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Based on high magnetic field helicon experiment (HMHX), HELIC code was used to study the effect of different
magnetic fields on the power deposition under parabolic distribution. This paper is divided into three parts: preliminary
calculation, actual discharge experiment and calculation. The results of preliminary calculation show that a magnetic field
that is too small or too large cannot produce a good power deposition effect. When the magnetic field strength is 1200 Gs,
a better power deposition can be obtained. The actual discharge experiment illustrates that the change of the magnetic
field will have a certain influence on the discharge phenomenon. Finally, the results of verification calculation successfully
verify the accuracy of the results of preliminary simulation. The results show that in the actual discharge experiment, it can
achieve the best deposition effect when the magnetic field is 1185 Gs.
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1. Introduction
Helicon wave (H wave) is a kind of low-frequency elec-

tromagnetic wave that propagates in the high-conductivity
medium excited by radio frequency (RF) antenna, and
high-density plasma can be generated by using H wave
ionization.[1] At a low pressure of 0.1 Pa, the density of HWP
can reach 1013 cm−3–1014 cm−3, which is the maximum den-
sity that can be obtained by artificial methods so far under low
pressure.[2] Compared with inductively coupled plasma (ICP)
and capacitively coupled plasma (CCP), HWP can generate
higher plasma density.[3] In the discharge of HWP, an external
magnetic field is essential, which makes the ionization mech-
anism of HWP more complicated.[4]

Due to the external magnetic field, the ionization mech-
anism of HWP is more than complex, and the wave–particle
energy coupling mechanism has not been fully appreciated up
to now.[5] Since Aigrain[6] first proposed the concept of the
H wave and Boswell[7] first realized the discharge of HWP,
Chen,[8] Blackwell,[9] Shamrai,[10] and others had been dedi-
cated to studying the power deposition mechanism of HWP.
Although the current hypothesis of the Trivelpiece–Gould
wave (TG wave) energy deposition mechanism has gradually
become the mainstream consensus,[11,12] the research on the
influence of magnetic field on the power deposition needs fur-
ther discussion. In this regard, this article has launched a study
on the effect of magnetic field on the power deposition based

on HMHX.[13]

HELIC code is frequently used in the design of RF plasma
sources,[14,15] Compared with other codes (such as ANTENA2
code,[16] SPIREs code,[17] ANAMANT code[18]), HELIC
code calculates the energy deposition of H wave and TG wave
and the distribution of electric field, magnetic field and current
through electromagnetic field theory analysis. This code uses
specific boundary conditions to solve 6 radially coupled dif-
ferential equations to obtain two independent waves (H wave
and TG wave). It is much faster than dividing the non-uniform
plasma into layers and matching boundary conditions on each
interface. In this paper, HELIC code is used to simulate the
discharge in HMHX. Numerical simulations and discharge ex-
periments are carried out by changing the magnitude of differ-
ent magnetic fields to explore the influence of magnetic field
on the power deposition. The results in this paper have cer-
tain guiding significance for the HWP discharge experiments
in HMHX.

2. Theoretical formula and calculation model
2.1. Theoretical formula

HELIC code is composed of Maxwell’s equations for a
radially non-uniform plasma with the standard cold-plasma di-
electric elements S, D, P (= εxx, iεxy,εzz). These equations can
be manipulated to give the following set of coupled differential
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equations for the Fourier transformed variables:[19–21]
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Here, a cylindrical coordinate system (r, ϕ , z) and first-order
perturbation form of exp [i (mϕ + kzωt)] have been chosen,
with m azimuthal mode number, k axial mode number and ω

wave frequency. The variables E and B are wave electric field
and wave magnetic field, respectively, and k0 = ω/c with c
the speed of light. S, D, P are the three constituent elements
of the cold plasma dielectric tensor. The dielectric tensor is
expressed as follows:[19]

ε̃ =

 S −iD 0
iD S 0
0 0 P

 . (5)

Among them, the three constituent elements S, D, P are ex-
pressed as follows:[20]
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where α is the type of particles (such as electrons, ions, etc.),
ωpα is the plasma frequency, ωcα is the plasma cyclotron
frequency, respectively, and vα is the effective collision fre-
quency between particles.

