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We study the characteristics of plasma—wave interaction in helicon plasmas near the lower hybrid frequency. The
(OD) dispersion relation is derived to analyze the properties of the wave propagation and a 1D cylindrical plasma—wave
interaction model is established to investigate the power deposition and to implement the parametric analysis. It is concluded
that the lower hybrid resonance is the main mechanism of the power deposition in helicon plasmas when the RF frequency
is near the lower hybrid frequency and the power deposition mainly concentrates on a very thin layer near the boundary.
Therefore, it causes that the plasma resistance has a large local peak near the lower hybrid frequency and the variation of the
plasma density and the parallel wavenumber lead to the frequency shifting of the local peaks. It is found that the magnetic
field is still proportional to the plasma density for the local maximum plasma resistance and the slope changes due to the

transition.

Keywords: helicon plasmas, lower hybrid frequency, power deposition

PACS: 52.50.Dg, 52.50.Qt

1. Introduction

Helicon waves propagating near lower hybrid frequencies
in plasmas have been significantly studied since the 1970s.!!-?]
It plays an important role in space plasmas and fusion research
due to the close relation to the ion heating and the lower-hybrid
drift instability.>=) In the 1980s, the investigation of influence
of lower hybrid frequencies in plasma discharges was studied
by Boswell and Zhu.!®7! They found that a very dense plasma
can be produced near lower hybrid frequencies with helicon
waves. After that, the extensive studies on lower hybrid fre-
quencies for the helicon discharge were carried out by many
researchers, (8-11]

The lower hybrid frequency @y, is a resonant frequency
between the electron cyclotron frequency @ and the ion cy-

clotron frequency @,; and has the following form:!!?!

1 1
Op = +
lei Wce (Dgi + U)Czi

—1/2

~ /Wi Wce (1)

where @,; represents the ion plasma frequency. Near the lower
hybrid frequency, the effect of ion motion cannot be neglected.
The basic wave theory shows that the resonance occurs when
the frequency reaches @y,.['3 Tt is expected to be beneficial
for the power deposition. The experimental results by Yun et
al.’¥1%) confirmed this prediction. They tested the frequency
dependence of helicon plasmas for different magnetic fields
and various gases. It was shown that the optimum frequency
yielding the highest plasma density is near the lower hybrid
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frequency and it was suggested that the lower hybrid reso-
nance heating may be important in helicon sources.!® How-
ever, the optimum frequency is not exactly equal to wy, but
slightly lower. This may be explained by the Doppler shift
effect.[8]

In order to study the role of the lower hybrid frequency in
helicon discharges, Cho gave the self-consistent results cou-
pling the wave equations to the global balance equations. 3!
He found that there are many eigenmodes when the opera-
tion frequency is higher than y,, but there are only a few
isolated eigenmodes for frequencies lower than wy,. Further-
more, an eigenmode always exists near the lower hybrid fre-
quency. This behavior leads to the variation of the resistance
with the frequency. Specifically, the self-consistent results
show that the abrupt density jump occurs near the lower hy-
brid frequency. These conclusions were also confirmed in
the experiments by Kwak er al.!>! Moreover, in the study of
the instabilities and anisotropy in the hot-helicon experimen-
tal device (HELIX), Scime ez al. ' found that there is a clear
increase in electron temperature as the antenna frequency is
near the lower hybrid frequency. Additional experimental re-
sults obtained by Balkey et al.!'"! indicated that the maximum
electron density is measured when the rf frequency is near the
lower hybrid frequency. It is consistent with the previous re-
sults by others. However, the maximum ion temperature is
measured when @ < 0.7wy,. It is suggested that the mech-
anism of power deposition for ions and electrons in helicon
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sources is distinct. When studying very light ion mass gases
such as hydrogen, Mori et al.!'!l found that the optimal fre-
quency can be away from @y, in a non-uniform magnetic field
as long as the RF power is large enough. In addition, the exper-

iments by Buttenschon et al.!!”)

showed that the linear scaling
of the plasma density with magnetic fields can be observed in
the frequency range of wy, < 0.8w.

Therefore, the lower hybrid frequency and its resonance
occurring plays a vital role in helicon plasmas. However, the
influence of the parameters on the lower hybrid resonance has
not been fully studied. In this paper, a detailed (OD) dispersion
relation of helicon plasmas is derived to investigate the char-
acteristics of wave propagation and the power deposition near
the lower hybrid frequency. A 1D cylindrical plasma—wave in-
teraction model is established to study the wave property and
the parametric investigations are carried out to analyze the in-
fluence of the applied magnetic fields, plasma density and RF
frequency on the helicon plasmas.

