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Study on shunt impedance and voltage distribution

of 4-rod RFQ cavity
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Abstract A high current RFQ (radio frequency quadrupole) is being studied at the Institute of Modern

Physics, CAS for the direct plasma injection scheme. Shunt impedance is an important parameter when

designing a 4-rod RFQ cavity, it reflects the RF efficiency of the cavity, and has a direct influence on the

cost of the structure. Voltage distribution of a RFQ cavity has an effect on beam transmission, and particles

would be lost if the actual voltage distribution is not as what it should be. The influence of cell length, stem

thickness and height on shunt impedance and voltage distribution have been studied, in particular the effect

of projecting electrodes has been investigated in detail.
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1 Introduction

A RFQ (radio frequency quadrupole) accelerator

working at a low 100 MHz frequency with a high cur-

rent of 20 mA 12C6+ is being studied at the IMP

(Institute of Modern Physics) for the direct plasma

injection scheme (DPIS), in which a laser ion source

(LIS) and a RFQ are joined without the LEBT [1].

As a R&D (research and development) program the

DPIS-RFQ is dedicated to researches of a compact

carbon ion cancer therapy machine and intense heavy

ion beam injection for the Cooling Storage Ring of

the Heavy Ion Research Facility in Lanzhou (HIRFL-

CSR) [2]. LIS is the most intense ion source capable

of producing highly charged ion beams with a current

of 10–100 mA and pulse duration of 1–10 µs. Taking

advantages of LIS and DPIS-RFQ, we can propose

a compact and cost-effective carbon cancer therapy

synchrotron by using a single-turn and single-pulse

injection. On the other hand, if we use DPIS-RFQ-IH

(interdigital-H) Linac as an injector of HIRFL-CSR,

we can achieve much more intense beam by multi-

turn injection. Due to its advantages at low frequency

such as nice reliability, stability and simplicity, the 4-

rod structure has been chosen for the RFQ. The total

length of the RFQ is two meters.

Shunt impedance reflects the RF efficiency of a

RFQ cavity. High shunt impedance means low power

loss in the cavity which involves small input power

to maintain the required voltage and can simplify the

cooling system, and consequently reduces the cost of

the structure. Electric field distribution is assumed to

be perfectly flat in the beam dynamics design, other-

wise, particle losses would happen where the voltage

is low and focusing is insufficient [3], which could re-

sult in maintenance difficulties. Almost all the exis-

ting 4-rod RFQs in the world are loaded with tuning

plates to make the electric field flat, which causes an

extra power loss of the cavity and reduces the shunt

impedance.

Parameters of the cavity, for example, stem thick-

ness and height, cell length and electrode projecting

length, influence the properties of it duo to the ca-

pacitances and inductances of electrodes and stems.
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Therefore, attention is paid to the influence of these

parameters during the process of the IMP RFQ cav-

ity design in an attempt to maximize the shunt

impedance of the structure and make the electric field

flat only by adjusting the cavity parameters, method

which has never been tried before.

The design study has been carried out with

MAFIA [4], and the number of mesh points used by

the MAFIA calculation has been optimized to ensure

the accuracy of calculation. The frequency 100 MHz

has been kept unchanged during the process of calcu-

lation.

2 Study on shunt impedance of 4-rod

RFQ

The shunt impedance of the 4-rod RFQ, as shown

in Fig. 1, is defined as the following

Rs =
V 2

P

(2P/Ltot)
, (1)

where VP is the inter electrode peak voltage, P the

power loss and Ltot the cavity length [5]. There are

many parameters which affect the shunt impedance,

and the most important ones are the ratio of the elec-

trodes curvature radius ρ to the average beam aper-

ture r0, the stem thickness d and the stem height h,

and finally the basic cell length L (this basic cell is

different from the cell in beam dynamics). The ra-

tio ρ/r0 and r0 have been set to 0.75 and 7.1 mm

respectively in this study, and attention has been fo-

cused on dependence of the shunt impedance on the

stem thickness d, the stem height h and the basic cell

length L. The width w of the stems is set at 100 mm

during the calculation.

Fig. 1. 4-rod RFQ cavity of 3-basic-cells, Lp is

the electrode projecting length.

