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Abstract: For optimization and accurate prediction of the amount of proton production in the multi-cusp ion

source, analysis of the electron energy distribution function (EEDF) is necessary. A three dimensional particle-

in-cell with Monte Carlo collision (PIC-MCC) code based on the CHIPIC software platform are developed.

The code is applied to the multi-cusp proton source. The results show that there are two energy distributions

in the discharge chamber, and a spatial non-uniformity of electron density due to the ~B×∇B drift of the top

permanent magnets is observed.

Key words: multi-cusp proton source, EEDF, PIC-MCC

PACS: 52.65.Pp, 52.50.Dg, 29.20.Ej DOI: 10.1088/1674-1137/36/10/018

1 Introduction

Nowadays proton therapy has become a very im-

portant method for cancer treatment that has been

verified by clinical studies worldwide. The Advanced

Proton Therapy Facility (APTF) is an accelerator-

based project currently proposed in China [1]. The

accelerator 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 (LEBT) line, a

2.5 MeV radio frequency quadrupole (RFQ) accelera-

tor and a 7 MeV drift tube linear (DTL) accelerator.

The design of the ion source for the APTF was de-

scribed previously in detail [2]. The proton therapy

facility has strict requirements for the ion source’s

and LEBT’s reliability, repetition, life time and ma-

neuverability.The uniformity of the extraction proton

beam is a very important factor for the downstream

acceleration and therapy facility. The proton is pro-

duced by the collision between the electron and the

hydrogen molecule. As a result, the distribution of

the phase space and energy for the electron is the

key factor for the proton uniformity. Based on the

CHIPIC [3] software platform, a three dimensional

PIC-MCC [4] code is developed. By using the PIC-

MCC code, the multi-cusp proton source is studied.

The schematic of a multi-cusp proton source dis-

charge chamber and extraction system is shown in

Fig. 1. The chamber mainly consists of a stainless

Fig. 1. The schematic of a multi-cusp proton

source discharge chamber and extraction sys-

tem.
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steel source body, two filaments, several Sm-Co per-

manent magnets, and a glass shield which is used to

enhance the plasma density and proton content. The

extraction system contains a plasma electrode, an ex-

traction and a grounded electrode.

2 Basic equations and numerical tech-

niques

2.1 PIC-MCC algorithm

The general flow of the PIC-MCC scheme is shown

schematically in Fig. 2 [5].

As shown in Fig. 2, in the PIC-MCC scheme,

firstly the particle equations of motion are integrated;

secondly, the boundary conditions are dealt with;

thirdly, the electromagnet field equations on a grid

are integrated; fourthly, the field is coupled to the

particles; and finally Monte Carlo collisions of the mo-

tions, and then the whole process is repeated again.

In order to calculate the EEDF in the ion source,

the equation of the motion for electrons is solved di-

rectly.

me

d~v

dt
= e( ~E +~v× ~B)+(collisionterm), (1)

where the me is the mass, ~v is the velocity, e is the

electric charge of an electron, ~E is the electric, and ~B

is the magnetic field.

The equation of motion is numerically solved by

the Boris-Buneman version of the leap-frog method

[6]. Various collision processes are taken into account

in Eq. (1) by using Monte Carlo techniques. They

are classified mainly into two categories [7]. The first

one is the Coulomb collision between electrons, which

is treated with the “binary collision (BC)” model [8].

The second one is the collisions between the electrons

and the hydrogen species, which are treated with the

“null-collision (NC)” method [9]. Hundreds of colli-

sion processes are included in the analysis. Among

these processes, the main collision species are sum-

marized in Table 1.

Fig. 2. Flow schematic for the PIC-MCC scheme.

Table 1. The main collision processes included in the simulation©

index collision species before after

1 excitation e+H(1s) e+H∗(2p)

2 ionization e1+ H(1s) e1+e2+H+

3 vibrational excitation e+H2(v=0) e+H2(v=1)

4 electronic excitation e+ H2(X 1
∑+

g ) e+ H∗

2(B 1
∑+

u 2pσ)

5 electronic excitation e+H2(X 1
∑+

g ) e+H∗

2(b 3
∑+

u )

e+H∗

2(a 3
∑+

g )

e+ H∗

2(c 3
∏+

u )

6 dissociation e+ H2(X 1
∑+

g ) e+H(1s)+H∗(2s)

7 ionization e+H2(X 1
∑+

g ) e+H2(v)++e

8 dissociative recombination e+H+
2 (06 v 69) H(1s)+H∗(n >2)

9 dissociative recombination e+H+
3 H+H+H

10 elastic e+ H2 e+H2
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In order to discuss the spatial variation of the

EEDF, the discharge volume can be divided into

small spatial cells along the z direction as shown in

Fig. 3. The figure shows the cross-sectional view in

the x-z plane of the numerical cells used in the sim-

ulation.

