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ABSTRACT

Microwave linear plasma has attracted a lot of attention due to the outstanding characteristics such as high electron density, low electron tem-
perature, no-pollution, and homogenization, which can realize a large-area uniform plasma source through vertical or horizontal arrangement
especially. In order to explore the effect of the permanent magnets and the microwave coaxial reflective antenna on density and uniformity
of plasma, a three-dimensional numerical model is established. It is expected to obtain a superior microwave linear plasma source with high
density and uniformity for fabricating a carbon film such as graphene or surface treatment. The results show that (1) permanent magnets
can improve the density and uniformity of plasma by generating a suitable magnetic field. At the microwave power of 800 W at 20 Pa, the
permanent magnets with 150 kA/m enhance the average electron density by 36.67% and control the relative deviation of electron density
within —3% to 1% at an axial distance of 100 mm-300 mm. (2) The reflective antenna can effectively regulate the shape and the uniformity
of plasma. The semicylinder reflective antenna realizes the relative deviation of electron density within —2% to 0.5%. Meanwhile, the average
electron density increases by 3.75% between an axial distance of 100 mm and 300 mm under a microwave power of 800 W at 20 Pa. (3) The
external magnetic field and reflective antenna also have the regulation on heavy particles (Ars) in plasma, which is an important factor for
application.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5127555

I. INTRODUCTION

Microwave discharge plasma is widely applied in the field of
material synthesis, surface modification, etc.,,” © because of many
outstanding characteristics such as high electron density, stability,
no-pollution, and good controllability.”® In 1997, Petasch et al.’
designed a device to generate microwave plasma that expanded lin-
early which tends to achieve outstanding axial uniformity of elec-
tron density. The two microwaves are launched from both sides
of the waveguide consisting of a copper rod and a quartz tube in
a vacuum chamber. The microwave mainly propagates along the
waveguide, producing axial homogeneous plasma along the sur-
face of the quartz.'’ In recent years, this linear microwave plasma
attracted a lot of attention because of its predominant uniformity
for large area plasma treatment such as coating, etching, and clean-
ing.“’11 In addition, this linear microwave plasma source is con-
ducive to realize two-dimensional plasma by arranging individual

sources in parallel.”” At present, the experimental applications of
microwave linear plasma have made great progress. Kormka et al."’
grew thin diamond films over large areas (up to 20 x 10 cm?) via
linear microwave plasma CVD at 2 mbar. Yamada et al."” obtained
high quality and large area graphene films by combining several lin-
ear microwave plasma sources in the roll-to-roll process under the
pressure of 30-300 pa.

It is known that an external magnetic field effectively promotes
plasma density.'*”'® This is mainly because the magnetic field can
increase the efficient collision frequency of the charged particles in a
specific region under the effect of the Lorenz force. In applications of
microwaves, the magnetic field also plays a significant role. Schlemm
et al."” found that the magnetic field can enhance linear microwave
PECVD of SizN4 on multicrystalline solar cells and achieve indus-
trial deposition dimensions over long time. Kato™’ investigated sta-
bilization of the plasma and obtained a high density under a low gas
pressure by applying a longitudinal magnetic field. Ganesan et al.”’
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proved that the external magnetic field could increase the density of
the plasma and aluminum deposition rate in HIPIMS.

During the producing process of microwave plasma, a
microwave antenna has an obvious regulation on plasma by different
types. Through introduction of different kinds of antennas,” ** the
microwave plasma we need can be acquired. Xiaobao et al.” devel-
oped a large area microwave plasma by using the slot antenna and
the maximum ion density was 4.3 x 10'® m™ at 400 Pa. Kanoh
et al.”® obtained a stable and uniform argon plasma with electron
density in the order of 10" m™ by introducing the optimized slot
antenna at a processing pressure of 70 Pa. Obrusnik and Bonaven-
tura” demonstrated the influence of the antenna shielding on the
hydrogen plasma and particles by a mixed 2D/3D fluid model.