For the value of each wave, the Eqs. (1)–(4) are pro-
grammed to solve, and four basic functions are generated,
namely br, bz, er, and ez. In the cylindrical coordinate sys-
tem, if the plasma is uniform, the basis function b1,2;z (r) is the
Bessel function Jm (T1,2r), where[21]
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Here R,L=(S±D)/2. Equation (9) has one high root and one
low root for the value of T 2. The lower value T1 is H wave lo-
cated on the axis, and the higher value T2 is TG wave located at
the edge of the plasma. The other components b and e and the
imaginary number j can be easily found in Maxwell’s equa-
tions. When the plasma is not uniform, the wave that appears
as a Bessel function Jm (T1r) near the origin is recognized as
H wave, and the other root is recognized as TG wave.

Assuming that the antenna is an infinitesimal thin sheet
carrying the thin layer current J of ∇ · J = 0 at r = b (b is the
radius of the antenna), its thickness is negligible. Thus, the
power transmitted to the antenna by each wave number k is

Pant (k) =
1
2

Re
(∫

𝐸∗ ·𝐽antenna d3r
)
. (10)

Since the energy flow is averaged according to time, the power
on the antenna (Pant) is mainly composed of the resistance loss
of the antenna material (Pcopper), the absorbed power of plasma
(Pabs) and the power loss radiated to the vacuum by the antenna
(Pspace), where

Pant = Pcopper +Pabs+Pspace. (11)

When HELIC code is used to study HWP discharge, it is in
a closed vacuum space, and relevant boundary conditions are
set for the computational domain. Any particles moving to the
boundary of the reaction chamber will be reflected back be-
cause of this boundary condition, so Pspace = 0. In addition,
in the process of calculation, the antenna is regarded as the
ideal conductor by default, there is no resistance loss of the
antenna material, so Pcopper = 0. Due to the above conditions,
the power on the antenna is equal to the absorbed power of
plasma, so Pant = Pabs.

As for the absorbed power of plasma, the specific plasma
power spectrum function S(k) is defined as[5]

S(k) =
1
2

Re
(∫

𝐸∗ ·𝐽plasma d3r
)
. (12)

Here, 𝐽plasma is the current density of plasma, which can be
expressed in terms of the cold plasma tensor[5]

Jplasma =−iωε0

 S −iD 0
iD S 0
0 0 P

 Er
Eϕ
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The electric field E and current density J in real space are ex-
cited by an antenna whose spectrum is Kϕ (k′) = δ (k′− k).
Since S(k) is even, it can be used to simplify the calculation

pA (k) =
∣∣Kϕ (k)

∣∣2+ ∣∣Kϕ (−k)
∣∣2 . (14)

Therefore, the absorbed power from k to (k+ dk) and from−k
to −(k+ dk) is
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Then the total absorbed power is

Pabs = 2
∫ kmax

kmin

P(k) dk = R. (16)
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2.2. Calculation model

HMHX is independently designed and constructed by
Plasma Technology Research Center of Soochow University.
The schematic diagram of the device is shown in Fig. 1.
The device can be divided into a source area and a plasma-
material interaction (PMI) area. The source area has an inter-
nal diameter of 22 cm and a length of 80 cm; the PMI area
has an internal diameter of 40 cm and a length of 40 cm.
The discharge experiment is carried out under low pressure
(5× 10−3 Pa–10× 10−3 Pa). The RF source has a frequency
of 13.56 MHz and a maximum power of 2 kW. The an-
tenna is a right-handed helicon antenna (inner diameter is
3.5 cm; length is 18 cm).[22] There are some supporting diag-
nostic equipments, such as Langmuir probe (Hiden ESPION
RE/DC), optical emission spectra (OES, AvaSpec-2048FT-
8-RM) and electrostatic quadrupole plasma (EQP, Electro-
static Quadrupole Plasma-Hiden Analytical 1000).[23] Twelve
water-cooled magnetic field coils are surround the source area
to provide a stable axial magnetic field. The axial magnetic
field is generated by an electric current flowing through a mag-
net coil via. The current controls the strength of the magnetic
field. The simulation diagram of magnetic field configuration
and magnetic field intensity in this experimental device are
shown in Fig. 2. The current level is 400 A, and the maxi-
mum magnetic field at the central antenna position can reach
6700 Gs.[24] The plasma parameters and boundary conditions
are shown in Table 1.

