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Abstract
Combined with two-dimensional (2D) and three-dimensional (3D) finite element analysis and
preliminary experimental tests, the effects of size and placement of the electromagnetic shield of
the radio-frequency (RF) ion source with two drivers on plasma parameters and RF power
transfer efficiency are analyzed. It is found that the same input direction of the current is better
for the RF ion source with multiple drivers. The electromagnetic shield (EMS) should be placed
symmetrically around the drivers, which is beneficial for the plasma to distribute uniformly and
symmetrically in both drivers. Furthermore, the bigger the EMS shield radius is the better
generating a higher electron density. These results will be of guiding significance to the design of
electromagnetic shielding for RF ion sources with a multi-driver.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The aim of the Comprehensive Research Facility for Fusion
Technology (CRAFT) negative neutral beam injection
(NNBI) system enables us to deliver a powerful beam with a
beam energy of 200–400 keV, beam power of 2 MW, and
beam duration of 100 s [1–4]. To provide stalely such a high-
power injection for a long experimental period without
maintenance, a large-area radio-frequency (RF) ion source
will be adopted for the neutral beam injection (NBI) system
[5–8]. Due to the large extraction area of this ion source, a
multiple driver structure will be used, each of which is
powered separately by a 100 kW RF generator. Since the
excitation current in the coil is alternating current, mutual
inductive coupling tends to occur between the drivers, which
affects the deposition of RF power in the plasma and leads to

asymmetric plasma distribution in multiple drivers. It was
found that inductive coupling is reduced by inserting a copper
plate between adjacent drivers or surrounding each driver
with copper shielding [9–11].

The RF ion source with two drivers was tested at the
Institute of Plasma Physics, Chinese Academy of Sciences
(ASIPP) test facility and was powered by a 100 kW RF
generator for a pair of RF drivers connected in series. During
the test of this RF ion source without an electromagnetic
shield (EMS), the plasma luminous intensity was different in
the two drivers as shown in figure 1. Additionally, stable
discharge cannot be maintained. To balance and stabilize the
discharge, the drivers were covered with a pair of cylindrical
shaped EMSs made of copper. As a result, a long-pulse dis-
charge was achieved for 1000 s at the RF power of 82 kW
[12]. The placement and size of the copper EMS can affect
the internal magnetic field distribution of the driver, which in
turn affects the plasma distribution and RF power deposition.
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To be suitable for the stable operation of the CRAFT NNBI
multi-drive RF ion source in the future, a detailed study of the
EMS between the RF drivers is required.

2. Method

2.1. Model introduction

Two kinds of finite element models were developed: a two-
dimensional (2D) fluid model based on plasma discharge, and
a three-dimensional (3D) electromagnetic model based on
uniform conductivity analysis.

The 2D fluid model of the RF ion source is shown in
figures 2 and 3, which illustrate the configurations of the
driver, RF coil, an Al2O3 cylinder, and the plasma expansion
chamber. The adjacent area between the two drivers is defined
as region E. The dashed lines in figures 2 and 3 indicate the
center positions of the drivers which are located 82.5 mm
from the upper plate of the expansion chamber. The structural
parameters of the 3D model of the RF ion source with two
drivers shown in figure 4 remain the same as the 2D model.
The 3D plasma discharge calculation is not involved in this
study, so the model does not include the Faraday shield which
is used to protect the Al2O3 cylinder and suppress capacitive

coupling [7, 13, 14]. The main structural parameters of these
models are shown in table 1.

2.2. Initial conditions of the model

In the 2D fluid model, the discharge gas pressure is set as
2 Pa, the RF power is 20 kW, and the RF frequency is set as
the typical value of 1 MHz [12, 15–19]. The frequency
domain-transient study is used for calculations in the time
range of 10−8

–10−4 s, with a calculated time step of 4/30 s.
The main atomic and molecular processes in the plasma taken
into account are listed in table 2.

Figure 1. Diagram of the RF ion source with two drivers discharge experiment.

Figure 2. Scheme of the 2D finite element model of RF ion source
with a single driver.

Figure 3. Scheme of the 2D finite element model of RF ion source
with two drivers.