In order to better explore effects of different conditions on
plasma parameters and exploit a plasma source with high density
and uniformity simultaneous for application, we build the 3D model
using COMSOL Multiphysics software. The general structure of this
paper is as follows. In Sec. 1I, the 3D numerical model and simu-
lation conditions are presented. In Sec. I1], the results of numerical
analysis are showed, including the influence of the permanent mag-
nets and the antenna reflector. Finally, a brief summary is given in

ARTICLE scitation.org/journall/adv

Il. 3D MODEL BUILDING
A. Concept of 3D model

The axial and radial schematic diagrams of the device and
3D numerical model in this paper are shown in Figs. 1(a)-1(c),
respectively. The main geometric sizes are given.

The reaction chamber is vacuum where the plasma is generated,
installing a coaxial waveguide which is composed of an inner copper
rod and an outer quartz tube in the chamber. Outside the chamber,
the outer quartz tube of the waveguide is replaced with the copper
tube. The coaxial reflective antenna located between the copper rod
and the outer tube is introduced. Due to the cutoff effect of electro-
magnetic wave in plasma,” high-density plasma present the metallic
property reflecting microwave”’ when the electron density is higher
than the critical density (7.46 x 10' m™ for 2.45 GHz). This is the
basic and essential principle of the microwave linear plasma.

Double 2.45 GHz microwave powers are launched from two
ends of the coaxial waveguide. The region between the inner copper
rod and the outer tube is atmospheric air where mainly microwave
propagates in. The neutral working gas in the chamber is excited to
be plasma by absorbing the microwave energy. The coaxial waveg-

Sec. IV. uide here is like the microwave coaxial transmission line where
/Permanent magnet
Copper tube e Vacuum chamber : Copper tube
+ + =« =« « o+ .« .(Plasma discharge chamber) - -
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N - (Plasma discharge chamber) - Inner copper rod
Y 50mm 400mm FIG. 1. Schematic diagram of the device:
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(a) axial, (b) radial, and (c) 3D model.
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the inner copper rod is like the inner conductor and the high-
density plasma generating along the surface of quartz tube is like
the outer conductor.”"’ This mechanism allows microwave to prop-
agate steadily and plasma to extend linearly. The main role of the
quartz tube here is isolating the inner copper from the vacuum
chamber. Meanwhile, the quartz is the window whose relative per-
mittivity is set to 3.8 in this model for radiating electromagnetic
waves. Besides, three permanent magnets are surrounded outside the
vacuum chamber to create a suitable magnetic field.

B. Coaxial waveguide

In this model, the coaxial waveguide as shown in Fig. 2(a) is
the key to this system. As sated above, the coaxial waveguide in
the vacuum chamber consists of the inner copper rod, reflective
antenna, and quartz tube. The structure of the reflective antenna
can be designed to achieve different requirements; here, we chose
the semicylinder as shown in Fig. 2(b). Its material is copper which
can reflect microwave energy efficiently. The effect of the reflective
antenna on the plasma source will be discussed in detail later.

C. External permanent magnets

In many experiments, the use of the permanent magnets is con-
venient and drastically reduced the weight of the device. Addition-
ally, the magnetic field strength is adjusted expediently by arranging
different numbers of permanent magnets.29 In this numerical model,
the magnetization field of permanent magnets in this model is in
the positive z-direction for all three permanent magnets’ elements.
Figure 3 reveals the distribution of the magnetic field generated by
three permanent magnets with 150 kA/m in this 3D model. The
value here is the amplitude of magnetic flux. The magnetic field is
calculated first serving as the initial value for the microwave plasma
element in this simulation.

D. Numerical model definition
1. Physical model

Substantially, the 3D model simulation in this work is the
coupling among the three physical fields which are magnetic field,
plasma, and microwave field.

