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A three-dimensional fluid model is developed to investigate the radio-frequency inductively coupled H; plasma in
a reactor with a rectangular expansion chamber and a cylindrical driver chamber, for neutral beam injection system in
CFETR. In this model, the electron effective collision frequency and the ion mobility at high E-fields are employed, for
accurate simulation of discharges at low pressures (0.3 Pa—2 Pa) and high powers (40 kW—100 kW). The results indicate
that when the high E-field ion mobility is taken into account, the electron density is about four times higher than the value
in the low E-field case. In addition, the influences of the magnetic field, pressure and power on the electron density and
electron temperature are demonstrated. It is found that the electron density and electron temperature in the xz-plane along
permanent magnet side become much more asymmetric when magnetic field enhances. However, the plasma parameters
in the yz-plane without permanent magnet side are symmetric no matter the magnetic field is applied or not. Besides, the
maximum of the electron density first increases and then decreases with magnetic field, while the electron temperature at
the bottom of the expansion region first decreases and then almost keeps constant. As the pressure increases from 0.3 Pa
to 2 Pa, the electron density becomes higher, with the maximum moving upwards to the driver region, and the symmetry
of the electron temperature in the xz-plane becomes much better. As power increases, the electron density rises, whereas
the spatial distribution is similar. It can be summarized that the magnetic field and gas pressure have great influence on the
symmetry of the plasma parameters, while the power only has little effect.

Keywords: negative hydrogen ion source, inductively coupled plasma, three-dimensional fluid model, mag-

netic field effect
PACS: 52.50.Dg, 52.50.Qt, 52.65.—y

1. Introduction

Besides industrial applications,!!! radio-frequency (RF)
inductively coupled plasmas (ICPs) are also extensively used
for neutral beam injection (NBI) systems developed towards
fusion applications.”>* Since the neutralization efficiency of
negative hydrogen ions is much higher than positive ions, it is
of utmost importance to investigate RF negative hydrogen ion
sources (NHIS), which satisfy the high-power and long pulse
requirements of the future fusion devices.!>%! The objective of
the NBI prototype for China Fusion Engineering Test Reactor
(CFETR) is the generation of a negative hydrogen ion beam
for 400 keV of 3600 s with neutralization efficiency higher
than 50%.7-8]

In the NHIS, magnetic filter field is usually applied to
the extraction region to reduce the electron temperature, be-
cause negative ions are formed by the attachment of low-
energy electrons on vibrationally excited hydrogen molecules.
Therefore, many researchers have done a lot of work on low
pressure RF inductively coupled NHIS with magnetic field.
Boeuf et al. used a two-dimensional (2D) fluid model to study
the discharge characteristics, such as the spatial profiles of

DOI: 10.1088/1674-1056/ac0e21

the charged species densities and the electron temperature, in
an inductively coupled negative ion source. By comparing
the electron temperature in cases with and without magnetic
field,[>!%! they found that the introduction of the magnetic
field decreased the electron density and the electron temper-
ature in the expansion region. Furthermore, the position of the
magnetic field filter in NHIS has also been proved to affect the
plasma characteristics. As the magnetic filter moved towards
the driver region, the penetration of the magnetic field into
the driver region enhanced, leading to the significant plasma

[11-14] Indeed, the homogeneity of the plasma pa-

asymmetry.
rameters is very important, which determines the perveance
and divergence of ion beam at each aperture of the extraction
system. For those apertures with large angle of divergence
of ion beam, the local breakdown happens, which affects
the performance of NHIS. 5! Therefore, a three-dimensional
(3D) model is necessary to investigate the asymmetry of two-
chamber hydrogen discharges with external magnetic field.
Indeed, numerical simulation is an effective tool for ex-
ploring the generation and transport of plasmas in NHIS. How-

ever, in most of the models mentioned above, there exist
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some problems. For instance, the 3D simulation of the whole
NHIS is barely reported. Besides, the stochastic electron heat-
ing played a dominant role in inductively coupled discharges
when the pressure was equal to or lower than 1.33 Pa.[!%] Re-
cently, Gao et al. showed that the elastic collision frequency
was lower than the stochastic collision frequency for pres-
sures lower than 0.3 Pa, and they concluded that the stochastic
heating should be taken into account when pressure was equal
to or lower than 1.0 Pa.l'”l Indeed, nonlocal electron kinet-
ics induces different distributions of the plasma density at low
pressures.[!® Since RF NHIS works at ultra-high power and
low pressure, i.e., below 1 Pa, the general drift-diffusion ap-
proximation of ions is no longer applicable. Especially, the
ion drift velocity is much higher than the ion thermal veloc-
ity under this condition."”] Therefore, the electron effective
collision frequency and ion mobility at high E-field should be
taken into account to explore the physical properties of NHIS
accurately.