Figure 4. The schedule of the 3D finite element model of the RF ion
source with two drivers.
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In the 3D model, the plasma is assumed to be a homo-
geneous conducting medium and the conductivity parameters
are derived from the average electron density and electron
temperature in the x-axis direction at the center position of the
driver (where the dashed line is located in the figure 1) in the
2D model [24]. Since the Faraday shield structure cannot be
considered in the 2D model, the electron density would be
overestimated. Meanwhile, the electron density in the
expansion chamber is lower than that in the driver, which
leads to a too-high calculated conductivity. However, as a
qualitative study of the EMS placement, this overestimation
does not affect the trend of the results.

2.3. Thesis of the model

2.3.1. Thesis of the 2D model. The equation for the electron
density is given by [25, 26]:

· ( · ) ( )G¶
¶

+  = - u
n

t
R n , 1e

e e e

where Re is the electron rate expression in the dimension of
(m3·s)–1, ne is the electron density, u is the neutral fluid
velocity vector, Ge is the electron flux vector given by:
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where E is the electric field (unit: V m–1), the De is the
electron diffusivity (unit: m2 s–1), the e refers to an electron,
the me is the electron mobility (unit: m2 (V·s)–1 ).

The electron energy density is given by the following
equation:
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where en is the electron energy density (unit: V m–3), Sen is the
energy loss or gain due to inelastic collisions (unit: V (m3·s)–1),
Q is an external heat source (unit: W m–3), Qgen is a generalized
heat source (unit: W m–3), me is the electron energy mobility
(unit: m2 (V·s)–1), eD is the electron energy diffusivity (unit: m2

s–1), the ε refers to electron energy (unit: eV) [26].

The electrostatic field is given as:

· ( ) ( )e e r =E , 50 r q

where the rq is space charge density (unit: C m–3), the er is the
relative permittivity, the e0 is the permittivity of vacuum, the
velocity of an electromagnetic wave in a vacuum is given as
c0 and the permittivity of a vacuum is derived from the
relation:
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The electric potential V is defined by the following
equation:

( )= -E V . 6

The cross-section data is used to define source coeffi-
cients in the model, and a Maxwellian electron energy
distribution function (EEDF) is assumed as the following
formula [27]:
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where F is the mean electron energy (unit: eV), and the Γ is
the incomplete gamma function:
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2.3.2. Thesis of the 3D model. The 3D model is solved in the
frequency domain, and follows Ampère’s law including
displacement currents as formulas (11) and (12):

( ) ´ =H J, 11

( )s w s= + + ´ +J E D v B Jj , 12e

where H is the magnetic field intensity, B is magnetic flux
density, σ is the electrical conductivity, Je is an externally
generated current, v is the velocity of the conductor, and D is
electric flux density.

The definitions of the fields are as formulas (13) and (14):

( )=  ´B A, 13

( )w= -E Aj , 14

where A is magnetic vector potential.

Table 1. Parameters of the models.

Parameters Values

d1 250
d2 165
d3 200
d4 470
d5 82.5
D1 250
D2 78
D3 250
D4 165
D5 200
D6 830
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3. Results and discussion

3.1. Parameter analysis of the RF driver without EMS

The current feed direction of coils with single and two drivers
are shown in figure 5. The distributions of electron density
and electron temperature along the dashed line crossing the
two drivers in figure 3 are shown in H–L and H–R in figure 6.
The curve with the symbol ‘S’ in figure 6 indicates the dis-
tribution of electron density at the same position in the RF ion
source with a single driver. As can be seen from figure 6, the
mutual inductive coupling between the multiple RF drivers
causes the electron density distribution in the drivers to
change. The positions of peak electron density in both drivers
are offset from the center and move to the side away from the

adjacent coils. The peak in the left driver deviates to the left,
and in the right driver, it deviates to the right. Meanwhile, the
maximum electron density of two drivers is larger than that of
the single driver. When the reverse current is fed into the two
coils as shown in figure 5(c), the electron density distributions
are shown as lines R–L and R–R in figure 6. In the peak
positions appears a similar phenomenon, but the deviation is
opposite to the case of figure 5(b), i.e., the peak in the left
driver deviates to the right, and in the right driver, it is
reversed. The value of electron density is slightly decreased
compared to that of a single driver. This phenomenon is
mainly due to the electromagnetic coupling between the dri-
vers making the magnetic field generated by the RF coils
distributed asymmetrically in the drivers.

