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Preliminary design and simulation of a 162.5 MHz high-

intensity proton RFQ for an accelerator driven system *
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Abstract: A new procedure for the design and simulation of a Radio Frequency Quadrupole (RFQ) accelerator

has been developed at the Argonne National Laboratory. This procedure is integrated with the beam dynamics

design code DESRFQ and the simulation code TRACK, which are based on three-dimensional field calculations

and the particle-in-cell mode beam dynamics simulations. This procedure has been applied to the development

of a 162.5 MHz CW RFQ which is capable of delivering a 10 mA proton beam for the Accelerator Driven

System (ADS) of the CAS. The simulation results show that this RFQ structure is characterized by the stable

values of the beam acceleration efficiency for both the zero current beam and space charge dominated beam.

For an average beam current of 10 mA, there is no transverse rms emittance growth, the longitudinal rms

emittance at the exit of RFQ is low enough and there is no halo formation. The beam accelerated in the RFQ

could be accepted easily and smoothly by the following super-conducting linear accelerator.
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1 Introduction

Nuclear power as a clean energy source would be

a good choice and play an increasingly important role

in adjusting the existing energy structure in China for

the sustainable development of the national economy.

The ADS is a new device for clean energy and now

this technology is under study in the CAS for the

Fig. 1. (color online) The conceptual design of the ADS project.
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purpose of providing a new option for the develop-

ment of nuclear power stations. Fig. 1 depicts the

conceptual design of the ADS project of the CAS

which is divided into three stages.

A 162.5 MHz RFQ has been designed to serve as

an initial accelerator structure for the ADS. The de-

sign of the RFQ has been iterated several times to

satisfy more advanced RFQ beam specifications. In

particular, the longitudinal phase space beam emit-

tance must be halo free and low enough to avoid ex-

cessive beam loss in the following high energy section.

2 RFQ structure design

For the beam dynamics design, the RFQ is divided

into three main sections: an input radial matcher, a

main modulated vane section where bunching and ac-

celeration occur, and an output radial matcher.

The structures of the input radial matching sec-

tion and the main section of the RFQ are generated

by the DESRFQ code [1]. This code uses a Laplace

equation solver, which takes into account the physical

vane shape to generate the RFQ vane tip geometry in

every cell and the RFQ parameters required for the fi-

nal simulation via the TRACK code [2]. Fig. 2 shows

the beam dynamics simulation of this RFQ via the

DESRFQ code in the transverse and the longitudinal

phase planes.

The DESRFQ code gives users the flexibility to

alter the synchronous phase and modulation at any

Fig. 2. (a) The multi-particle trajectories in the

transverse planes. (b) The multi-particle tra-

jectories in the longitudinal planes.

given cell, and users could see the result graphically

on the separatrix. Table 1 lists the main basic pa-

rameters which are generated by the DESRFQ code.

Table 1. Initial specifications for the RFQ design.

parameter value

operation frequency 162.5 MHz

beam current 10 mA

average radius 0.75 cm

vane voltage 115.79 kV

vane curvature radius 0.6 cm

input energy 40 keV

output energy 3 MeV

vane length 617.12 cm

kilpatrick unit 1.4

Figure 3 illustrates some oscillations of the beam

parameters as a function of the cell number. An aver-

age beam current of 20 mA is considered in the RFQ

design for the space charge effect calculations.

This RFQ structure has been extensively calcu-

lated employing the DESRFQ code to reach an opti-

mum compromise between the following four conflict-

ing requirements: (1) to form low longitudinal emit-

tance output; (2) to avoid transverse rms emittance

growth; (3) to maximize beam transmission; and (4)

to maximize the accelerating rate. Conditions (1) and

(2) could be satisfied at a relatively low amplitude of

the initial accelerating field (small modulation coef-

ficient at the initial bunching section), and increase

the modulation coefficient slowly. While conditions

(3) and (4) require a high modulation coefficient at

the initial bunching section and increase the modu-

lation coefficient rapidly. After the optimization, the

final RFQ modulation and synchronous phase as a

function of the cell number are given in Picture (a).

In the smooth approximation the transverse phase

advance is given by the following expressions:
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here the parameter K represents the rigidity of the

focusing channel and does not depend on the particle

phase, γ0 is the defocusing factor, ϕs is the synchron-
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Fig. 3. (a) The modulation coefficient and synchronous phase. (b) The transverse phase advance and nor-

malized transverse frequency. (c) The peak surface field. (d) The space charge parameter.

ous phase, λ is the wave length, R0 is the average ra-

dius, Z is the charge number, A is the mass number,

UL is the vane voltage, ε0 is the rest mass, T is the

acceleration efficiency, β is the particle velocity, and

m is the modulation. Another important relation be-

tween the rate of floquet phase change and the square

of the floquet modulus is given as:

dΦ

dτ
=

1

ρ2
, Renv(0) = ρ

√

S

βγ
εn, (4)

here εn is the transverse normalized beam emittance

and S is the focusing period length. The rate of flo-

quet phase change is inversely proportional to the

square of beam envelope for zero current. Accumu-

lation of particles close to the lower transverse phase

advance is a sign of halo formation in the transverse

phase space. It is seen from Picture (b) that the low-

est transverse phase advance at the end of the RFQ

is still far from the unstable area.