The electric field in the microwave model satisfies the following
wave equation deduced from Maxwell’s equations:

Reflective antenna

Inner copper rod
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FIG. 3. Distribution of magnetic flux density generated by permanent magnets.
Magnetization = 150 kA/m (z-x plane, y = 200 mm).

V xuo  (V xE)—wzsrpe(yE:O, (1)

where po is 4 x 1077 N/A? and ¢ is 8.854 x 10™'? F/m, which are
the permeability and the permittivity in vacuum, respectively. w is
the angular frequency, i.e,, 2m x 2.45 GHz. &, is the relative per-
mittivity which depends on the characteristics of materials. In this
model, the relative permittivity of quartz and air is set to 3.8 and
1, respectively. However, for plasma, there is no constant that can
be responsible for the relative permittivity. In the absence of the
external magnetic field, the relative permittivity of plasma can be
approximately expressed as’’

2
erp =1 wpe

)

Cw(w—jv)’

Here, j is the imaginary symbol and v is the collision frequency
of electron-neutral particles. wp. denotes the plasma oscillation
frequency that depends on the plasma density 7.,

2 1/2
e ne
Wpe = ( ) > (3)

Em

where m and e are the electron mass and electron charge, respec-
tively.
For unmagnetized plasma, the conductivity § is as follows:

2
gw
= .0_1’3. (4)
jo+v
(b) Equation (2) can be written as follows:
jo
FIG. 2. Schematic diagram of (a) coaxial waveguide and (b) reflective antenna. &p=1-— sj_w (5)
0
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For magnetized plasmas, the relative dielectric property should
be expressed in full tensor.”’

In this model, the magnetic field is generated by permanent
magnets described by the following equations:

V x Hs =0, (6)
Hs = _VVm (7)

Here, Hs is the intensity of the magnetic field and V,, is the
scalar magnetic potential.

Using the constitutive relationship between magnetic flux den-
sity and magnetic field, the following equations are solved:

Bs = o (H; + M), (8)
V-Bs =0, 9

where B is the magnetic flux density. M is the magnetization field
which is the direct parameter of permanent magnets.
In the presence of the magnetic field, the plasma conductivity o

should be expressed in full tensor. Using the definition a = m(++jw),
the inverse plasma conductivity can be expressed as follows:
1 —aBs;  aBs
o1 %
[ aBs, 1 —aBsx|, (10)
aqne —aBsyy  aBs 1

where By, By, B, are three components of the external magnetic
field in x, y, and z directions, respectively.

In the microwave plasma model, the electron density can be
obtained by follow continuality equations:”'

One
5 TV Te=Re=(u: V), (11)
Le = _([’le’Es)”e—De'Vne. (12)

Here, R, is the electron rate expression. u denotes the neutral
fluid velocity vector. It is known that the gas flow may have an effect
on the spreading of neutrals and uniformity. The gas temperature is
normally high and changed in the microwave discharge experiment
which is usually controlled steadily by the pulse power. However, in
this work, in order to simply the model of coupling among the three
physics fields, the neutral fluid velocity vector and gas temperature
are set to zero and 300 K, respectively. E; represents the electrostatic
space-charge field; y. is the electron mobility which is a full tensor
under the magnetic field as follows:

i ~Be By
[15_12 Bsz I‘Ldr _Bsx, (13)

1

-By Bu -

where ;. is the electron mobility in the absence of a magnetic field
which is computed from®’

The electron energy density is given by the following equations:

one
ot

+V Te+ETe=Sen— (u-V)ne+Qfe, (16)

Ie= _(,ue'Es)”e_De'Vneo (17)

Here, n. and S, are the electron energy density and energy
loss/gain from inelastic collisions, respectively; Q is the heat source
for plasma due to the electromagnetic waves; and p, is the space
charge density. The electron diffusivity De, energy mobility g, and
energy diffusivity D are calculated from the electron mobility using
Einstein’s relation, '’

5
D, = HeTb,us = (g)ﬂe;Ds = /4£Te- (18)

The following equation is solved for the mass fraction of heavy
species:32

pgtwk +p(u-V)wg =V - ji + R, (19)
where wy, jk, Rk, 4, and p represent the mass fraction of heavy species,
diffusive flux vector, rate expression for species k, fluid velocity
vector, and density of the mixture, respectively.