A 3-basic-cell structure has been chosen for cal-

culation because of the periodicity of the 4-rod RFQ,

as the structure shown in Fig. 1, and the electrode

projecting length Lp is kept at 10 mm. In the cal-

culation the following strategy is adopted: first the

stem thickness d is fixed when changing the basic cell

length L, and next d is changed, and then the first

step is repeated. Results of calculation are plotted in

Figs. 2, 3.

Fig. 2. The shunt impedance as a function of

cell length L and stem thickness d.

Fig. 3. The stem height as a function of cell

length L and stem thickness d.

Figure 2 shows that there is an optimal cell length

which creates a maximum of the shunt impedance Rs

for each stem thickness, and the thicker the stem is,

the bigger the maximum shunt impedance is. Also we

can find that the shunt impedance changes quicker

when the stem is thicker. Fig. 3 illustrates that the

stem height is decreasing with the cell length increas-

ing to keep the frequency fixed for each stem thick-

ness, and the stem height is decreasing with its thick-

ness decreasing at a certain cell length, too.

The surface current of the cavity is mainly dis-

tributed at the stems and the electrode tips. The

influence of capacitance between the stems is impor-

tant, the current density becomes high and the power
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losses on the stems increases when the cell length is

short, consequently the shunt impedance is reduced

[6, 7]. The capacitance between the electrodes is

dominant and the power loss on electrodes is high

when the cell length is long, which reduces the shunt

impedance, too. Thus there is an optimal cell length

for the best shunt impedance.

For thicker stems the magnetic field is more homo-

geneous around them, which reduces the surface re-

sistance where the stems are welded with the ground

plate [8]. Hence thicker stem reduces power loss and

leads to high shunt impedance.

3 Study on voltage distribution of 4-

rod RFQ

Besides high shunt impedance, voltage distribu-

tion is another important parameter for high current

4-rod RFQ cavity, and it is expressed by flatness.

Fig. 4. Voltage distribution of 3-basic-cell

structure with stem thickness of 10 mm (a)

and 20 mm (b).

3.1 Voltage distribution of 3-basic-cell struc-

ture

Figure 4 shows the voltage distribution of a

3-basic-cell structure of different cell length with fixed

electrode projecting length Lp of 10 mm.

Voltage distribution with stem thickness of

15 mm, 25 mm, and 30 mm have been calculated,

too. And we find that the curves of voltage are dis-

tributed from convex to concave with increasing stem

thickness, and with shorter cell length the voltage dis-

tribution becomes more flat. The ration of the cell

frequencies and coupling strength has been changed

when altering the stem thickness and cell length1),

which causes the shift of voltage distribution.

3.2 Influence of projecting electrodes on

voltage distribution

To represent the voltage distribution of a real cav-

ity more accurately, the 9-basic-cell structure is stud-

ied. In this calculation the cell length L and stem

thickness d are fixed at 16 cm and 30 mm respec-

tively. The calculation results are shown in Fig. 5

and listed in Table 1.

Fig. 5. Voltage distribution of 9-basic-cell with

different electrodes projecting length Lp.

In Fig. 5 the electrode projecting length Lp varies

from 0 to 40 mm with spacing 10 mm. We can

see that there is an optimal electrode projecting

length (Lp=10 mm) which makes the voltage dis-

tribution the flattest. Also from Table 1 we know

that there is another optimal electrode projecting

length (Lp =20 mm) which produces the biggest

shunt impedance.
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Table 1. Shunt impedance of different elec-

trodes projecting length.

Lp/mm Rs/kΩm

0 2.094×102

10 2.125×102

20 2.126×102

30 2.113×102

40 2.094×102

4 Conclusion

The results of calculation indicate that every pa-

rameter of the cavity will affect the shunt impedance

and voltage distribution. Besides, the total length

Ltot of the cavity can be expressed as the following

formula:

Ltot = n×L+d+2×Lp, (2)

where n is the number of basic cell. The formula

shows that all the parameters influence each other,

too, when the total length of the cavity is set. There-

fore, the design of a 4-rod RFQ cavity is a complicated

procedure, but the results turn out that to maximize

the shunt impedance and to make the electric field flat

only by adjusting the cavity parameters can be real-

ized if the parameters are chosen carefully. A model

cavity is planned to be built according to the method

mentioned here.
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