In this work, a 3D fluid model is developed within COM-
SOL MULTIPHYSICS, with electron effective collision fre-
quency and ion mobility at high E-field taken into account, to
investigate the properties of NHIS for various discharge pa-
rameters. This paper is organized as follows. A detailed de-
scription of the 3D fluid model is given in Section 2. In Section
3, we investigate the variations of the magnetic fields, pres-
sures and powers on the plasma parameters. Finally, a brief
summary is given in Section 4.

2. Model description

The 3D fluid model is introduced in this section, to-
gether with the boundary conditions. Figure 1(a) exhibits the
schematic diagram of an RF negative ion source, which con-
sists of a cylindrical driver region and a rectangular diffusion
region. The diameter of the driver region is 28 cm and the

height is 14 cm. The 5 turns RF copper wire coil, which
wounds around the tube, has a diameter of 1 cm. In order to
avoid the anomalous skin effect at low pressure and high fre-
quency, the discharge is driven by a 2-MHz RF source.[?%-2?]
The expansion region is a cuboid, and the length, width and
height are 60 cm, 50 cm, and 25 cm, respectively. The perma-
nent magnets are arranged in a row along the x axis at the bot-
tom of the expansion region, as shown in Fig. 1(a). Figure 1(b)
shows the xz-plane at y =25 cm. The red lines a and b rep-
resent the source centerline (i.e., x = 30 cm and y = 25 cm)
and the transverse line at the bottom (i.e., z = 24 cm and
y =25 cm), respectively.
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Fig. 1. Schematic diagram of the NHIS (a), and the xz-plane at y =
25 cm (b).

Table 1. Gas phase reactions considered in this work.

Gas-phase reaction Description References
e+Hy — e+Hy elastic scattering [23,24]
e+H—e+H elastic scattering [23,24]
e+H—e+H(n=2) electronic excitation [23,24]
e+H—e+H((n=3) electronic excitation [23,24]
e+H (n=2) - 2e+H" ionization [23,24]
e+H (n=3) = 2e+H" ionization [23,24]
e+Hy — 2e+H;r molecular ionization [23,24]
e+H, = 2e+H+H* dissociative ionization [23,24]
e+H} — 2e+2H" dissociative ionization [24]
e+Hf »e+H"+H (n=2) dissociative excitation [23,24]
e-i—HEr —e+H"+H dissociative excitation [23,24]
e+H} —e+H' +2H dissociative excitation [23,24]
e+H —2e+HT atomic ionization [23,24]
e+H, - e+2H dissociation [23,24]
e+H, »e+H+H (n=2) dissociation [23,24]
eJrH3+ — 3H dissociative recombination [23,24]
e+H§r — 2H dissociative recombination [23,24]
H,+Hj - Hf +H H{ ion formation ion formation [23]
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The simulations are performed in H, discharges, with 8
different species taken into account, i.e., electrons, H*, H;r s
and H;r ions, ground-state H, molecules and H atoms, as well
as excited-state H (n = 2) and H (n = 3) atoms. The gas phase
reactions considered in the model are listed in Table 1, which
includes elastic collision, excitation, ionization, dissociation,
recombination, and so on.

2.1. Fluid model

The fluid model including continuity equations calculates
the densities for various species, and the drift-diffusion ap-
proximation equations get the electron and ion fluxes. Besides,
only the energy balance equation for electrons is included, be-
cause the temperatures for ions and neutral particles are fixed
at 600 K. 121

The electron behavior is described by the continuity equa-
tion

one

W‘Fv'jezsea (D

the drift-diffusion approximation equation
je = —HenE—D.Vn, &)

and the energy balance equation

d (3 .
ot <2neTe) +V-Qe +eE-je = Fot — Sen- ®)

The flux of energy Q. is given by

5 . 5 nT
Q.= -Teje— = ~tvV

2 2 Me Vefr

“)