Figure 7(a) shows the magnetic field distribution between
two drivers fed with the same currents at = ´T 1.35 108 s
(before the plasma is established). It indicates an obvious
mutual inductive coupling phenomenon between the drivers.
While the magnetic field distribution in figure 7(b) is obtained
by feeding reverse currents in the two drivers. It shows a
magnetic field ‘hole’ between the drivers, because of the
canceling effect of the magnetic fields generated by the cur-
rents of the two driver coils flowing in opposite directions.
However, this cancellation does not completely cover the
entire adjacent area. There is still obvious interaction between
the coils.

Table 2. The gas-phase reactions considered in this work.

Gas-phase reactions Description Threshold energy (eV) References

+ = ++e H H 2e Ionization 13.6 [20, 21]
+ = + ++ +e H H H e2 Dissociative excitation 12.4 [20, 22]
+ = + ++e H H H 2e2 Dissociative ionization 18 [20, 22]
+ = ++e H H 2e2 2 Molecular ionization 15.4 [20, 23]
+ = + ++H e H H H3 Dissociative recombination 0 [20, 22]
+ = + +H e e H H2 Dissociation 8.8 [20, 22]
+ = +H e e H2 2 Elastic scattering [20, 22]

Figure 5. Current direction in the top view of: (a) RF ion source with
a single driver, (b) RF ion source with two drivers, (c) RF ion source
with two drivers.

Figure 6. Comparison of electron density between the RF ion source
with a single driver and two drivers (with the same current and
reverse current respectively).
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The electron density distribution, magnetic field dis-
tribution, and power deposition distribution were calculated at
the time of = ´T 5.4117 107 s (early plasma build-up during
the discharge process). The magnetic field energy inside the
driver is concentrated in the edge region of the plasma and
does not reach the core due to the presence of the RF sheath.
As depicted in figures 8(a) and (d), in the dual-driver RF ion
source fed with the same current, the magnetic field near the
edge on the adjacent coil side is weaker than that at the edge
away from the adjacent coil. That is because the magnetic
field inside the drivers near region E weakens each other. For
the RF ion source fed with reverse currents, the distribution of
the magnetic field strength is opposite to the former. Fur-
thermore, as shown in figures 8(b) and (e) for the power

deposition distribution in both ion sources, the region where
the power is mainly deposited corresponds to the region with
the higher magnetic field strength in figures 8(a) and (d). This
asymmetric distribution of power supports the above expla-
nation for the difference in electron density distribution in
figure 6. Figures 8(c) and (f) show the effects of currents in
different input directions in the coil on the distribution of the
electron density. Compared to the magnetic field distribution
of ion source with one driver, the magnetic field interaction
between the dual drivers causes an asymmetry in the magnetic
field energy at the left and right inner edges in each driver,
with the position of the maximum value of the electron
density biased towards the side of the larger value of power
deposition.

Figure 7. Magnetic field distributions of the RF source with two drivers. (a) Fed with the same current, (b) fed with the reverse currents.

Figure 8. RF ion source fed with the same current: (a) magnetic field distribution, (b) RF power deposition distribution, (c) electron density
distribution. RF ion source fed with the reverse current: (d) magnetic field distribution, (e) RF power deposition distribution, (f) electron
density distribution.
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3.2. Analysis of the influence of EMS position on driver
parameter

3.2.1. Exploration of EMS placement symmetry. An attempt
is made to place an EMS in the region E [9], and the
distribution of the electromagnetic field and electron density
in the driver with different positions of the EMS is shown
in figure 9. It is found that when the EMS is placed
asymmetrically as shown in figures 9(a) and (b), it leads to
an uneven distribution of electron density in the driver region
(as shown in figures 9(d) and (e)). While in figure 9(c), both
sides of the EMS are at equal distances from the outer wall of
the Al2O3 cylinder and the electron density in the driver
shows a uniform distribution as shown in figure 9(f). When
the EMS is placed asymmetrically around the RF ion source,
it makes the magnetic field energy around the coils on both
sides ‘leak out’ differently. It causes the difference in RF
magnetic field distribution pattern, thus leading to the
different power deposition near the coil on both sides of the
same driver. The position of the maximum electron density
would shift, and the distribution of electron density would be
uneven in the driver.