The structure of this paper is as follows. The basic theory
is implemented in Section 2. Section 3 presents the simulation
results and discussion. The conclusion is given in Section 4.

2. Theory
2.1. The (0D) dispersion relation

In order to analyze the plasma—wave interaction near the
lower hybrid frequency, the dispersion relation is discussed in
detail. In a magnetized plasma, the general dispersion relation
is very complicated. To understand the wave properties, we
limit the study to linear waves, of single frequency @ propa-
gating into a plasma where an axially stationary magnetic field
By is applied. The plasma—wave response is assumed to vary
as exp(ik-r —iot) and is governed by the Maxwell equa-
tions:

VxE=iwB, 2)
V x B = y(—iwe - E+j,), 3)

where E and B represent only the RF-related electromag-
netic field, j, is the external current density from the antenna.
Fourier expansion in time has been applied, and all magnitudes
are expressed in complex form. In addition, € is the plasma di-
electric tensor. For a cold weakly collisional plasma, it takes

the form!['8]
-~ K1 iky O
£= & |—iy kK1 0O (4)
0 0 K3

with the elements

2 .
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®)

K1=1—
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where @.; and ®,; are the cyclotron and electrostatic frequen-
cies (of species j =1, €), v, is the collision frequency and s; is
the sign of the electric charge. When the emission frequency
is near the lower hybrid frequency, the influence of ions on the
plasma—wave interaction cannot be neglected. The ion mass
has to be taken into account in the dieletric tensor. Simplify-
ing Egs. (2) and (3), the dispersion relation in helicon plasmas
can be written in a biquadratic form!'8]

ak* +bK*+d =0. 8)

Here, we introduce the normalized parameter K = kd., with
the wavenumber k, the electron skin depth d. = ¢/ @pe and the
light speed in vacuum c. This non-dimensional parameter in-
cludes the influence of the wavenumber k and the electron den-
sity ne. It is convenient to carry out the parametric analysis. In
addition, a, b and d are coefficients related to the dielectric
tensor components

K| sin® 6 4 k3 cos> 6,

a S
b= (&3 — k{)sin® 6 — k1 R3(1 +cos’ 6),
d= (&t

(kT — &3), 9)

where O is the angle between By and k. Parallel and per-

pendicular wavenumbers are defined as k| = kcos 6 and k; =
ksin 6. Also, the normalized element of dieletric tensor is

K K—wz
J= R
Ct)pe

To solve this dispersion relation, the basic characteristics of
helicon waves can be analyzed. Two pairs of solutions for this
biquadratic equation represent two branches of waves, named
as the helicon (HE) mode and the Trivelpiece—Gould (TG)
mode.!!'”) The helicon mode is an electromagnetic wave with
long wavelength. In contrast, the TG mode is an electrostatic
wave and has a larger perpendicular wavenumber & than the
helicon mode, hence shorter wavelength is achieved.

2.2. The 1D plasma—wave interaction model

In this section, the 1D cylindrical model available is es-
tablished to investigate the plasma—wave interaction in heli-
con plasmas. Based on the assumption in the derivation of
the dispersion relation, more conditions due to the geometry
and practice are taken into account. We consider a cylindri-
cal source of length L and radius r, filled with a fully ionized
plasma. The radial variation of the plasma density, n = n(r),
is known. The plasma source is surrounded by an antenna,
which is assumed to be infinitely thin and located at r = ry,
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with r; > r,. The plasma is confined radially by the applied ax-
ial magnetic field By, created by a set of external coils (which
are assumed to have no effects on the plasma—wave interac-
tion). The whole set is immersed in a larger conducting vessel
of length L and radius ry with ry > r,.

For a finite length cylinder source, the plasma is bounded
by conducting plates at both ends. Therefore, the reflection
boundary conditions are achieved at the two conducting end
walls. Then, the components of EM fields can be expanded in

the following (z, ) Fourier series,*!