For a more detailed explanation of the equations, the reader can
refer to Refs. 30 and 31.

2. Species and reactions

To simplify the model, argon is selected as the working gas,
assuming only four species exist in the plasma discharge chamber,
i.e., electrons (e-), ground state atoms (Ar), metastable particles
(Ars), and ions (Ar+).” Under this assumption, the argon plasma
chemistry with the following set of collisions and reactions is shown
in Tables I and II including elastic, excitation, direct ionization,
stepwise ionization,” and so on.

3. Boundary conditions

Essentially, the model is made up of many partial differen-
tial equations, which must be supplemented with a suitable set of

TABLE I. Collisions and reaction.

Reaction Formula Type Ae (eV)
1 e+ Ar= e+ Ar Elastic 0

2 e+ Ar= e+ Ars Excitation 11.5
3 e+ Ars=e+ Ar Superelastic —11.5
4 e+ Ar = 2e + Ar' Ionization 15.8
5 e+ Ars = 2e + Ar' Tonization 4.24
6 Ars + Ars = e + Ar + Ar" Penning ionization

7 Ars + Ar = Ar + Ar Metastable quenching

Hdc = —> (14) .
my TABLE II. Surface reactions.
where v is computed from’’
P Reaction Formula Sticking coefficient
7
v=152x10"p\/Te. 15
PV te (15) 1 Ar+ = Ar 1
Here, p is the working gas pressure and T. is the electron Ars = Ar 1
temperature in electon volts.
AIP Advances 10, 015220 (2020); doi: 10.1063/1.5127555 10, 015220-4
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boundary conditions. In this 3D model, the microwave plasma is
solved in the domain of the plasma discharge chamber and coaxial
waveguide,” except for the metal domain. The inner copper rod, the
reflective antenna, and the wall of the chamber are perfect electric
conductors, and among them, the wall is grounded. The boundary
conditions of the two microwave ports are used to drive the electro-
magnetic waves by different powers which are coaxial incentive. The
glass tube in the coaxial waveguide is insulation. The three perma-
nent magnets outside the vacuum chamber will produce a magnetic
field extending to infinity. Thus, for calculating the magnetic field,
a sufficiently large peripheral air domain whose boundary condition
is set to the infinite element layer is used to encase the whole 3D
model.

In this model, the reaction chamber (radius: 115 mm) is much
larger than the size of the quartz tube (radius: 15 mm). The high
density of plasma is generated along the surface of the quartz tube.
Therefore, the secondary electrons on the wall have a weak effect on
the result which is not discussed in this model.

I1l. RESULTS AND DISCUSSION

Based on the 3D model presented above, numerical research
has been performed to analyze the influence of external permanent
magnets and reflective antenna on the plasma. For intuitively and
conveniently expressing the physical phenomena obtained, the fol-
lowing data analysis was all selected from the y-z axis cut plane
(x = 0) of the 3D model.

The results of similar works of Petasch et al” and Hiibner
et al.”” are compared to verify our 3D numerical model. Herein,
the comparison of results under different conditions is shown in
Figs. 4(a) and 4(b). In Fig. 4(a), the axial electron density at differ-
ent distances from the quartz tube wall is measured at the power
of 210 W under the gas pressure of 50 Pa, where L is the length
of the plasma line. The results of the numerical model show an
excellent axial homogeneity which are in agreement with the work
of Petasch. In Fig. 4(b), the radial plasma density is obtained at
100 Pa in dependence of different microwave powers. Both in the
numerical model and the reference work, radial plasma density
decays as radial distance increases and increases with improvement
of microwave power. In general, the results from the 3D numerical
model reveal consistent trends with two reference works which con-
firm that this 3D model has a guidance value for experiments and
applications.

