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Abstract The transport characteristics of a space charge-

dominated multi-species deuterium beam consisting of Dþ
1 ,

Dþ
2 , and Dþ

3 particles in an electrostatic low-energy beam

line are studied. First, the envelope equations of the pri-

mary Dþ
1 beam are derived considering the space charge

effects caused by all particles. Second, the evolution of the

envelope of the multi-species deuterium beam is simulated

using the PIC code TRACK, with the results showing a

significant effect of the unwanted beam on the transport of

the primary beam. Finally, different injected beam

parameters are used to study beam matching, and a new

beam extraction system for the existing duoplasmatron

source is designed to obtain the ideal injected beam

parameters that allow a Dþ
1 beam of up to 50 mA to pass

unobstructed through the electrostatic low-energy beam

transport line in the presence of an unwanted (Dþ
2 , D

þ
3 )

beam of 20 mA; at the same time, distortions of the beam

emittance and particle distributions are observed.

Keywords Envelope equation � Space charge effects �
Multi-species beam � Electrostatic LEBT

1 Introduction

High-intensity accelerators such as the high-intensity

heavy-ion accelerator facility (HIAF), accelerator-driven

sub-critical system (ADS), and intense neutron generator

are required for scientific research and industrial applica-

tions. High-intensity low-energy beam transport (LEBT)

lines are crucial for the development of high-intensity

accelerators; however, the associated strong space charge

effects present challenges to the transport of high-intensity

beams in the LEBTs [1, 2]. The LEBT design is normally

based on electrostatic or magnetostatic focusing. The

advantage of a magnetostatic LEBT is that the beam can be

fully neutralized by the residual gas present in the line,

while in an electrostatic LEBT the beam is fully un-neu-

tralized, resulting in strong beam divergence. Therefore,

magnetostatic LEBTs are usually adopted. However,

electrostatic LEBTs can be very compact because focusing

of a high-intensity low-energy beam using an electric field

is more effective than using a magnetic field [3]. Hence,

electrostatic LEBTs are very attractive for some high-in-

tensity accelerators used in education laboratories and

industrial applications, such as high-intensity ion implan-

ters and intense neutron generators based on accelerators

[4].

In our laboratory at Lanzhou University, an intense DT/

DD neutron generator based on a Cockcroft–Walton
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accelerator is under construction, and the electrostatic

LEBT design is adopted. As shown in Fig. 1, the designed

electrostatic LEBT can be viewed as a system of two

electrostatic lenses (A1 and A2) combined with a drift tube

[5, 6]. The multi-species beam contains Dþ
1 , D

þ
2 , and Dþ

3

particles directly injected into the electrostatic LEBT;

therefore, the transport of the primary particles Dþ
1 is

affected by the space charge effects not only from the Dþ
1

particles themselves but also from the unwanted Dþ
2 and

Dþ
3 particles [7].

In this paper, the envelope equations of the primary

beam in an electrostatic LEBT are deduced considering the

space charge effects of both the primary and the unwanted

beams. In addition, PIC simulations are performed to study

the influences of the unwanted beam on the transport of the

primary beam. Finally, the influence of the parameters of

the beam injected from the duoplasmatron source on the

transport of the multi-species beam is studied by the PIC

simulations, and a new beam extraction system for the

duoplasmatron source is designed.

2 Theoretical analysis

2.1 Beam space charge field

We consider an axisymmetric high-intensity multi-spe-

cies continuous beam propagating through an axisymmet-

ric electrostatic LEBT. We will use a cylindrical coordinate

system r; z; hð Þ. We consider a uniform charge density

profile, which can be expressed as [8]

qiðr; sÞ ¼
ki

pr2bi sð Þ ; ð1Þ

where ki is the linear charge density, rbi is the beam radius,

and s ¼ z is the axial coordinate along the beam direction.