3.2.2. Effect of EMS radius on the electron density. As
illustrated in figure 10 with RF power of 20 kW and pressure
of 2 Pa, the electron density distributions in the driver with
and without EMS are compared. The electron density is taken

from the center of the coil as described above, i.e., the dotted
line at the distance of d5 from the upper plate of the expansion
chamber in figure 3. It was found that when EMS was added
to the periphery of the driver, the electron density in the
center of both drivers was slightly higher than that without
EMS. When there is no EMS, the magnetic field generated by
the coil is distributed in the space around the driver. While
with the addition of EMS, the magnetic field is concentrated

Figure 9. Magnetic field distributions in the driver: (a) with single-side EMS, (b) with asymmetric EMS, (c) with symmetric EMS. Electron
density distributions in the driver: (d) with single-side EMS, (e) with asymmetric EMS, (f) with symmetric EMS.

Figure 10. Comparison of electron density of two drivers with and
without EMS.
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near the coil, and the energy that can be coupled into
the drive increases. Consequently, the electron density in the
driver increases. As mentioned in section 3.1, when the
electromagnetic shield is placed asymmetrically compared to
the outer wall of the driver, this will cause the magnetic field
energy coupled into the driver by the coils on both sides of
the same driver to be different. As a result, the electron
density is distributed asymmetrically in the ion source. The
reason for the shift of the peak position has been explained in
the previous section.

The radius of the EMS, illustrated by ‘r’ in figure 11, is
varied to research the changes in the shielding effect. The ‘d’
in figure 11 represents the distance from the inner wall of the
EMS to the outer wall of the Al2O3 cylinder of the driver, and
it is used instead of r to change the configuration easier. The
EMS radius in the following analysis refers to the value of d.
Figure 12 depicts the variation of electron density in drivers
with different radii of EMS. It is found that the electron
density in the center of the driver increases with the increase
of the radius of the EMS. When the value of d increases to
25 mm, the electron density hardly changes after continuing
to increase the radius. In the RF ion source, the upper plate of
the expansion chamber is not magnetically insulated, the
magnetic field generated by the coil can pass through it. More
magnetic field energy can penetrate the expansion chamber
through the upper plate with the increase of the radius of
EMS. Because the RF magnetic field energy is mainly
concentrated near the coil, with the increase of the distance
from the coil, the magnetic field strength will rapidly decay.
After reaching a certain distance, and continuing to increase
the radius, the increment of magnetic field energy that can be
coupled into the ion source will be small. The magnetic field
strength changes near the coil in the range of the horizontal
coordinate (0–90 mm) are simulated. It is found that the
absolute value of the change rate of magnetic field strength in
the range of 0–30 mm is 1.47 while being about 0.1 in the
range of 30–90 mm, which well supports the above explana-
tion. This is why the difference in the variation of the electron
density at the center of the driver gradually decreases by
continuously varying the electromagnetic shielding radius
with a length of 5 mm.

3.2.3. Effect of EMS radius on RF transfer efficiency. The
power loss in the driver cannot be calculated in the 2D fluid

model. Therefore, a 3D electromagnetic model is established
to calculate the RF transfer efficiency under different EMS
radii. In the model, the plasma is regarded as a uniform
conductive substance. The electron density in the two drivers
is calculated by the 2D fluid model. The line averaged values
of electron density and electron temperature in the two drivers
are calculated at the location shown by the dashed lines in
figure 3. The plasma equivalent conductivity is calculated by
these average values [24]. This conductivity is substituted
into the 3D model as input. Among these calculation
procedures, the coil current of the driver in the 3D model is
also calculated from the 2D model with an RF power of
20 kW. When the Faraday shield is not considered in the
model, most RF power would be deposited in the plasma. By
calculating the power at both ends of the coil as the input
power Pcoil and calculating the power deposited in the plasma
domain P ,plasma the RF transfer efficiency is given as:

( )h = ´
P

P
100%. 15

plasma

coil

As depicted in figure 13, for the RF ion source with two
drivers, the addition of the EMS increases the RF efficiency,

Figure 11. Scheme of the 2D finite element model of RF ion source
with two drivers (with EMS).