A. Effect of reflective antenna

Figures 5(a) and 5(b) show the distribution of electron den-
sity at 20 Pa without and with reflective antenna, respectively. The
microwave reflective antenna has an obvious effect on the shape
of plasma. Without the reflective antenna, the high-density elec-
tron is concentrated in the two ends of the coaxial waveguide where
the electromagnetic waves are launched. After adding the reflective
antenna, the high-density plasma is linearly distributed along the
axial direction at the downstream area, which is in accordance with
the numerical results shown in Figs. 6(a)-6(d).

Here, we measured the plasma density without and with
a reflective antenna in the dependence of microwave power. In
Fig. 6(a), the axial plasma density without a reflective antenna

ARTICLE scitation.org/journall/adv
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FIG. 4. Comparisons between the 3D numerical model and the works of (a)
Petasch et al.’ (R is the distance from the quartz tube wall) and (b) Hiibner
etal ®

decreases in the middle of the axis, which is compensated and
equally distributed after adding a semicylindrical reflective antenna
in Fig. 6(c). As the variation of radial density shown in Fig. 6(d),
the high-density plasma is concentrated at the opening of the reflec-
tive antenna due to the concentration of the microwave energy.
In this case, most of the microwave is reflected to emit into the
downstream region in the chamber, where more neutral particles
are excited to be plasma. The reflective antenna concentrates the
microwave energy at the opening and weakens the evanescent mode
of the electromagnetic wave. At the same time, the microwave
energy propagates continually forward, which improves the uni-
formity of plasma. It can be considered that the semicylindrical

AIP Advances 10, 015220 (2020); doi: 10.1063/1.5127555
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reflective antenna plays an effective role in optimization of uniform
plasma.

B. Effect of permanent magnets

It is known that the electrons will make a whirling motion along
the magnetic field line under the action of the Lorentz force when a
magnetic field is presented.” The simulation results of the three per-
manent magnets in Fig. 3 show that there is high density magnetic
flux in the position of the vacuum chamber. The electrons and ions
in the chamber will do the Larmor gyration in the magnetic field
increasing the collision frequency of electrons.’

From the results in Figs. 7(a)-7(d), it is found that the mag-
netic field can both improve the density and uniformity of plasma.
Through further exploration on the internal physical mechanism,
it is indicated that the peripheral magnetic field reduces the
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attenuation of the microwave in the axial direction, which has a
considerable effect on the energy transmission of microwave linear
plasma.'®

Both axial and radial electron density rise distinctly with
the increase in the magnetization field of permanent magnets. In
Fig. 7(a), the plasma density in the middle of the axial direction
increases under the effect of the magnetic field, which is mostly due
to the small attenuation of the electromagnetic wave.'® This means
that the microwave energy fed from both ends of the waveguide can
propagate further along the axial direction. Under this mechanism,
the microwave energy is compensated in the middle of the axis,
and the electron density is improved. When the reflective antenna
is introduced, the uniformity of electron density is distinct with the
enhancement and confinement from the magnetic field.

Microwave linear plasma is a very popular and excellent
method in the area of materials preparation, surface treatment, and
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FIG. 7. Axial (r = —50 mm) and radial (z = 100 mm) plasma density [(a) and (b)] without and [(c) and (d)] with the reflective antenna under different magnetizations of magnets

at a power of 800 W. (20 Pa.)
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other applications. " Then, how to obtain a microwave linear

plasma source with high-density and good uniformity simultane-
ously has always been the goal pursued by researchers. Herein, the
concepts of the relative deviation and amplification in statistics are
utilized to analyze the uniformity of the magnetic field enhanced
microwave linear plasma source in this model. The average value
X is the arithmetic average of original data on the specified line
selection which comes from numerical simulation directly. The rel-
ative deviation and amplification can be described by the following
equations:

d
¢ = X x 100%. (20)
Here, ¢ is the relative deviation and d is the difference between
the value of each electron density and the average electron density,
XX

0

A

x 100%. (21)

Here, A is the amplification of average density. X is the car-
dinal number. Here, the cardinal number is the average density at
800 W without a magnetic field and antenna reflector, which is
526 x 10" m™.