Here, n. is the electron density; Se = ZiG kinany — ):i kjnenc
represents the source term, n, and ny, are the number densities
of reactants (species a and b) which generate electrons, n. is
the number density of specie ¢ which reacts with electrons to
loss them, k; and k; are the rate coefficients of the i-th and j-th
reactions; Sey is the energy source due to inelastic collisions;
Pt is the power deposition induced by the electromagnetic
field (see Subsection 2.2 below); j., E, T are the electron
flux, electrostatic field, and electron temperature, respectively.
The electron mobility tensor It and diffusion coefficient ten-
sor D, are expressed as

o=t (7). )
D. = Deo (E) o ©6)
Here, the tensor (5) - is
1 I o, —o
A A

eB eB, eB
O = - , Oy = k , Oz = - . (8)
Me Veft Me Veff Me Veff

By, By, and B; are the external magnetic field in x, y, and z
directions, Ueo and Deg are the electron mobility and diffusion
coefficient without external magnetic field,

e
= 9
Heo e Veft ) ( )
T
Deg = — (10)
Me Veft

Here, m. is the electron mass, e is the elementary charge.
Veff = Vm + Vstoc 18 the effective collision frequency, and the
elastic collision frequency vy and stochastic collision fre-

quency Ve are expressed as[19:25]
Vi = elN ns (1 1)
Vth
Vstoc = 57 . (1 2)
eff

Here, ke is the rate coefficient of elastic collision and N, is the
density of H, molecules. 8. is the effective skin depth of the
RF electromagnetic field

SN\ 1/3
VthC
eff — ; 1
Ocfy (mwge> (13)

vy, and c¢ are the electron thermal velocity and the speed of

light, 0 and @y, are the RF angular frequency and the electron
plasma frequency.

The behaviors of heavy species, i.e., ions and neutral
species, are described by continuity equations

8ni

—+V-5i =S5

By +V.3i =S5 (14)
8nk

_— V~ — ]
o TV k=S (1)

where n; is the ion density, and S; is the ion source term. The
ion flux jj is expressed as

Ji = wini E — D;Vn;. (16)

In the high E-field case, the expression of ion mobility
ig[26]
is

2g;

—_— 17
ﬂ:miNnGi|E| a7

W=

Here, m; is the ion mass, o; is the cross section characterizing
the ion—neutral particles interaction, g; is the ion charge, and
D; is the ion diffusion coefficient.

For neutral particles, the flux ji is

Jx = =DV, (18)

where n, and Dy are the density and diffusion coefficient for
neutrals.
The electrostatic field is described by Poisson’s equation

W¢=%&%—Zwﬁ. (19)

where & is the vacuum permittivity and ¢ is the electric po-
tential. Besides, the electrostatic field can be given £ = —V ¢.
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2.2. Electromagnetic model

In the electromagnetic model, the magnetic vector poten-
tial A is calculated in the frequency domain instead of solving
the Maxwell equations directly

(iw?— wzsﬁ) A4V x (U5 'VxA)=0. (20

Here, L is the vacuum permeability, and & is the con-
ductivity tensor. In the vacuum, the conductivity is zero (i.e.,
Ovac = 0), and the expression in the plasma region is

7 = o) (3)_1, @1
ezne

Op = m» (22)
_ 1 B B

45 = 761 1 BX 9 (23)

ﬁ}' _ﬁx 1
_ eB, _ eB,

ﬁx*me(veff—ia))’ ‘Byime(veff—ia))’

eB;
me (Veff - iw) .

B. = (24)

As mentioned above, the power absorption density Py is de-

scribed as
Pov= yRe( By ), @s)
FEipng=10A, (26)
J =0E. 27

Here, J is the current density and E; , is the complex conju-
gate of the vortex electric field.

2.3. Magnetostatics model
In the magnetostatics model, the magnetic field intensity
H is expressed by magnetic scalar potential

H=-VV,. (28)

The relationship of magnetic scalar potential Vi, and magneti-
zation intensity M is

=V (1oVVin — o M) = 0. 29)

2.4. Boundary conditions
The boundary conditions of j. and Q. at all walls are as
follows:
. 1
n-j.= Z(l—@)nevth, (30)

5.
7.7eTe~ (31)

Qe:2

Here, © is the reflection coefficient of electrons.l?”] The
boundary conditions of j; and jy at the walls are!!?]

.1 s | 8kpT;
7= — i n; | B 2
n-ji 4(1'}/7‘/2)”1 m; +’y1.u1nl| |7 (32)

.1 Yr | 8kp Ty
n-jx = 4(1,}7/2)”]( Ty ) (33)

where T; are Ty are the ion temperature and neutral particle
temperature, kg is the Boltzmann constant, ¥ is the sticking
coefficients of ions and neutral particles at the wall, and my is
neutral particle mass. Furthermore, the switching functions %
depends on the product of 1 and E.[?®]

] 0, (n-E20), 34
=, (n-E<0). o

In addition, the electric potential and the tangential com-
ponent of the inductive electric field n x A equal zero at the

walls.