Figure 12. (a) Electron density comparison in drivers with EMS of
different radii, (b) the local magnified diagram of the left graph.
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which raises with the increase of the EMS radius. Saturation
tendency appears at the d of 15 mm in figure 13, the variation
of the RF efficiency becomes smaller when continues to
increase the electromagnetic shielding radius. This saturation
characteristic is consistent with the change in electron density.
An experiment was designed to measure the effect of different
EMS radii on the induced currents in adjacent coils.

The experiment was conducted at the RF ion source test
facility at ASIPP. Since the current experimental process is
focused on testing the RF negative ion source with one driver,
the induced current generated by the RF coil in the adjacent
coils while performing the RF discharge was briefly explored.
Figure 14 illustrates the diagram of the experiment, where a

coil without the generator is placed next to the RF driver. A
resistor of 3.6 Ω is connected in series with the coil to
simulate the change of the induced current in the presence of
plasma. The oscilloscope (VDS6104 produced by OWON
Company) is connected between the current monitor (Pearson
110) and the network switch. Then the RF current data is
transmitted to the computer for acquisition.

The variation of current in the coil without a generator
was measured. A quarter-circle shaped oxygen-free copper
was added as the EMS between the coils. The distance
between the outer wall of the RF driver and the unexcited coil
is 168 mm. Under the RF power of 60 kW, the distance
between the outer walls of the EMS and the RF driver is
varied in the range of 40–150 mm. This distance is defined as
the radius of the EMS. The results are shown in figure 15. The
induction current in the unexcited coil shows an overall
increasing trend as the EMS radius increases. This is because
the magnetic field that can leak beyond the EMS raises as
the radius of the EMS increases. During the measurement, the
reflection coefficient of the RF power source is 1.9 when
the EMS radius is 40 mm, and 1.05 when it is 50 mm. The
reflection coefficient drops to about 0.6 when the radius is
larger than 50 mm, which is so large that the RF ion source
cannot operate normally. To obtain better plasma parameters
and RF transfer efficiency, we suggested that the distance
between the EMS and the outer wall of the RF ion source
should be as large as possible while the size allows.

4. Conclusions

A 2D plasma discharge model and a 3D electromagnetic
model of the RF ion source with two drivers were established.
The effect of mutual inductance between the drivers on the
electron density in the drivers is analyzed. When the input
current direction in the two drivers is the same, the central
electron density in the two drivers is toward the side away
from the adjacent coil; when the input current direction in the

Figure 13. RF transfer efficiency of the RF ion source with different
EMS radii.

Figure 14. (a) Schematic diagram of the experiment, (b) exper-
imental setup.

Figure 15. Variation of induced current with EMS radius in the coil
without the generator.
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two drivers is reverse, the central electron density is deviated
from the center of the driver and toward the side near the
adjacent coil. Therefore, changing the direction of the input
current in the coil does not eliminate the mutual inductive
coupling between the two RF coils.

The use of a copper EMS can effectively shield the
electromagnetic induction between the coils, but the position
of the EMS needs to be symmetrically placed around the
driver to make the plasma uniformly and symmetrically dis-
tributed in both drivers. The effect of the radius of the EMS
on the plasma density in the driver was investigated. It is
found that the electron density in the driver increased slightly
with the EMS compared to that without it. The density
increases initially and starts to saturate to the increase of the
EMS radius. The average values of electron density and
electron temperature at the middle position of the RF coil
obtained in the 2D fluid model were used as input to the 3D
model to calculate the RF conversion efficiency, and it was
found that increasing the radius of the EMS could slightly
increase the RF transfer efficiency. The dependency of the
shielding effect for RF electromagnetic fields on the EMS
radii was investigated experimentally. It was found that as the
radius of EMS increases, the shielding effect on the mutual
inductive coupling between the drivers becomes worse, but
this mutual inductive coupling does not reduce the electron
density in the drivers. A too small EMS radius increases the
RF reflection. In the experiment, it is found that an electro-
magnetic shielding radius of less than 50 mm will produce a
strong RF reflection. Therefore, it is recommended that the
radius of the electromagnetic shield should be larger than
50 mm as much as possible when the size of the RF ion
source allows.
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