Table 1. Plasma parameters and boundary conditions.

Parameter Value

Plasma radius Ra (m) 0.0145
Antenna radius Rb (m) 0.0175

Vacuum cavity radius Rc (m) 0.114
Discharge gas Ar

RF frequency f (MHz) 13.56
Antenna length LA (m) 0.18

Plasma density ne0 (cm−3) 1×1013

Electron temperature Te0 (eV) 3
Background pressure Pg0 (mTorr) 10

Step size N 49
Collision factor 1

The magnetic field density is uniform along the axial di-
rection, and the density distribution of the particles is also uni-
form along the axial direction. The radial density can be de-
termined by the following function:[5]

n
ne0

=
[
1−
( r

ω

)s]t
, ω =

Ra[
1− f 1/t

a

]1/s , (17)

where s and t are constants, fa represents the relative density at
r = Ra, and ne0 is the density at the center of plasma. If fa = 0,
then ω = Ra, the density function has only two parameters. If
fa 6= 0, the density function can be set to various density forms,
such as parabolic functions[25] and Gaussian functions.
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Fig. 1. The schematic diagram of the device.[23]
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Fig. 2. Magnetic field configuration and magnetic field intensity.[24]

3. Results and discussion
3.1. Numerical simulation analysis

Based on the above theoretical formula and calcula-
tion model, this paper carries out a numerical simulation of
HMHX. Construct two radial density structures: parabolic dis-
tribution (s = 2, t = 1, fa = 0.1) and Gaussian distribution
(s = 2, t = 6, fa = 0.01),[26] as shown in Fig. 3. Although
these two density distributions have the same peak in the axial
direction, they have different density gradients in the radial di-
rection. This has a more than important influence on the non-
resonant mode conversion and energy absorption of H wave
and TG wave. The total loading resistance for parabolic distri-
bution drops quickly and is well below that of Gaussian distri-
bution when the density increases over ne0 = 1.8×1013 cm−3.
Therefore, for ne0 = 1×1013 cm−3 in this study, parabolic dis-
tribution is better than Gaussian distribution in terms of power
deposition effect.[15] Because of these, this article mainly
takes the parabolic distribution as the research object.

First, the change of the magnetic field from 200 Gs to
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800 Gs is studied with a sampling interval of 200 Gs, and
the relative radial absorption power of plasma is calculated,
as shown in Fig. 4.
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Fig. 4. Relative absorption power of plasma under 200 Gs–800 Gs.

It can be seen from Fig. 4 that between 200 Gs and
800 Gs, the relative absorption power corresponding to differ-
ent magnetic fields is much larger at boundary than at center.
This shows that when the magnetic field changes in this inter-
val, it will not have much influence on the power deposition.
The weaker relative absorption power at the center indicates
that when the magnetic field is between 200 Gs and 800 Gs, a
better effect of power deposition may not be produced, so the
magnetic field still requires increasing. So choose to increase
the magnetic field to 1000 Gs, and the relative absorption
power is shown in Fig. 5. It can be seen that, compared with
800 Gs, the relative absorption power at boundary is greatly
increased, but at the same time the relative absorption power
at center is also much larger than that at 800 Gs. This shows
that when the magnetic field increases to 1000 Gs, the effect
of power deposition changes significantly, and the increase of
the relative absorption power at center indicates that the ef-
fect of power deposition is gradually getting better. The above
analysis shows that for the discharge experiment in HMHX, a
smaller magnetic field strength cannot produce a better depo-
sition effect, so a magnetic field above 1000 Gs is selected for
the experiment.

