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Design of a multi-cusp ion source for proton therapy
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Abstract The permanent magnets of the discharge chamber in a multi-cusp proton source are studied and

designed. The three electrode extraction system is adopted and simulated. A method to extract different

amounts of current while keeping the beam emittance unchanged is proposed.
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1 Introduction

Nowadays, proton therapy has become a very

important method for cancer treatment after many

years of clinical studies worldwide. The Advanced

Proton Therapy Facility (APTF) is an accelerator-

based project currently proposed in China. The ac-

celerator complex consists of a 7 MeV linear accel-

erator as an injector and a 70–250 MeV slow cycling

proton synchrotron. The linear accelerator consists of

a 50 keV multi-cusp proton source driven by dual fil-

aments, a Low Energy Beam Transport line (LEBT),

a 2.5 MeV Radio Frequency Quadrupole (RFQ) ac-

celerator and a 7 MeV Drift Tube Linear (DTL) ac-

celerator. The proton therapy facility has rigorous

requirements of the ion source and LEBT for their

reliability, repetition, life time and maneuvrability.

At present, there are many kinds of ion source that

can meet the requirements, such as cold cathode ion

sources [1], RF ion sources [2] and hot cathode ion

sources [3]. Both the cold cathode and RF ion source

need the initial electron. Sometimes it is hard to ini-

tiate the arc pulse, so the hot cathode ion source be-

comes a good candidate. There are many types of hot

cathode ion source, such as multi-cusp ion sources

[4, 5], duo-plasma ion sources, Penning ion sources

and crossed field ion sources. Both the multi-cusp

and duo-plasma ion sources have good performance

in pulse repetition, symmetric beam, low extraction

beam emittance and technology maturity. In partic-

ular, the former is of simpler structure and offer eas-

ier operation. As a result, the multi-cusp ion source

driven by dual filaments is adopted as the APTF ion

source. In Table 1, some design parameters of the ion

source are listed.

Table 1. APTF multi-cusp ion source design

parameters.

ion type proton

pulse current/mA 10

proton ratio(%) > 70

extraction energy/keV 50

emittance/(πmm·mrad norm.rms) < 0.15

pulse width/µs 36.25

repetition rate/Hz 0.5

life time/h > 1000

Fig. 1. Scheme of a multi-cusp proton source

discharge chamber and extraction system.
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The scheme of a multi-cusp proton source dis-

charge chamber and extraction system is shown in

Fig. 1. The chamber mainly consists of a stain-

less steel source body, two filaments, several Sm-

Co permanent magnets and a glass shield that

is used to enhance the plasma density and pro-

ton content. The size of the permanent magnet is

17 mm×12 mm×100 mm and the surface magnetic

field is larger than 0.35 T [6]. The extraction sys-

tem contains a plasma electrode, an extraction and a

ground electrode.

2 Multi-cusp ion source discharge

chamber

To obtain a dense, stable and uniform plasma, a

certain magnetic field free region (B < 20 G) is re-

quired [7]. It is obvious that the field free region in-

creases with the inner diameter of the chamber. How-

ever, with increasing chamber diameter, it will cause

other problems. So to ensure the optimal inner diam-

eter of the chamber, the following modeling is carried

out.

2.1 Two dimensional modeling

The 2-dimensional code Poisson has been used for

the modeling. In order to obtain a wide centric re-

gion with a field free enough for installing the dual

filaments, different numbers of the magnet and inner

radius of the chamber have been calculated during

modeling. The results are shown in Fig. 2.

Fig. 2. Variation of the radius of the field free

region with the number of magnets at different

inner radii of the chamber.

As seen from Fig. 2, the radius of the centric field

free region is increased with the number of magnets

and the inner radius of the discharge chamber. Com-

pared with the inner radius of the chamber, the ef-

fect of the magnet number on the radius of the field

free region is more remarkable. Finally, 12 permanent

magnets and an inner radius of 50 mm are chosen for

the ion source. The magnetic field distribution in the

chamber is shown in Fig. 3.

Fig. 3. The magnetic field distribution in the

discharge chamber.

Obviously, the magnetic field is axially symmet-

ric. The distribution diagram of the magnetic field

intensity on the x axis is shown in Fig. 4.

As seen in Fig. 3 and Fig. 4, the centric field free

region (B < 20 G) in the discharge chamber is almost

a circle with a radius of about 17.5 mm. The mag-

netic field is about 2500 G at the discharge chamber

wall. This is enough to confine the plasma to the

discharge chamber [8].

2.2 Three dimensional modeling

A 3-dimensional code has been used for the mod-

eling. As shown in Fig. 5, 14 Sm-Co permanent mag-

nets are adopted in the simulation.