According to Gauss’s theorem, r � E ¼ q
e0
, the x-com-

ponent of the space charge electric field can be expressed

as [9]

Exi xð Þ ¼

Ii

2pe0bicr
2
bi

x; x� rbi

Ii

2pe0bic
x

r2
; x[ rbi

8
>><

>>:

; ð2Þ

where Ii is the beam current of the species i, bic � vzi is the

particle axial velocity in the paraxial approximation, r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
is the distance from the beam axis in the radial

direction, and x and y are the transverse components in the

horizontal and vertical directions, respectively. The con-

stants e0, bi, and c are the permittivity, the relativistic

parameter, and the speed of light in vacuum, respectively.

2.2 Envelope equations of a multi-species beam

Assume that the multi-species beam contains particles of

two species, a Dþ
1 beam with a radius of r1 and Dþ

2 beam

with a radius of r2. The nonrelativistic transverse equation

of motion describing a Dþ
1 particle evolving in an applied

electric accelerating field and the beam space charge field

can be written as [10]

m1€x ¼ q Eappl
x þ Eself

D1x
þ Eself

D2x

� �
; ð3Þ

Here, €x ¼ v2
z1
x00 þ vz1v

0

z1
x0; primes denote derivatives

with respect to the axial coordinate z; vz1 � b1c is the axial
velocity of the Dþ

1 particle; m1 and q are the mass and

charge of the Dþ
1 particle, respectively; Eappl

x , Eself
D1x

, and

Fig. 1 (Color online) Electrostatic LEBT for a multi-species deuterium beam; the beam extraction system of the duoplasmatron source is

indicated by the black rectangle; the voltage values are shown; the pink lines represent equipotential surfaces
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Eself
D2x

are the applied electric field, the space charge field of

the Dþ
1 beam, and the space charge field of the Dþ

2 beam

along the x-direction, respectively.

In the paraxial approximation, Eappl
x ¼ � 1

2
o2u
oz2

x ¼ � u00

2
x,

u is the normalized potential corresponding to the applied

on-axis electric field, qu ¼ 1
2
m1b

2
1c

2, while Eself
D1x

and Eself
D2x

can be calculated with Eq. (2). Then, the equations of

motion of the Dþ
1 particle in the x-direction can be written

as [11]

x00 þ u0

2u
x0 þ u00

4u
x� I1

4upe0b1cr
2
1

x� I2

4upe0b2cr
2
2

x ¼ 0 r1 � r2ð Þ

x00 þ u0

2u
x0 þ u00

4u
x� I1

4upe0b1c
x

r21
� I2

4upe0b2c
x

r2
¼ 0 r1 [ r2ð Þ

8
>>><

>>>:

:

ð4Þ

In order to derive the envelope equations, we let

R2
x ¼ X2

b ¼ 2 x2
� �

, where Xb is the beam envelope in the x-

direction, and x2
� �

¼
R rbi

0

R 2p

0
x2q r;sð Þrdrdh

R rbi

0

R 2p

0
q r;sð Þrdrdh

is the transverse

average of the particles [8–11]. Then,

X00
b ¼ 2 xx00h i

Xb

þ
4 x2
� �

x02
� �

� 4 xx0h i2

X3
b

; ð5Þ

For r1 � r2, Eq. (4) can be transformed into Eq. (6) by

multiplying by x and averaging over the distribution of the

particles,

xx00h i þ u0

2u
xx0h i þ u00

4u
x2
� �

� I1

4upe0b1cr
2
1

x2
� �

� I2

4upe0b2cr
2
2

x2
� �

¼ 0; ð6Þ

Thus, combining Eq. (5) with Eq. (6), the envelope for

the Dþ
1 species of the multi-species beam can be described

as

X00
b þ

/0

2/
X0
b þ

/00

4/
Xb �

I1

4/pe0b1c
1

Xb

� I2

4/pe0b2c
1

X2
bd2

Xb

� e2xd1
X3
b

¼ 0;

ð7Þ

where Xbd2 is the beam envelope of the Dþ
2 species in the x-

direction, exd1 is the beam emittance of the Dþ
1 species in

the x-direction, and

e2xd1 ¼ 4 x2
� �

x02
� �

� 4 xx0h i2:

Similarly, for r1 [ r2, Eq. (5) can be written as

xx00h i þ /0

2/
xx0h i þ /00

4/
x2
� �

� I1

4/pe0b1c
1

r21
x2
� �

� I2

4/pe0b2c
x2

r2

� �

¼ 0; ð8Þ

where
x2

r2

� �

¼
R r1
r2

R 2p
0

x2

r2
q1 r; sð Þrdrdh

R r1
0

R 2p
0

q1 r; sð Þrdrdh
¼ 1

2
1� r22

r21

	 


¼ 1

2
1� X2

bd2

X2
b

	 


;

ð9Þ

Thus, the envelope for the Dþ
1 species of the multi-

species beam can be described as

X00
b þ

/0

2/
X0
b þ

/00

4/
Xb �

I1

4/pe0b1c
1

Xb

� I2

4/pe0b2c
1

2
1� X2

bd2

X2
b

	 


� e2xd1
X3
b

¼ 0; ð10Þ

From the above, the x-direction envelope for the Dþ
1

species of the multi-species beam consisting of Dþ
1 and Dþ

2

can be expressed as

X00
b þ

/0

2/
X0
b þ

/00

4/
Xb �

I1

4/pe0b1c
1

Xb

� I2

4/pe0b2c
1

X2
bd2

Xb �
e2xd1
X3
b

¼ 0 r1 � r2ð Þ

X00
b þ

/0

2/
X0
b þ

/00

4/
Xb �

I1

4/pe0b1c
1

Xb

� I2

4/pe0b2c
1

2
1� X2

bd2

X2
b

	 


� e2xd1
X3
b

¼ 0 r1 [ r2ð Þ

8
>><

>>:

; ð11Þ
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In the y-direction, the envelope equations have a similar

form.

For the multi-species beam containing Dþ
1 , D

þ
2 , and Dþ

3 ,

Eq. (3) can be written as

m1€x ¼ q Eappl
x þ Eself

D1x
þ Eself

D2x
þ Eself

D3x

� �
; ð12Þ

where Eself
D3x

is the space charge field of the Dþ
3 beam along

the x-direction.

Then, the equations of motion of Dþ
1 in x-direction can

be described as

Using the same method as that used for the derivation of

Eq. (11), the x-direction envelope for the Dþ
1 species of the

multi-species beam consisting of Dþ
1 , D

þ
2 , and Dþ

3 can be

expressed as

In the y-direction, the envelope equations for the parti-

cles of the three species have a similar form.

3 Simulation

3.1 Beam extraction system of the duoplasmatron

source

3.1.1 Current operational beam extraction system

The current operational duoplasmatron ion source has

been used for decades, and it is very reliable. The particle

distributions in the phase space obtained in previous

experiments [12] are shown in Fig. 2. For the LEBT sim-

ulation, the following parameters of the old beam extrac-

tion system are assumed [5]: The normalized beam

emittance is ex ¼ ey ¼ 0:71 mm mrad, and the Twiss

parameters are ax ¼ ay ¼ � 4 and bx ¼ by ¼ 80 cm/rad,

respectively. The fraction of Dþ
1 in the multi-species beam

is approximately 75%, and Dþ
2 and Dþ

3 comprise approxi-

mately 18% and approximately 7% of the total beam,

respectively.

x00 þ /0

2/
x0 þ /00

4/
x� I1

4/pe0b1cr
2
1

x� I2

4/pe0b2cr
2
2

x� I3

4/pe0b3cr
2
3

x ¼ 0 r1 � r2; r1 � r3ð Þ

x00 þ /0

2/
x0 þ /00

4/
x� I1

4/pe0b1c
x

r21
� I2

4/pe0b2c
x

r2
� I3

4/pe0b3c
x

r2
¼ 0 r1 [ r2; r1 [ r3ð Þ

x00 þ /0

2/
x0 þ /00

4/
x� I1

4/pe0b1cr
2
1

x� I2

4/pe0b2cr
2
2

x� I3

4/pe0b3c
x

r2
¼ 0 r3\r1 � r2ð Þ

x00 þ /0

2/
x0 þ /00

4/
x� I1

4/pe0b1c
x

r21
� I2

4/pe0b2c
x

r2
� I3

4/pe0b3cr
2
3

x ¼ 0 r2\r1 � r3ð Þ

8
>>>>>>>>>>>><

>>>>>>>>>>>>:

; ð13Þ

X00
b þ

/0

2/
X0

b þ
/00

4/
Xb �

I1

4/pe0b1c
1

Xb

� I2

4/pe0b2c
1

X2
bd2

Xb �
I3

4/pe0b3c
1

X2
bd3

Xb �
e2xd1
X3
b

¼ 0 r1 � r2; r1 � r3ð Þ

X00
b þ

/0

2/
X0

b þ
/00

4/
Xb �

I1

4/pe0b1c
1

Xb

� I2

4/pe0b2c
1

2
1� X2

bd2

X2
b

	 


� I3

4/pe0b3c
1

2
1� X2

bd3

X2
b

	 


� e2xd1
X3
b

¼ 0 r1 [ r2; r1 [ r3ð Þ

X00
b þ

/0

2/
X0

b þ
/00

4/
Xb �

I1

4/pe0b1c
1

Xb

� I2

4/pe0b2c
1

X2
bd2

Xb �
I3

4/pe0b3c
1

2
1� X2

bd3

X2
b

	 


� e2xd1
X3
b

¼ 0 r3\r1 � r2ð Þ

X00
b þ

/0

2/
X0

b þ
/00

4/
Xb �

I1

4/pe0b1c
1

Xb

� I2

4/pe0b2c
1

2
1� X2

bd2

X2
b

	 


� I3

4/pe0b3c
1

X2
bd3

Xb �
e2xd1
X3
b

¼ 0 r2\r1 � r3ð Þ

8
>>>>>>>>>>>>>><

>>>>>>>>>>>>>>:

;

ð14Þ

51 Page 4 of 9 X.-L. Lu et al.

123



3.1.2 New designed beam extraction system

As shown in Fig. 3, a new beam extraction system of the

duoplasmatron source is designed by the PIC simulation

method [13]. Compared to the old beam extraction system,

the size of the extraction electrode, the dip angle of the

anode, and the distance between the anode and the

extraction electrode are changed. In addition, two small

permanent magnet lenses with a magnetic strength of 1000

Gs are added. The simulated particle distributions in the

phase space are shown in Fig. 4, where the normalized

beam emittance is ex ¼ ey ¼ 2:5 mm mrad, and the Twiss

parameters are ax ¼ ay ¼ � 3:5 and bx ¼ by ¼ 57 cm/rad,

respectively.

3.2 Transport characteristics of the multi-species

beam

3.2.1 Effects of the unwanted beam composition

on the primary beam transport

It is clear that using a pure beam is beneficial for

improving the beam transport efficiency and decreasing the

beam power. Therefore, various beam separation elements,

such as dipole-bending magnets, Wien filters, or apertures

combined with solenoids, are usually utilized to obtain a

pure beam in the LEBT [3]. However, using such beam

separation elements will not only have the disadvantage of

significantly increasing the length of the LEBT but is also

not conducive to industrial application marketing due to the

increased cost. In our scheme, the multi-species beam will

be injected into the electrostatic LEBT directly.

In order to understand the influence of the unwanted

beam on the primary beam, the evolution of the Dþ beam

envelope for various ratios of species in the multi-species

beam is simulated using the PIC code TRACK [14]. The

simulation results are illustrated in Fig. 5. They show that

the envelope radius of the Dþ
1 beam increases with the

increasing unwanted beam intensity. The four envelopes

corresponding to Beam (40 mA Dþ
1 ), Beam (30 mA Dþ

1 ,

10 mA Dþ
2 ), Beam (30 mA Dþ

1 , 10 mA Dþ
3 ), and Beam

(30 mA Dþ
1 , 5 mA Dþ

2 , 5 mA Dþ
3 ) almost fully overlap.