Peak surface field Emax is the most important ini-

tial parameter of the RFQ design. The choice of the

peak surface could be based on broad operational ex-

periences. Using the kilpatrick limit is a common way

of evaluating the peak tolerable surface field in the

RFQ. However, there are discrepancies in the defini-

tion of the kilpatrick limit in the literature. In many

cases the kilpatrick limit is calculated without taking

into account the gap between the electrodes [3]. The

following expressions are used in the DESRFQ code:

Emax = χ
UL
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, (5)
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here Re is the vane curvature radius. The only way to

decrease χ at the given R0 is to decrease Re. However,

decreasing Re means increasing the high order field,

which is not good for beam acceleration efficiency. In

Picture (c), the maximum value of the electric field

is below 200 kV/cm and this RFQ accelerator could

be operated at the CW mode in safety.

The space charge effect on the transverse motion

is described by a parameter h which is introduced as:

h =
λ

µ(0)I0

IBf

βγ2εn

, (7)

here I is the beam average current, Bf is the bunching

factor, µ(0) is the phase advance of the transverse os-

cillations for zero current, and I0 is the characteristic

current defined by the expression:

I0 = 4πε0

Am0c
3

qZ
, (8)

here the characteristic beam current is I0=3.17×107

A for protons. The matched beam envelopes in the

presence of the space charge effect must be increased

according to Eq. (9) and the transverse phase advance

is shown as Eq. (10):

Renv(h) = R

√

h+
√

1+h2, µ(h) = µ(
√

1+h2−h).

(9)

According to Exp. (7), to keep the space charge pa-

rameter constant along the low energy section and

to avoid an excessive space charge effect, the bunch-

ing factor should be proportional to the beam veloc-

ity in this section. In the process of simulation, the

space charge parameter reaches its maximum value

hmax=0.1482 at the end of the pre-buncher section. It

results in a 7.7% envelope size increase and a 13.7%

transverse phase advance decrease.
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3 Beam dynamics simulation

3.1 Transverse beam dynamics simulation

The multi-particle dynamics simulations of this

RFQ have been performed using the TRACK code.

This code tracks the particles through the whole

RFQ in both the three-dimensional external electric

field and the internal space charge field. The three-

dimensional electric field in the regular section is ex-

pressed by an 8-term Fourier-Bessel expansion. These

terms are the same as those in the PARMTEQ-M

code [4]. The particle motion in the realistic field is

nonlinear and the most comprehensive beam dynam-

ics studies could be carried out by numerical simula-

tions. The beam dynamics simulations of the three

different beam currents are shown in Fig. 4.

The beam dynamics simulations are performed

with a beam represented as a collection of 10,000

macro-particles. The beam rms size at 20 mA reaches

its maximum value at the end of the pre-buncher sec-

tion as predicted by expression (9).

In the low energy section, the velocity of the par-

ticle is low and the space charge effect is strong and

the beam envelope’s growth along the bunching sec-

tion reflects some beam halo formations. Further en-

velope growth is limited by the aperture and particle

losses. Despite some halo formation, the total parti-

cle losses do not exceed 7% and most particles are lost

in the cells with the large space charge parameter.

The transverse normalized emittance in the hori-

zontal and vertical directions at the exit of the RFQ

and the acceleration efficiencies of several injection

situations are shown in Table 2. The unit of the trans-

verse normalized emittance is π·cm·mrad.

The simulation results illustrate that a further in-

crease of the beam current results in a larger num-

ber of particles approaching the non-stability border,

and leads to a higher emittance growth. This trend

is clearly observed in Table 2.

The proposed design of this RFQ is capable of ef-

ficiently accelerating high-current beams. The value

of the limited beam current of this RFQ could be es-

timated to be round 45 mA. The simulations have

been carried out assuming the input emittance is

a constant independent of the input beam current.

The higher beam current means larger matched beam

envelopes at the main section of the RFQ, and a

more convergent angle for injection at the input ra-

dial matching section. The matched injection Twiss

parameters and the mismatched factors of the several

beam currents are demonstrated in Table 3.

Fig. 4. (color online) The beam envelopes along the RFQ when the average beam current is chosen to be

0 mA, 20 mA. The pairs of the lower curves are the beam rms sizes, and the upper curves are the beam

envelopes.