3. Results and discussion

The model described in Section 2 is developed within
COMSOL MULTIPHYSICS and three solvers are included.
First, the Stationary solver is implemented to calculate the
magnetostatic field; then, the Coil Geometry Analysis solver
is applied to analyze the structure of the spiral coil; finally, the
Frequency—Transient solver is used to solve the electromag-
netic field and plasma properties. The numerical environment
is based on the finite element method, which allows the use
of mesh grids of triangle in boundaries and tetrahedron in vol-
ume. In the volume, the minimum element size of 0.1 cm
is applied near the boundaries, and boundary layers are also
adopted to get a dense mesh there.

In this section, the spatial distributions of the plasma pa-
rameters at different magnetic field strengths, pressures and
powers are presented. First, we compare the axial distribu-
tions of the electron density and electron temperature calcu-
lated by using the low E-field Langevin ion mobility (i.e., Wi =
0.514m;%3(T, /P)or=03, where m, is the reduced mass, P is
the gas pressure, and « is the polarizability of the H, molecule
in unit A3).[29] and high E-field ion mobility (Eq. (17)), at
40 kW and 0.6 Pa. It is found that in the high E-field case, the
electron density is much higher, and the maximum of the elec-
tron density drifts from the expansion region to the driver re-
gion, as shown in Fig. 2(a). On the contrary, the electron tem-
perature is lower with the application of the high E-field ion
mobility, and the electron temperature only changes slightly
from 6 eV at the top of the driver region to 4 eV at the bot-
tom of the expansion region. Due to the strong electric field at
high powers (i.e., 40 kW-100 kW), as well as the much lower
ion thermal velocity than the ion drift velocity at low pressures
(i.e., 0.3 Pa-2 Pa), it is necessary to adopt the high E-field ion
mobility in this work.
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30 _ , 16 - ,
driver | expansion region driver | expansion region
% | (a) I (b)
T | 19 |
g 20 ! < ! —— low
S = I ———— high
~ &~ I
Q 10 8 |
|

z (cm) z (cm)
Fig. 2. Axial distributions of the electron density (a) and electron temperature (b) at 40 kW, 0.6 Pa, obtained by using the low E-field Langevin mobility
(red lines) and high E-field ion mobility (blue lines).
3.1. Magnetic field effect at RMPM of 2 kGs.
In the case without magnetic field (i.e., 0 kGs), the elec-

The influence of the remanent magnetization of perma-

nent magnets (RMPM) is illustrated by comparing the spatial ~ tron density first increases and then decreases along the axial

distributions of the magnetic field, electron density and elec- direction. When the magnetic field is applied, a similar ax-
tron temperature along the axial direction (line a in Fig. 1(b))  1al distribution is observed, as shown in Fig. 3(c), except that
and transverse direction (line b in Fig. 1(b)) obtained at dif- the value first increases and then decreases with magnetic field
ferent magnetic field strengths, as shown in Fig. 3. Itis clear ~ (i.e., the electron density is the highest at RMPM of 6 kGs).
that the magnetic field almost increases monotonically along  Besides, the maximum of the electron density shifts slightly to
the axial direction (Fig. 3(a)), and the transverse distribution  the driver region at higher RMPM. From Fig. 3(d), it is clear
exhibits a maximum in the center (Fig. 3(b)). Besides, the  that the electron density at the bottom of the expansion region
magnitude declines with reduced RMPM, i.e., the maximum is the highest at RMPM of 2 kGs, and the maximum shifts to

varies from 70 Gs (1 Gs=10"% T) at RMPM of 21 kGsto 5Gs  lower x direction when the magnetic field is applied.