There are 12 permanent magnets around the dis-

charge chamber and 2 magnets on top of the dis-

charge chamber. The size of permanent magnet is

17 mm×12 mm×100 mm and the surface remnant

magnetic field Br = 1.1 T. They all act as confine-

ment magnets to confine the plasma. The structure

of the discharge chamber is also shown in the figure.

The chamber is made of stainless steel with an inner

radius of 50 mm and a thickness of 3 mm. The distri-

bution of the magnet field intensity along the x axis

is shown in Fig. 6.
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Fig. 4. (a) Magnetic field intensity distribution along the center of the magnet; (b) magnetic field intensity

distribution along the center of the two magnets.

Fig. 5. Distribution of the magnets and the

structure of the discharge chamber.

As seen in Fig. 6, the centric field free region is

almost a circle with a radius of about 16.5 mm. The

result here is basically consistent with the two dimen-

sional modeling result. Due to the fringe field of the

magnet end, the radius is a little smaller than that

of the former. Because there are two top permanent

magnets, the B field intensity distribution along the

z axis must also be taken into account. The result is

shown in Fig. 7.

As seen in Fig. 7, the depth of the field free region

in the discharge chamber is about 21.57 mm.

In conclusion, the field free region in the dis-

charge chamber is a cylinder of 16.5 mm in radius

and 21.57 mm in depth, and the cylinder is near the

extraction aperture. The contour graph is shown in

Fig. 8.

Fig. 6. Magnetic field intensity distribution

along the x axis.
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Fig. 7. Magnetic field intensity distribution

along the z axis. Fig. 8. B contour graph at x= 0 plan.

Fig. 9. The structure of the extraction system.

3 Extraction electrodes

The structure of the extraction system consists

of a plasma electrode, an extraction electrode and a

ground electrode [9, 10]. The code PBGUN has been

used for beam optical modeling. The structure of the

extraction system and the beam trajectory are shown

in Fig. 9.

To extract the 10 mA, 50 keV proton beam, the

optimal parameters are confirmed during modeling.

The potential of the plasma electrode V1 and extrac-

tion electrode V2 are equal to 50 kV and 15 kV, re-

spectively. The distance between the plasma and the

extraction electrode L1 is equal to 11 mm. The dis-

tance between the extraction and ground electrode L2

is equal to 25 mm. The radius of the plasma electrode

aperture R1 and the extraction (ground) electrode R2

is 2.5 mm and 4 mm, respectively. When the opti-

mal parameter is satisfied, the extraction beam has

the lowest emittance at the measure point. The emit-

tance plot is shown in Fig. 10.

Fig. 10. The optimal beam emittance at the

measure point.

During proton therapy, the beam current should

be changed when “four dimensional beam scanning”

(beam current and three coordinates of the beam

scanning spot) technology is used. It is better to

extract different beam currents from the ion source
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while keeping the beam emittance unchanged. To

obtain a beam with invariable optimal emittance at

different beam currents, the voltage of the extraction

electrode should change with the increasing of the

beam current. The result is shown in Fig. 11.

Fig. 11. Voltage of the extraction electrode

(square) and RMS emittance (triangle) versus

the beam current.

As seen in Fig. 11, the voltage of the extrac-

tion electrode varies almost linearly with increasing

beam current, while the RMS emittance stays ba-

sically unchanged along the optimal emittance. All

of the RMS emittances are smaller than 2.00E-03

πmm·mrad, which is much lower than the designed

RMS acceptance (0.15πmm·mrad) of the RFQ. The

ratio of the Twiss parameter α and β versus the beam

current is shown in Fig. 12.

As shown in Fig. 12, −α/β increases with the

beam current when the beam current is smaller than

8 mA, while the value of −α/β varies very slowly.

As we know, the ratio −α/β stands for the di-

rection of the phase ellipse. Therefore, when the

beam current varies in the region of the designed

beam current value of 10 mA, the parameters of the

solenoid magnets in the LEBT do not need any ad-

justment to match the RFQ for the designed accep-

tance (0.15 πmm·mrad) of the RFQ is much larger

than the emittance 2.00E-03 πmm·mrad. Even if the

beam current is smaller than 8 mA, the beam can be

matched into the RFQ by slightly adjusting the pa-

rameters of the solenoid magnets in the LEBT. This

way of changing the beam current is useful in the

actual operation, because the entire downstream ac-

celerator parameters keep constant.

Fig. 12. −α/β versus the beam current.

4 Conclusions

The discharge chamber and the extraction system

of the multi-cusp proton source are confirmed during

the analysis. The discharge chamber uses 12 perma-

nent magnets with the inner radius equal to 50 mm.

A method to extract different currents while keeping

the beam emittance unchanged is proposed.
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