Table 2. The transverse normalized emittance and the acceleration efficiency of the different injection currents.

current εnx(4rms) εnx(99.5%) εnx(100%) εny(4rms) εny(99.5% ) εny(100%) efficiency (%)

input 0.10038 0.14065 0.14978 0.10000 0.14053 0.14903

0 mA 0.10056 0.14165 0.16509 0.09972 0.14154 0.15814 98.66

5 mA 0.10131 0.17535 0.25636 0.10000 0.16732 0.25313 97.85

10 mA 0.10022 0.16092 0.24308 0.10026 0.16064 0.24303 97.23

15 mA 0.10073 0.16020 0.21023 0.09993 0.15858 0.20729 95.95

20 mA 0.10232 0.16124 0.25675 0.10080 0.16407 0.21419 92.81
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Table 3. The matched injection Twiss param-

eters and the mismatched factors for the dif-

ferent beam currents.

current/mA α β/(cm/rad) mismatch

0 1.52908 12.13 1.02664

5 1.77863 13.45 1.02940

10 2.04202 14.83 1.03245

15 2.31797 16.27 1.03697

20 2.60525 17.76 1.04049

When the value of the input beam current is cho-

sen to be 20 mA, the horizontal and vertical beam

nature emittance and the intensity distributions at

the exit of the RFQ are shown in Fig. 5.

Fig. 5. The horizontal and vertical beam emit-

tances at the exit of the RFQ.

According to particle distributions analysis, there

is no beam halo formation, the beam rms emittance

growth is not obvious and the particle distribution is

essentially Gaussian.

3.2 Longitudinal beam dynamics simulation

The values of four times the rms, the 99.5% of par-

ticles and the total longitudinal emittance are listed

correspondingly in Table 4, and the unit of longitu-

dinal emittance is keV/u·deg.

Table 4. The longitudinal emittance at the exit

of the RFQ of different injection currents.

current/mA εnz(4rms) εnz(99.5%) εnz(100%)

0 370.229 948.313 1185.391

5 229.203 976.875 1667.021

10 231.843 887.700 1713.841

15 245.805 1542.959 2051.807

20 251.936 937.888 2058.961

After optimization, four times the rms longitudi-

nal emittance would reach the smallest value at about

10 mA (the operated beam current). The total longi-

tudinal emittance is always proportional to the beam

current. The profile and intensity of the longitudi-

nal emittance at the exit of the RFQ for zero beam

current and 20 mA beam current are illustrated in

Fig. 6.

Fig. 6. The longitudinal beam emittance at the

exit of the RFQ of 0 mA and 20 mA beam cur-

rents.

Picture (a) is the particle distribution in the longi-

tudinal phase space for the zero current beam. Most

particles are concentrated in the center of the core,

only a small number of particles are outside the core

and are distributed in the tail area.

Picture (b) is the particle distribution of the 20

mA beam. The particles are still compact in the beam



1058 Chinese Physics C (HEP & NP) Vol. 35

core, but become sparser farther from the core due to

the strong space charge effect.

3.3 Beam dynamics simulations for the 2-

term or the 8-term Fourier-Bessel field

expansion

In the regular accelerating cells, the electric field

is calculated using either the first 2-term or the total

8-term Fourier-Bessel field expansion. Expansion co-

efficients have been obtained from the DESRFQ code

as described above.

The beam dynamics simulations for the 2-term

and 8-term expansions are given for comparison in

Table 5. Simulation with the 8-term potential ex-

pansion shows slightly higher beam losses and higher

beam emittance growths in the main part of the RFQ.

Table 5. The simulation results when the beam

current is 20 mA for 2-term or 8-term poten-

tial expansions, respectively.

parameter 2-term 8-term

output energy/MeV 3.02549 3.02536

εnx(4rms)/(π·cm·mrad) 0.10152 0.10232

εny(4rms)/(π·cm·mrad) 0.10165 0.10080

εnz(4rms)/(keV/u·deg) 249.265 251.936

εnz(99.5%)/(keV/u·deg) 965.039 973.888

T-efficiency (%) 99.78 99.10

A-efficiency (%) 92.76 92.81

4 Conclusion

A new procedure has been developed for designing

the structure of the high-intensity RFQ. This proce-

dure is a modification of the previously well-known

RFQ design concepts unified with the new entirely

three-dimensional field calculations for the design and

simulation of the RFQ.

The influences of the space charge effect are cal-

culated in detail, the transmission efficiency and the

acceleration efficiency, the input matched Twiss pa-

rameters and the transverse emittance at the exit of

the RFQ are extremely sensitive to the injection beam

currents.

When the beam current is lower than 20 mA, the

longitudinal rms emittance is relatively low. For the

designed beam current (10 mA average beam cur-

rent), there is no transverse rms emittance growth

(lower than 1%). The longitudinal rms emittance is

relatively low and there is no beam halo formation.

Most particles accelerated in the RFQ could be ac-

cepted smoothly by the following super-conducting

linear accelerator.
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