The two envelopes corresponding to Beam (30 mA Dþ
1 ,

5 mA Dþ
2 ) and Beam (30 mA Dþ

1 , 5 mA Dþ
3 ) almost fully

overlap as well. This illustrates that the total intensity of

the unwanted beams has a significant influence on the

primary beam divergence. However, the influence of each

species on the primary beam envelope is not obvious.

Fig. 2 (Color online) Particle distributions in the phase space for the

old beam extraction system [12]

Fig. 3 (Color online) New

designed beam extraction

system: a axial magnetic field; b
configuration of the system,

where the red lines represent the

trajectories of the 50 mA Dþ
1

beam, and the green lines

represent equipotential surfaces
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3.2.2 Effects of the injection beam parameters

on the multi-species beam transport

Matching the extracted beam to the subsequent elec-

trostatic LEBT beam is important for high-intensity beam

transport [15]. Therefore, two different sets of the injected

beam parameters from the old beam extraction system and

the new designed beam extraction system, as described

above, are used to simulate the effects of these parameters

on the transport of the multi-species beam by the PIC code

TRACK. The results are described below.

3.2.2.1 Transport efficiency For the LEBT simulation,

we use two different sets of the initial beam parameters

obtained from the new and old beam extraction systems.

For the new beam extraction system, the beam envelope

radius is XD1 ¼ XD2 ¼ XD3 ¼ 1:7 cm, and the beam

divergence angle is X0
D1 ¼ X0

D2 ¼ X0
D3 ¼ 110 mrad. For the

old beam extraction system, the beam envelope radius is

XD1 ¼ XD2 ¼ XD3 ¼ 1:1 cm, and the beam divergence

angle is X0
D1 ¼ X0

D2 ¼ X0
D3 ¼ 55 mrad. The intensity of

each species and the simulation results are shown in Fig. 6.

It can be seen that using the initial beam parameters

obtained from the new beam extraction system reduces the

beam divergence for the beam transport in the electrostatic

LEBT.

The beam transport efficiency of each species in the

electrostatic LEBT is simulated by the PIC code. The

intensities of the Dþ
1 , D

þ
2 , and Dþ

3 beams are 50, 10, and

10 mA, respectively. The beam envelope radius and

divergence angle are the same with those described in the

previous paragraph. The simulation results are shown in

Fig. 7. When the initial beam parameters obtained from the

new extraction system are used for the simulation, the

transport efficiency of the Dþ
1 , D

þ
2 , and Dþ

3 beams are 100,

94, and 39%, respectively. For the old beam extraction

system, the corresponding values are 100, 58, and 52%.

This implies that in the new beam extraction system, the

Dþ
3 beam will quickly hit the LEBT pipe and lose the

majority of its particles.

3.2.2.2 Emittance distortion and particle distributions In

the electrostatic LEBT, due to the presence of high elec-

trostatic fields, the high-intensity beam is fully un-neu-

tralized. The space charge effect of the un-neutralized

beam will cause a significant increase in emittance and

strong beam filamentation. In addition, the nonlinear space

charge field will cause emittance distortion [16]. At the

same time, the beam parameters at the output of the elec-

trostatic LEBT are important for matching the beam to the

subsequent beam transport elements. Therefore, we simu-

late the beam emittance and particle distributions. In the

Fig. 4 (Color online) Particle distributions in the phase space for the

new designed beam extraction system

Fig. 5 (Color online) Evolution

of the Dþ
1 beam envelopes of the

multi-species beam with

different ratios of the species

51 Page 6 of 9 X.-L. Lu et al.
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simulation, the fraction of each species beam is set based

on the current operational duoplasmatron source, and the

intensities of the Dþ
1 , D

þ
2 , and Dþ

3 beams are set to 30, 7,

and 3 mA, respectively. For the new beam extraction

system, the beam envelope radius is

XD1 ¼ XD2 ¼ XD3 ¼ 1:7 cm, and the beam divergence

angle is X0
D1 ¼ X0

D2 ¼ X0
D3 ¼ 110 mrad. For the old beam

extraction system, the beam envelope radius is XD1 ¼
XD2 ¼ XD3 ¼ 1:1 cm, and the beam divergence angle is

X0
D1 ¼ X0

D2 ¼ X0
D3 ¼ 55 mrad. A water-bag distribution is

used. The simulation results are shown in Figs. 8, 9 and 10.

