Ch4 : Beam signal from the Faraday cup(1μA/div.)) 

Figure 4.39. Energy measurement of the accelerated beam with the RBS method. 
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Chapter 5 Conclusion and Future Work 

 

5.1 Conclusion 

 

The four-vane RFQ for CW and low frequency operation has been 

developed to accelerate heavy ions in this study as a part of the heavy ion 

accelerator development program. Four-vane RFQ is preferable for the high RF 

power and CW operation since it has a simple cooling channel. However the 

brazing technology has not been applied to fabricate enormous RFQ due to the 

huge transverse dimension and difficulties of fabrication under the precise 

requirement.  

Another unique feature of this study is that the RFQ cavity adopted a 

ramped field profile to reduce the cavity length for the cost reduction and the 

simple design without decreasing the output energy. By using this scheme, the 

surface electric field can be maximized uniformly for the entire region that meet 

the Kilpatrick criterion. Whereas the length of the cavity should be increased to 

prevent the breakdown for a constant electric field due to the locally peaked 

surface electric field. In this study, the maximum surface electric field was 

limited to 17.9 MV/m by the designed Kilpatrick factor, 1.7, and the 81.25 MHz 

RFQ can accelerate the particle from 10 keV/u to 500 keV/u with a length of 5 m.  

A short RFQ with a low operational frequency is intrinsically insensitive 

for the frequency perturbation. Therefore, it is very important to fabricate the 

cavity in precise condition. During the machining procedure, the ambient 

temperature was controlled as 21 ± 2 ℃ and the inter-vane gap has been 

monitored every machining and brazing process with the pin gauges and the 

coordinate-measuring machine (CMM). The machining error was less than ± 30

㎛ and the final inter-vane gap was less than ± 50 ㎛. Nevertheless, there is the 
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field distortion caused by the misalignment and the machining.  

The problem of the insensitivity for the frequency perturbation was 

overcome by adding the endplate geometry on the controllable parameter. 

Through the modification of the endplate, the capacitance and the inductance can 

be adjusted independently without the machining of the cavity. It means that the 

design parameter was used as the tuning variables. The ramped field profile can 

be tuned roughly according to the tuning adjusting principle for the quadrant by 

the quadrant. However, it is difficult to tune precisely since the four quadrants of 

the RFQ are linked for the perturbation each other. Therefore, the dipole mode 

compensation method was proposed in this study which can compensate the 

frequency shift by using the diagonal positioned tuner and the dipole mode 

components simultaneously. By this method, the RF field has been tuned to have 

the error less than ±2 % for the quadrupole mode and ± 5 % for the dipole mode  

For the mode stability, the frequency spectrum was measured. The mode 

stabilization can be confirmed without dipole stabilization rods since the 

frequency gap between the quadrupole mode and the nearest dipole mode is 

about 1.4 MHz. It has been also verified that a short RFQ with low operational 

frequency is favorable for the mode stability despite the drawback for the four-

vane cavity.  

The beam acceleration experiments were performed to confirm the design, 

fabrication and a field tuning of the RFQ. By the commissioning of the low 

energy beam transport system which consists of 13 electrostatic quadrupoles, a 

chopper and dipole magnets, the O+7 beam was transferred from the 28 GHz 

ECR ion source to the RFQ with the energy 10 keV/u. The input energy was 

confirmed by the two bending magnets. With 13.2 kW forward RF power 

transmitted by a undercoupled RF coupler, the accelerated beam current of 3 μA 

was obtained at the Faraday cup located behind the RFQ cavity. The energy of 

the accelerated oxygen beam was measured by the RBS method as designed 500 
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keV/u. Achieved beam energy confirmed the tuning result and the overall system 

to accelerate the heavy ion beam. On the basis of the experimental result, the 

firstly developed RFQ which has four vanes and operates in low frequency is 

validated that it is operational. 

 

5.2 Future work 

 

The developed RFQ in this study is designed to operate in the CW mode. 

To get the designed performance, not only the static tuning which was treated in 

this study but also the thermal tuning of controlling the cooling parameters have 

to be performed. Moreover, the further study is required to accelerate the high 

A/q beam with the high RF power.  
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Abstract in Korean 

 

양성자부터 우라늄까지 가속할 수 있고 경사진 가속전장 분포를 가지는 

81.25MHz 고주파 사중극자 가속기의 시운전에 관한 연구를 수행하였다. 