80
driver : expansion region 70
b
of @ | sop (7 21 ks
7 50
2] I —

Q, 40 | 8 40 18 kGs
o ! = 12 kGs
20 | %0 6 kG

20 M s
—+—2 kGs
0 | 10 mew
. 0
—10 0 10 20
z (cm)
30 - T - -
driver | expansion region
— 21 kGs
i ki 18 kGs
8 £
- N 12 kGs
S S
= Z 6 kGs
g g 2 kGs
0 kGs
z (cm)
gl _driver : expansion region ’ MW«W‘“W 21 kGs
= \g‘ 3.5
5t (e) — (f) 18 kGs
© 4 ;
= 2.5 6 kGs
N~ 3 50 /“\\ 2 kGs
0 kGs
2 1.5
—10 0 10 20 0 10 20 30 40 50 60
z (cm) z (cm)

Fig. 3. Axial distributions (first column) and transverse distributions of the magnetic field (first row), electron density (second row), and electron
temperature (third row) for various RMPM at 0.6 Pa, 40 kW.
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Fig. 4. Spatial distributions of the electron density in the xz-plane for various RMPM: (a) RMPM = 0 kGs, (b) RMPM = 2 kGs, (c) RMPM = 6 kGs,
(d) RMPM = 12 kGs, (¢) RMPM = 18 kGs, (f) RMPM = 21 kGs, at 40 kW, 0.6 Pa.

When the RMPM is less than 2 kGs, the electron temper-
ature along the source centerline first rises slightly, and then
it declines gradually from the driver region to the expansion
region (see Fig. 3(e)). However, the electron temperature de-
creases monotonically when the RMPM is higher than 6 kGs.
Besides, when the magnetic field is introduced, the electron
temperature in the driver region becomes lower, and the de-
cline in the expansion region is more obvious. At the bottom
of the expansion region, the electron temperature exhibits a
parabolic profile. With the rise of the RMPM, the asymme-
try of the electron temperature is enhanced, and the electrons
are cooled effectively. For instance, the electron temperature
decreases from about 3 eV—4 eV in the case without magnetic
field to the expected value of about 1 eV-2 eV with the RMPM
higher than 12 kGs.3"

In order to illustrate the magnetic field effect on the
plasma parameters in the 3D chamber clearly, the spatial dis-
tributions of the electron density and electron temperature
are presented in the xz-plane (y = 25 cm) and yz-plane (x =
30 cm), respectively. First, figure 4 shows the spatial distri-
bution of the electron density with different RMPM in the xz-
plane at 40 kW, 0.6 Pa. As we mentioned above, the electron

density first rises and then reduces with increased RMPM, and
the maximum moves upwards simultaneously. For instance,
when the RMPM is 6 kGs, the magnetic field is about 20 Gs at
the bottom center of the expansion region, and the maximum
electron density is the highest, meanwhile, the peak region is
the largest. In addition, the asymmetry of the electron den-
sity becomes pronounced at higher RMPM, due to the deeper
penetration of magnetic field.[!?!

The spatial distributions of the electron temperature are
presented in Fig. 5. It is clear that the maximum of the electron
temperature first decreases and then increases with RMPM,
which is different from the trend of the electron density. Be-
sides, the minimum of the electron temperature at the bottom
of the expansion region reduces first and then almost keeps
constant. In the absence of the external magnetic field, the
electron temperature distribution in the xz-plane (y = 25 cm)
is symmetric (Fig. 5(a)), and the asymmetry becomes more
remarkable with the enhancement of the magnetic field. For
instance, at RMPM of 21 kGs, the electron temperature at
the left side of the driver region is higher, i.e., up to 9 eV
(Fig. 5(f)), but it is only 7 eV at the right side wall.
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Figure 6 represents variations of the electron density with
RMPM in the yz-plane at x = 30 cm of the chamber. It is clear
that the electrons drift to both sides of the y direction when the
magnetic field is introduced, and the maximum of the electron
density shifts to the driver region. Besides, the electron den-
sity distribution in the yz-plane is always symmetric whether
the magnetic field is applied or not, which is different from the
results in the xz-plane.

As shown in Fig. 7, the electron temperature exhibits dif-
ferent profiles by taken the external magnetic field into ac-
count. For instance, in the case without the magnetic field, the
electron temperature is about 4 eV throughout the expansion
region. However, when the magnetic field is applied, the elec-
tron temperature at the bottom center of the expansion region
decreases rapidly, especially at higher RMPM cases.