In order to further appreciate the influence of the mag-
netic field on the deposition effect in HMHX. Again the mag-
netic field range 1000 Gs–1800 Gs is selected for calculation
and analysis, and the relative absorption power is shown in
Fig. 6. It can be seen from Fig. 6(a) that when the magnetic

field continues to increase from 1000 Gs to 1200 Gs, the rel-
ative absorption power at boundary is almost unchanged, but
there is a significant addition at the center, which shows that
the addition of magnetic field will make the deposition effect
better. In addition, it is found that when the magnetic field
strength continues to increase to 1400 Gs, the relative absorp-
tion power at center does not increase but decreases. This
shows that in HWP discharge experiment, the magnetic field is
not as large as possible. It is necessary to select the appropri-
ate magnetic field according to different discharge conditions.
As shown in Fig. 6(b), when the magnetic field increased to
1600 Gs, the absorption power at center did not change signif-
icantly, but which at boundary showed an extremely obvious
change. This may be because TG wave received a relatively
high damping under a strong magnetic field. The short ra-
dial wavelength makes it difficult for TG wave to propagate in
the plasma column, so influence range of TG wave is reduced
from the radial full field to a very small range of the boundary.
At the same time, the absorption of energy is gradually con-
centrated at boundary, indicating that a large magnetic field
will lead to a serious uneven distribution of radial energy.[27]

This situation will not affect the generation of HWP, but will
reduce the deposition effect between antenna and plasma.
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Fig. 5. Relative absorption power of plasma under 1000 Gs.
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Fig. 6. Relative absorption power of plasma under 1000 Gs–1800 Gs:
(a) 1000 Gs–1400 Gs, (b) 1600 Gs–1800 Gs.

Through calculation and analysis of the magnetic field
range of 200 Gs–1800 Gs, it can be obtained that a small mag-
netic field cannot produce high relative absorption power at
center, and thus cannot achieve a good power deposition effect.
A large magnetic field will cause the absorption of energy con-
centrating on boundary. At this point, the distribution of radial
energy is severely uneven, which reduces the deposition effect
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between antenna and plasma. Finally, it can be obtained by
comparing the relative absorption power under different mag-
netic fields that the best deposition effect can be get when the
magnetic field is 1200 Gs.

3.2. Experimental result

In order to verify the influence of the magnetic field on
the deposition effect between antenna and plasma in HMHX
which is obtained by the simulation analysis. Different mag-
netic field strengths were selected for the discharge experi-
ment, and the discharge results under each parameter were
used for diagnostic analysis with Langmuir probe.[28–30]

In HMHX, the magnitude of the magnetic field is con-
trolled by the direct-current (DC) power supply. After calcula-
tion, it is found that the magnetic field strength is proportional
to the current, and the proportional relationship satisfies the
following relationship:[31]

B = 1.4814×10−3I, (B in T, I in A) . (18)

In the experiment, RF power was selected as 1500 W, the cur-
rent of the DC power supply was selected as 60 A, 80 A,
100 A, 120 A, 140 A, and the corresponding magnetic field
strengths were 889 Gs, 1185 Gs, 1481 Gs, 1777 Gs, 2074 Gs.
Argon gas was used as the gas source for the generation of
HWP, and the gas flow rate was 50 sccm.

The discharge images under five different magnetic fields
are shown in Fig. 7. In laboratory experiments, it is found that
pure argon discharge is blue,[23] but when the current is 60 A,
the discharge image does not show the blue image. As the cur-
rent increased to 80 A, the discharge image began to appear
as a blue slender light column, and when the current increased
further, the blue gradually deepened. But comparing the dis-
charge image after 100 A, it is found that the change of the
discharge image is not obvious. In the discharge process, it
was discovered that when the current was 60 A, the discharge
mode only had one jump, but there was no second jump, so it
was speculated that the discharge did not reach H wave mode
at this time. As the current increases, the antenna discharge
mode jumps to the H wave mode. Due to the change of the
discharge image is not obvious, the best discharge magnetic
field needs to be determined by further diagnosis and simula-
tion.

Fig. 7. Discharge images at five different magnetic field strengths.

Table 2. Plasma densities of discharges at five different magnetic field
strengths.