Fig. 3. Schematic for the division of the space.

Specifically, the electromagnetic force of the par-

ticle is solved inside A and B, and the field is interpo-

lated on the grids by the volume weight; the particle

information is updated by the effect of the field in-

side C, and the particle velocity is corrected by the

calculation of the collisions; the particle emission and

boundary condition are handled inside D, the influ-

ence of the plasma potential to the boundary particle

is considered at the same time to confirm the balance

of particles. During the process of the PIC-MCC al-

gorithm, the process numbers of the particle infor-

mation are extremely large. For the consideration of

high operation efficiency, all the particle information

is read from the hard disk at the start of a time step.

And then the information is used to calculate the

force and survival inside C and D respectively. Then

the information is written into the buffer, which is

directly used for the MCC collision. Finally, the new

information is written back to the hard disk. As a

result, the operation efficiency is enhanced by avoid-

ing calling the hard disk frequently. Currently, solv-

ing the three dimensional Poisson equations is time

consuming, and the electrostatic field has no signif-

icant effect on the multi-cusp ion source. Therefore

the electrostatic field is ignored during the PIC-MCC

simulation.

2.2 Permanent magnet calculation

The model of the single permanent magnet is

shown in Fig. 4. The magnet has uniform magnetiza-

tion along the z axis. The length, width, and height

of the magnet are a, b, and h along the x, y, and z

axes, respectively.

Based on the Biot and Savart law, the magneto-

static field is solved as follows [10]

Bx = −
K

2
[Γ (a−x,y,z)+Γ (a−x,b−y,z)−Γ (x,y,z)

−Γ (x,b−y,z)]|h0 , (2)

By = −
K

2
[Γ (b−y,x,z)+Γ (b−y,a−x,z)−Γ (y,x,z)

−Γ (y,a−x,z)]|h0 , (3)

Bz = −K[φ(a−x,y,z)+φ(b−y,a−x,z)

+φ(x,b−y,z)+φ(a−x,b−y,z)+φ(b−y,x,z)

+φ(y,x,z)+φ(a−x,y,z)+φ(x,y,z)]|h0 , (4)

where K =
µ0j

4π

is the hysteresis of the permanent

magnet.

Fig. 4. Model of the single permanent magnet.

2.3 Boundary conditions

In order to take into account the sheath potential

drop near walls and plasma grid, the simple model is

used as follows. If the test electrons reach the bound-

ary walls, those electrons with the energy Ee larger

than the sheath potential drop (Ee > eVsh) are ab-

sorbed at the wall, while those with the low energy

(Ee > eVsh) are reflected. The sheath potential drop

Vsh can be estimated from the sheath theory [7].

Vsh = (kTe/2e)ln[(1/2π) ·(mi/me)], (5)

where Te and mi are the electron temperature and ion

mass, respectively. In the simulation, Te in Eq. (5) is

given by the average energy of the test electrons in

the cell closest to the wall.

3 Numerical simulations

3.1 Initial conditions

The PIC-MCC code is applied to analyze the

multi-cusp proton source. The model and structure

of the multi-cusp proton source are shown in Fig. 5,
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14 Sm-Co permanent magnets are adopted in the sim-

ulation. There are 12 permanent magnets around the

discharge chamber and 2 magnets on the top of the

discharge chamber. The size of permanent magnet is

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

magnetic field Br=1.1 T. They all act as confinement

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 ra-

dius of 50 mm and a thickness of 4 mm. The mesh

grids of the ∆x, ∆y, ∆z direction are all of 1 mm.

The numerical time step during the PIC ∆t is equal

to 10−11s, which is much smaller than the Larmor pe-

riod in the magnetic field. The time step ∆tNC and

∆tBC for the NC method and the BC method are all

equal to 10−9s. The former is much smaller than the

minimum flight time of the NC method. The latter

is chosen so as to simulate the important feature of

the small angle scattering of the Coulomb collision.

Fig. 5. The model and structure of the dis-

charge chamber.