3.2. Pressure effect

At a fixed power of 40 kW, it is clear that the electron

density increases significantly with gas pressure, as shown in

-3

Fig. 8, i.e., the maximum value is about 9.4 x 107 m~3 at

3 at

0.3 Pa, and it increases dramatically to 6.58 x 10'® m~
2 Pa. In addition, the maximum of the electron density moves
upwards with pressure, i.e., from the driver—expansion inter-
face to the driver region. This is because the mean free path
is larger at low pressures, so the electrons could induce sub-
stantial ionization in the expansion region, although they are
mainly heated in the driver region. 3]

From Fig. 9, it is shown that the electron temperature de-
creases rapidly with pressure, due to the higher collision fre-
quency and more energy loss at high pressures. Furthermore,
the asymmetry of the electron temperature distribution at low
pressure is more obvious, i.e., the magnitude is about 15.3 eV
at the left sidewall of the driver chamber at 0.3 Pa, which is
about 1.5 times higher than the value at the right sidewall. This
is because more powers are deposited at the left sidewall at low
pressures, due to the influence of the magnetic field. Indeed,
the collision frequency is lower at low pressure, which leads to
the higher non-pivot element in the plasma conductivity tensor
(Egs. (23) and (24)), giving rise to the pronounced influence of
the magnetic field on the plasma properties.
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3.3. Power effect

The influence of the RF powers (40 kW-100 kW) on the
plasma properties is studied at 0.6 Pa and RMPM of 21 kGs.
Although the electric field becomes stronger as power in-
creases, the spatial distribution is almost unchanged, thus the
electron density has similar profile for various powers. Be-
sides, the electron density increases obviously with power, i.e.,
the maximum value is about 2.26x 10" m~3 at 40 kW, and it
increases to 5.54x10'® m=3 at 100 kW.

The spatial distributions of the electron temperature at

9.1
II?Cls:
M2 2

e
. 3.3

0 10 20 30 40 50 60
z (cm)

various powers are presented in Fig. 11. As we mentioned
above, the electron temperature exhibits a maximum at the left
sidewall of the driver region, followed by a second peak at the
right sidewall. In the expansion region, the electron tempera-
ture decreases strongly, i.e., several eV lower, because there is
no heating source. Indeed, the maximum value is about 9 eV
in the driver region, whereas the minimum value is only about
1.3 eV in the expansion region. As power increases, the elec-
tron temperature at the right sidewall of the driver region in-
creases slightly, and the area of the minimum region in the

expansion chamber becomes larger.

(b) J (]
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Fig. 11. Spatial distributions of the electron temperature in the xz-plane for various powers: (a) 40 kW, (b) 60 kW, (c) 80 kW, (d) 100 kW, at

RMPM = 21 kGs, 0.6 Pa.

4. Conclusion

In this work, a 3D fluid model, with electron effective
collision frequency and high E-field ion mobility taken into
account, is developed to investigate the inductively coupled Hy
discharges used for CFETR at low pressures and high powers.
The results indicate that by using the low E-field ion mobility,
the electron density is about four times lower than that in the
case with high E-field mobility, whereas the electron temper-
ature is several times higher.

In addition, the spatial distributions of the electron den-
sity and electron temperature are also illustrated under differ-
ent magnetic fields. The results indicate that the application
of magnetic field leads to different distributions of the plasma
parameters in the xz-plane and yz-plane. In addition, since
the magnetic field results in asymmetric power deposition, the
electron temperature in the xz-plane at the left side wall of the
driver region is much higher than that at the right sidewall. Be-
sides, the asymmetry of the electron temperature and electron
density becomes more pronounced with increasing RMPM,
due to the deeper penetration of the magnetic field in the cham-
ber. The distribution of the plasma parameters in the yz-plane

is always symmetric regardless of whether the magnetic field
is applied or not, due to the position of the permanent magnets.
Meanwhile, the maximum of the electron density appears at
RMPM of 6 kGs, and the electron temperature at the bottom
of the expansion region first decreases and then almost keeps
constant when the RMPM is higher than 12 kGs. Considering
the lower electron temperature and worse asymmetry with in-
creasing RMPM, 12 kGs—18 kGs may be the best option under
the discharge conditions investigated in this paper.

Moreover, the plasma characteristics are also investigated
at various pressures and powers, with the application of mag-
netic field. As the pressure increases from 0.3 Pa to 2 Pa, the
electron density becomes higher, with the maximum shifting
from the expansion region to the driver region. Whereas, the
electron temperature decreases with pressure, and the asym-
metry of the electron temperature becomes less pronounced.
Indeed, in the pressure range 0.3 Pa—1 Pa, the asymmetry
of the plasma parameters could not be ignored, and this af-
fects the local breakdown of multi-aperture extraction system.
Therefore, it is very important to improve the symmetry, which
will be explored in the future work. Besides, as power in-
creases, profiles of the electron density and temperature only
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change slightly.
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