In Fig. 8(a), relative deviations of electron density in differ-
ent axial distances under 800 W are presented. At a power of 800
W, with the axial distance between two ends becoming shorter,
the electron density deviation is closer to 0%. After that, the axial
distance of 100 mm-300 mm with a desirable uniformity and an
acceptable effective length which accounts for 50% of the length
of the coaxial waveguide is selected to analyze the effect of differ-
ent conditions. From the results presented in Fig. 8(b), the relative
deviation of plasma density under different magnetization inten-
sity in the axial distance of 100 mm-300 mm is explored. It is
apparent that the attenuation of the electromagnetic wave is alle-
viated as the magnetization increases. Meanwhile, the uniformity
between the axial distance of 100 mm and 300 mm increases and
then declines. Figure 8(c) shows the amplification of average elec-
tron density with promotion of magnetization intensity in the axial
distance of 100 mm-300 mm at 800 W. The average plasma den-
sity almost linearly increases with the magnetic field intensity. The
amplification here is relative to the average electron density at 800 W
without a magnetic field and antenna reflector, calculated by
Eq. (21). When the magnetization of magnets is 150 kA/m, the aver-
age plasma density reaches 7.18 x 10'® m™>, and the electron density
in the middle of the axis starts higher than the average value.

After the above analysis, a discussion on the relative deviation
of electron density under different conditions between the axial dis-
tance of 100 mm and 300 mm at 800 W is performed, and the results
are shown in Figs. 9(a)-9(d). Figures 9(a)-9(d) show the distribution
of the electron density and the trend of relative deviation under dif-
ferent conditions, where the red dotted line corresponds to the value
of average electron density of an axial distance of 100 mm-300 mm
at the corresponding condition. In Fig. 9(a), the electron density
between the axial distance of 150 mm and 250 mm is lower than
the average value due to the fading of the microwave. The relative
deviation is from —2% to 2%, which indicates that dual microwave
sources are insufficient to offset the energy attenuation during trans-
mission of waves. However, in Fig. 9(b), after adding an external
magnetic field, the average electron density is significantly improved,
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FIG. 9. Relative deviation and distribution of electron density in the axial distance of 100 mm-300 mm (r = —50 mm): (a) power of 800 W; (b) power of 800 W and magnetization
of 150 kA/m; (c) power of 800 W and reflective antenna; and (d) power of 800 W and magnetization of 150 kA/m and reflective antenna.

especially in the axial middle portion where the density is higher
than the average. At the same time, the relative deviation becomes
smaller, which demonstrates that the action of the magnetic field is
not only on electron density but also on the uniformity of plasma as
mentioned above.

Figure 9(c) is the variation of electron density after introducing
the semicylindrical antenna reflector. The original data is distributed
smoothly, and the relative deviation is narrowed in —2% to 0.5%. On
this basis, the magnetic field generated by the three magnets with
150 kA/m is added to obtain the result shown in Fig. 9(d). The aver-
age electron density is increased by the combination of the magnetic
field and the antenna reflector. However, the relative deviation of the
density is amplified from —4% to 2%, spanning six percentages.