Magnetic field (Gs) 889 1185 1481 1777 2074
Plasma density (1013 cm−3) 0.939 1.03 2.41 2.89 3.08

Langmuir probe was used to diagnose the discharge under
these five magnetic fields. Through the analysis of the diag-
nostic data, the plasma density of the discharge was obtained,
and the density is shown in Table 2.

In order to further explore the influence of the mag-
netic field on the power deposition in the experiment, the
corresponding magnetic field and plasma density were re-
substituted into HELIC code for calculation, and the calcu-
lation result was shown in Fig. 8. Figure 8(a) shows that when
the magnetic field is 889 Gs, the relative absorption power at
center is much smaller than that at boundary. It indicates that
the deposition effect is not good, and the discharge mode at
this time cannot reach H wave mode. The result of calcula-
tion is similar to the result of preliminary calculation shown
in Fig. 4 and the discharge image shown in Fig. 7. As shown
in Fig. 8(b), as the magnetic field increases to 1185 Gs, the
relative absorption power at boundary increases rapidly, but
the absorption power at center also increases rapidly. At this
time, the difference of the relative absorption power between
center and boundary becomes smaller, the distribution of the
radial energy is relatively uniform, and a better deposition ef-
fect can be produced. As can be seen from Figs. 8(c) and 8(d),
when the magnetic field continues to increase to 1481 Gs and
1777 Gs, there is also a high absorption power in the center
of antenna, but the corresponding absorption power at bound-
ary is much larger than that at center. Although this does not
affect the generation of HWP, it cannot achieve the best depo-
sition effect. Finally, figure 8(e) shows that the radial relative
absorption power changes significantly as the magnetic field
increases to 2074 Gs. The absorption power at boundary in-
creases rapidly and is much larger than that at center. This is
because the absorption of energy is gradually concentrated at
boundary under the strong magnetic field, resulting in serious
uneven distribution of radial energy. Although this will not af-
fect the generation of HWP, it will make the power deposition
effect worse. It is similar to the result of preliminary calcula-
tion in Fig. 6(b).

The results of discharge and further calculation show that
the change of the magnetic field strength will indeed result in
the power deposition effect between antenna and plasma. A
small magnetic field will result in too low absorption power at
center to generate HWP, while an excessively large magnetic
field will result in a severely uneven energy distribution, and
the best deposition effect cannot be achieved. Comparing the
results of discharge and calculation under five different mag-
netic fields, it is concluded that the deposition effect between
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antenna and plasma can be best when the magnetic field is
1185 Gs.
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Fig. 8. Relative absorbed power of plasma at five different magnetic field
strengths: (a) 889 Gs, (b) 1185 Gs, (c) 1481 Gs, (d) 1777 Gs, (e) 2074 Gs.

4. Conclusions and perspectives
In this paper, HELIC code is used to calculate the influ-

ence of different magnetic field strengths on the power depo-
sition of H wave under the parabolic density distribution for
HMHX.

The results of preliminary calculation show that it impos-
sible to produce a good power deposition effect when the mag-
netic field strength is too small or too high. Comparing all the
calculations, a better power deposition effect can be produced
when the magnetic field is 1200 Gs.

In order to further verify the accuracy of the calcula-
tion results, a simple discharge experiment was carried out on
HMHX. Under the condition that the parameters (such as dis-
charge power, gas, and gas flow) were kept unchanged, five
different magnetic field intensities were selected for discharge.
A Langmuir probe diagnosis was carried out for five groups of
experiments, and the plasma densities were obtained through
the diagnosis. The different magnetic fields and plasma den-
sities were substituted into HELIC code to obtain results of
verification calculation. The results show that the best deposi-
tion effect can be obtained when the magnetic field is 1185 Gs,
which is consistent with the results of preliminary calculation.

Through the research in this paper, it can be concluded
that in the H wave discharge experiment, the change of the
magnetic field will indeed have a greater impact on the power
deposition between the antenna and the plasma. This article

provides a reference for the selection of the magnetic field in
the discharge experiment of HMHX, it can also provide certain
technical support for the research on the discharge mechanism
of HWP.
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