낮은 운전주파수와 네개의 날개를 가진 형태의 사중극자 가속기는 연속운전에 

따른 열부하를 줄일 수 있을 뿐만 아니라 넓은 전극 간격을 유지할 수 있어 

빔손실도 줄일 수 있다. 지금까지 브레이징 접합기술을 적용하여 낮은 

주파수(<200 MHz)에서 운전할 수 있고 네개의 날개를 가진 사중극자 

가속기는 제작되지 않았는 데 이는 정밀한 제작조건을 만족하면서 단면이 큰 

가속관을 제작하기 어렵기 때문이다. 본 연구에서는 비용절감과 함께 단순한 

구조의 가속관을 만들기 위해 경사진 가속전장을 가지는 설계를 적용하였는 

데 중이온 사중극자 가속기에는 지금까지 적용되지 않은 설계이다. 따라서 

낮은 운전주파수를 가지면서 길이가 짧은 사중극자 가속기의 제작, 튜닝 및 

시운전에 대한 연구는 본 연구에서 최초로 시도되었다. 

사중극자 가속기가 길이는 짧으면서 낮은 운전주파수를 가지면 

외부섭동에 대해서 주파수 변화 민감도가 매우 낮다. 이로 인해 가속전장의 

분포를 조절함에 있어 튜너만을 이용하여 설계된 분포를 가지도록 조절하는 

것은 매우 어려운 일이다. 따라서 가속공동의 제작이 매우 정밀하게 

이루어져야 한다. 본 연구에서는 전극 간격을 가공 및 브레이징 접합 후에도 

± 50㎛ 이내로 유지될 수 있도록 제작하였다. 그럼에도 불구하고 기계가공 

및 정렬, 조립시 발생하는 기계적 오차는 튜닝을 통해 보상해 주어야 한다. 

특히, 상대적으로 낮은 가속전장을 가지는 저에너지부는 튜닝에 있어 많은 

어려움이 있다. 

이러한 문제를 해결하기 위해 본 연구에서는 튜너와 더불어 가속공동 

덮개판의 형상을 변화시킴으로써 주파수 섭동을 조절하는 방법을 제안하였다. 

이를 통해 인덕턴스와 커패시턴스 성분의 크기를 조절할 수 있다. 따라서 

가속공동의 형상을 수정하지 않으면서 튜너만으로 조절되지 않는 가속전장 
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분포를 조절할 수 있다. 결과적으로 가속전장의 분포를 사극성분에 대해서는 

설계 값과 ±2% 이내의 오차를 가지며, 이극성분은 사극성분에 대해 ±5% 

이내의 오차를 가지도록 튜닝을 완료하였다. 사중극자 가속기에서 모드 

안정화는 사극모드 공진주파수와 이극모드 공진주파수 사이의 차이를 크게 

조절하는 것을 의미하는 데 본 연구에서는 그 차이가 일반적으로 요구되는 1 

MHz보다 큰 1.4 MHz로 측정되어 이극모드 안정화 막대(Dipole mode 

stabilizer rods)를 적용하지는 않았다. 

80 kW 출력을 가지는 SSPA(Solid State Power Amplifier) 2개에서 

증폭된 고주파는 도파관을 통해 전송되어 각각의 동축관 형태의 고주파 

결합기(RF coupler)를 통해 가속공동에 인가되도록 설계되었다. 

초기실험에서는 2개중 한 개의 고주파 결합기만 설치하여 운전하였다. 

1X10-7 torr 이하로 진공 배기 후 가속공동과 고주파 결합기의 

컨디셔닝(Conditioning)을 겸함 고주파 인가 실험을 수행하였다. 펄스모드의 

고주파를 20kW, 100㎲ 펄스 길이에 대해 안정적으로 인가할 수 있음을 

확인하고 사중극자 가속기의 설계, 제작 및 튜닝 결과를 확인하기 위해 초기 

빔가속 실험을 수행하였다. 설계값인 가속공동에 10.4 kW 고주파를 인가하여 

산소 7가(O+7) 빔을 이용한 가속실험으로 3μA의 빔 전류를 얻었다. 가속된 

빔의 에너지는 RBS(Rutherford Back Scattering) 방법을 이용하여 

측정함으로써 설계된 빔 에너지인 500keV/u을 확인하였다. 이러한 빔 

가속실험 결과로부터 네개의 날개를 가진 저주파수 사중극자 가속기가 설계된 

성능으로 작동함을 확인하였다. 

 

주요어 : 사중극자 가속기, 저주파수, 브레이징, 튜닝, 중이온 빔, 경사진 

가속전장 
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