Figure 8 shows the simulated envelopes of the multi-

species beam with different injected beam parameters,

confirming that the injected beam parameters have a sig-

nificant influence on the transport of the multi-species

beam, and therefore, it is necessary to match the beam to

the electrostatic LEBT by optimizing the injected beam

parameters.

Figure 9 shows the simulated beam emittance at the

output of the electrostatic LEBT for different injected beam

parameters. It can be seen that, for the new designed beam

extraction system (Fig. 9a, b), the emittance distortion of

the primary Dþ
1 beam at the output of the electrostatic

Fig. 6 (Color online) Evolution

of the Dþ
1 beam envelopes of the

multi-species beam with

different ratios of the species for

different injected beam

parameters

Fig. 7 (Color online) Transport

efficiency of each species beam

for the new and old beam

extraction systems
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LEBT is more severe than that for the old beam extraction

system (Fig. 9c, d); however, the particle distributions of

the primary beam are more focused, as shown in Fig. 10.

For the new designed beam extraction system, the emit-

tance of the primary beam at the output is approximately

10.1 mm mrad, * 4 times greater than that at the input,

which is approximately 2.5 mm mrad. However, for the

old beam extraction system, the emittance of the primary

beam at the output is approximately 9.1 mm mrad, * 12

times greater than that at the input, which is approximately

0.7 mm mrad.

Figure 10 shows that hollow beams are formed for all

species (Dþ
1 , D

þ
2 , and Dþ

3 ) when the beam is extracted from

the old beam extraction system. From Fig. 10a, the hollow

structure of the Dþ
1 beam is obvious, and exhibits a spot

size of approximately 5 cm. However, in Fig. 10b, this

effect is reduced significantly, and the spot size of the beam

for the new extraction system is approximately 3 cm,

which is obtained considering 98% of all Dþ
1 particles and

neglecting the distorted portion. It is found that the

appropriate injected beam parameters play an important

role in both the beam transport and the beam spot size in

Fig. 8 (Color online) Evolution

of the envelopes of the multi-

species beam for different

injected beam parameters

Fig. 9 (Color online) Beam

emittance at the output of the

electrostatic LEBT; Dþ
1 , D

þ
2 ,

and Dþ
3 are represented by

yellow, orange, and blue points,

respectively; particle x–x0

(a) and particle y–y0 (b) with the

injected beam parameters for

the old beam extraction system;

particle x–x0 (c) and particle y–

y0 (d) with the injected beam

parameters for the new designed

beam extraction system
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the electrostatic LEBT. This can be helpful for developing

compact ion implanters and intense neutron generators.

4 Conclusion

The envelope equations of the multi-species deuterium

beam in an electrostatic LEBT are derived considering the

space charge effects caused by the particles of all species.

The evolution of the envelopes of the multi-species beam is

simulated in the presence of different ratios of the com-

ponents Dþ
1 , D

þ
2 , and Dþ

3 , and for two sets of the injected

beam parameters corresponding to the old and new beam

extraction systems of the duoplasmatron source. The sim-

ulation results show that the envelope radius of the Dþ
1

beam increases with the increase in the unwanted beam

intensity. The new injected beam parameters improve the

transport of the primary beam in the electrostatic LEBT.

However, the corresponding emittance is found to be dis-

torted at the output of the electrostatic LEBT. The results

indicate that, with the appropriate injected beam parame-

ters, an electrostatic LEBT is a promising choice for

developing compact ion implanters and intense neutron

generators.
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