The typical design operation parameters of the

multi-cusp proton source are as follows. The arc

power, voltage, and gas pressure are 10 kW, 60 V,

and 0.3 Pa, respectively. As a result, the initial energy

of the primary electrons emitted from the filaments

is set to be 60 eV, with the assumption that these

electrons are accelerated by the thin sheath region

surrounding the filaments immediately after thermal

emission. For simplicity, the emitted angle is chosen

from the isotropic distribution. The main collision

process included in the simulation has already been

shown in Table 1. The main simulation parameters

related to the collision process with hydrogen parti-

cles are set as follows. The temperature of the hy-

drogen molecule is initially set to 300 K; the density

ratio of the hydrogen molecule and the atom is 10 to

1; the densities of the H+
2 and H+

3 are 1×1017 m−3

and 5×1017 m−3, respectively. And the densities of

the hydrogen species are all uniform and unchanged

during the simulation [11].

3.2 Numerical results

During the simulation, the time steps and colli-

sion processes are repeated until the electron den-

sity obtains a steady state. The electron density vs

the simulation time is shown in Fig. 6. At the time

1.6×10−5 s, the electron becomes in a steady state.

And the electron density reaches 0.95×10−17 m−3.

Fig. 6. The electron density vs the simulation time.

The electron energy distribution function (EEDF)

is calculated during the simulation. The results are

shown in Fig. 7. These electron temperatures are

calculated by the linear fitting of the EEDF/E1/2

(EEDF divided by E1/2) vs E plot with the least

squares method. The slope of the EEDF curve is the

electron temperature. As shown in the figure, there

are two temperature states of the electron inside the

discharge chamber; the low temperature (the dotted

line) and the high temperature (the solid line) are

equal to 3.01 eV and 19.85 eV, respectively. They

are meaningful for the volume production ion source.

The high temperature electron is important to pro-

duce the excitation hydrogen molecule, while the low

temperature electron is the key factor for the pro-

duction of the proton in the extraction region. The

total number of electrons is more than one hundred

thousand, which can be satisfied by the statistical re-

quirements.

The distributions of the electron phase space at

the x=0, y=0 and z=60 mm planes are shown in

Fig. 8. The plasma (both the electrons and the

ions) is confined by the multi-cusp magnetic field

around the discharge chamber. As discussed previ-

ously, the field-free region in the multi-cusp proton

source is about 34 mm, where the electron is confined

by the multi-cusp magnetic field [2]. It can be seen

from Fig. 8 that the main distribution region of the
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Fig. 7. The normalized electron energy distri-

bution function vs the electron energy in the

simulation space (log scale).

electron in the discharge chamber is about 36 mm.

The electron distribution region is much close to the

field free region. As a result, the design of the mag-

nets for the discharge chamber is reasonable.

It also can be seen from Fig. 8 (a and b) that there

is a drift of the dense electron distribution along the

positive y direction. As shown in Fig. 8(d), due to

the top two magnets of the discharge chamber, there

is a gradient magnetic field along the z axis, which

causes the ~B×∇B along the minus y direction. As a

result, the electron will have a drift along the positive

y direction.

The electron energy distributions along the axes

also have been monitored during the simulation. The

results are shown in Fig. 9. It can be seen from

Fig. 9(a) that the electron energy is uniform along

the x axis. The high energy electron is absorbed by

the walls, while the low energy electron is reflected by

the walls. In Fig. 9(c), the electron is confined by the

top multi-cusp magnetic field. As a result, there are

a few low energy electrons confined at the top of the

discharge chamber, while the majority of high energy

Fig. 8. Distribution of the electron phase space at different planes. (a) z=60 mm plane; (b) x=0 plane; (c)

y=0 plane; (d) magnetic field distribution at y=0 plane.
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Fig. 9. The electron energy distributions along the axes. ((a) along the x axis; (b) along the y axis; (c) along

the z axis).

electrons drift to the extraction region. Also it can be

seen from Fig. 9(b) that there is a drift along the posi-

tive y direction especially for the high energy electron.

The high energy electron drifts through the magnetic

field more easily because the Larmor radius of the

high energy electron is larger than the low one under

an identical magnetic field given. Therefore, the drift

of the high energy electron is observed.

4 Conclusion

The three dimensional PIC-MCC code is devel-

oped based on the CHIPIC particle simulation soft-

ware. The code is successfully applied to analyze the

multi-cusp proton source in CHIPIC. Previous stud-

ies focused on the design for the magnetostatic field

and the optical of the extraction beam. The results

of numerical simulations of the electron energy distri-

bution for the multi-cusp proton source have proved

that the design of the discharge chamber is reason-

able. The simulation results also indicate that there

are two electron temperature distributions inside the

discharge chamber, and a spatial non-uniformity of

the electron density along the positive y direction

due to the ~B×∇B drift. Future work will focus on

the spatial uniformity of the plasma in the discharge

chamber.
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