By the analysis above, we make a brief summary shown in
Table III. The data in Table III show that both permanent mag-
nets and reflective antenna in this 3D model can increase the
plasma density. Among them, the external magnetic field has
a prominent enhancement on plasma density. Under the mag-
netic field generated by permanent magnets with 150 kA/m, the

amplification of average density achieves 36.67% at 800 W. Addi-
tionally, the relative deviation of electron density is narrowed in
—2% to 0.5% with the effect of the semi-cylindrical reflective antenna
under the microwave power of 800 W, which has an outstanding
optimization on plasma uniformity. However, it should be noticed
that when the magnetic field and the reflective antenna are added at
the same time, the average plasma density is higher than introduc-
ing the antenna reflector separately but lower than the individual
addition of the permanent magnets. Besides, we obtained the results
of average power absorbed per electron. It is found that the aver-
age power absorbed per electron increases after adding the reflective
antenna but decreases in the presence of the external magnetic field.
This is due to the energy transduction between electron and neutral
particles under the high collision frequency increased by the external
magnetic field. The concentration of the microwave by the reflective
antenna promotes the absorption of energy by electrons.

Actually, in the microwave discharge plasma, the distribu-
tion of heavy particles (Ars) is very important for application of
materials and surface treatment.’® Therefore, the results on heavy
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Radial direction(mm)

Radial direction(mm)

TABLE lII. Conditions and results (axial distance of 100 mm-300 mm).
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Average Average power
electron density Relative absorbed per
Conditions (x10¥ m™) Amplification (%) deviation (%)  electron (W)
800 W 5.26 e —2to2 1.98
800 W + 150 kA/m 7.18 36.67 —3tol 1.91
800 W + reflective antenna 5.45 3.75 —2t00.5 2.05
800 W+ 150 kA/m 6.89 31.12 ~5t02 1.93

+ reflective antenna
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FIG. 10. Distribution of heavy particles (Ars) (20 Pa, y-z plane, x = 0): (a) power of 800 W; (b) magnetization of 150 kA/m; (c) reflective antenna; and (d) magnetization of
150 kA/m and semicylindrical antenna reflector.
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particles (Ars) under following four conditions are analyzed, as
shown in Figs. 10(a)-10(d). On the account of the large mass, the
drift diffusion velocity of heavy particles (Ars) is much slower than
that of electrons.”” The different diffusion velocity causes different
responses to the fast change in the electric field since the microwave
frequency of 2.45 GHz is adopted in this model. In that case, the
standing wave effect is presented clearly in the distribution of heavy
particles. It can be seen intuitively from the cloud diagram that the
magnetic field and the reflective antenna both have a direct influ-
ence on heavy particles (Ars), which means that the regulation can
be achieved.

IV. CONCLUSIONS

In summary, a numerical analysis of a 3D model on magnetic
field enhanced linear microwave plasma is performed. The influ-
ences of external permanent magnets and a reflective antenna on
plasma are discussed. The external magnetic field generated by per-
manent magnets has an advantageous effect on the density and
uniformity of plasma, the same as with the microwave reflective
antenna. Under the microwave power of 800 W and gas pressure of
20 Pa, the magnetic field generated by permanent magnets with 150
kA/m can raise the average plasma density between the axial dis-
tance of 100 mm and 300 mm by 36.67% with the relative deviation
of density of —3% to 1%. On the same conditions of gas pressure and
microwave power, the semicylindrical reflective antenna can con-
trol the uniformity of plasma density between the axial distance of
100 mm and 300 mm within —2% to 0.5% with the average den-
sity increasing by 3.75%. In addition, the external magnetic field
and reflective antenna can also regulate the heavy particles (Ars) in
plasma which is an important factor for application. Nevertheless,
when the reflective antenna interacts with the magnetic field, the
density and uniformity of plasma expressed complicated phenom-
ena. The balance between the function of the antenna reflector and
the magnetic field needs further investigation.

In future work, the experiments of the magnetic field enhanced
microwave linear plasma will be carried out under the guidance of
simulation of this 3D model. The experimental diagnosis by the
Langmuir probe and emission spectrum will be proceeded to ver-
ify the model and expected to obtain a more excellent plasma source
with high electron density and uniformity.
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