E, (r,0,2,1)

E(-) (V,G,Z,I)
BZ(rG Z,1)

" (r)

=L |E "" '
)

l,m (r

z | expli(m6 — or)], (10)

exp[ (m6 —wr)], (11)

)Sll’l
( ))
By (r,6,z t)
EZ (F,G,ZJ

where k“ = k; = I /L is the parallel wavenumber; m is integer,
and [ is natural.
Considering the geometry of the antenna, the general

form of the current density is

Ja(7,1) = 18 (r—ra)[l:s:(6,2) + 1ose (6,2)]
x exp (—iot), (12)

where I, is the antenna current; s, and sg define the linear

shape of the antenna.?!! This current density is also expanded

as

0 (r,0,z,1) Z]
Z]71m

m,l

) sin <ll7j > exp[i(mO — wr)], (13)

Im
2 (r,0,z,1) cos(L )exp[i(m@—wt)}. (14)
Therefore, the current density for different types of an-
tennas can be obtained due to the geometry and corresponding
Fourier expansion. In order to simplify the Maxwell equations,
we introduce the following dimensionless variables:

~ ke Ame | ro
kl = = 5.0 r=-—,
w Lw c
B Bra’ B Er, , .fa _ JalaC
Uoly Holac Lo
and phase modified fields
Ey = —iEg, By=iBy.

Using these relations, Eqs. (2) and (3) can be expanded to the
four differential equations for each (/,m) mode:

dE K 1\ »  fam 4 2N
0 <2’"—> B+ 228, + (1 —T) B., (15)
K1 r<Ki

dr Kr 7 7
B k. (B N\, km,

) L _1)B,— =B 16
d7 K ot K1 [0 K\ 2 (16)
dl% mhky A m*\ ~ 14

= —Ey+ (13— — |E.— =B 17
i~ 7 ¢+( Y)Y 17)
déz K'22 ~n A mlAq A
= (2 4k —K |Ey——E
dr (;q R A
okl 5 Kom
+520p,50p (18)
K1 K r
and the two algebraic equations

LY LY (19)
R e
A nm A A A

B, = —E.—kE. (20)

P

Thus, this equation system has been simplified to an ordinary
differential problem. Considering different situations of plas-
mas, the methods for obtained solutions are distinct. In ra-
dially uniform plasmas, the solutions of this equation system
can be obtained analytically. All EM field components can
be expressed as the combination of Bessel functions or modi-
fied Bessel functions.??! In non-uniform plasma density case,
the equations system has to be solved numerically. The 4-
and 5-th order Runge—Kuta method is applied to obtain the
solutions. This cylindrical 1D plasma—wave model has been
introduced by researchers and verified by comparing with the

experiments, [20-23-24]

2.3. Power deposition in the plasma

Once all EM fields are obtained, the power absorption
by plasmas is taken into account. In this work, the helicon
plasma has a high plasma density and relatively low electron
temperature. Therefore, the collisional damping is considered
as the main mechanism of wave dissipation and neglects the
kinetic effects, such as Landau damping.®>! In our 1D wave
model, it is assumed that the antenna wire is a perfect conduc-
tor and no power loss occurs inside the antenna.?®?”1 Thus,
all power emitted by the antenna is absorbed in the plasma
column. Then, the time-averaged power density absorbed by

the plasma at a given location (r, 0, z) is/?"

1 1 =
pabS:ERe(E*-j)ZERe<E*-G-E), Q1)
where ¢ = —iwe is the plasma conductivity tensor. The fields

E are the sum of all (/,m) modes. Next, averaging over z and
0, the radial distribution of power density can be defined as

2n
Pabs ( / / PDabs (1, 0,2)d6dz. (22)
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Then, the total absorbed power Py, is the integration of the
whole plasma volume

p
Pow = [ P (1)1 23)
Therefore, according to Joule’s law, the plasma resistance R is
given as
2P,
R="24 (24)
Ia

The plasma resistance is used to evaluate the performance of
the RF antenna coupling with the plasma column.

3. Results and discussion

With the purpose of studying the plasma—wave interac-
tion near the lower hybrid frequency, simulations are based

(28] The gas is ar-

on a typical geometry of the helicon source.
gon, the radially cold, uniform plasma and axial static mag-
netic field are taken into account. The half-turn helical an-
tenna, which has been widely used in laboratory, is applied in
simulations. The expression of the current density is written as

29.30] The validation and con-

a function of the (I,m) modes.|
vergence of the (/,m) modes have been carried out in a large
range of (I,m) mode with m = [—151,151] and ! = [1,200].
The / = [1,30] and m = [—9,9] are selected to ensure that the
convergence of (/,m) mode is achieved. In addition, only odd
number of m modes for the helical antenna is excited in terms
of the geometry of the antenna.!3!! Then, the main parameters
are summarized in Table 1. These parameters are used in all
calculations, except for the one whose variation is being stud-
ied.

Table 1. Summary of input data for the plasma—wave interaction simu-

lations.

Parameter Value
p Plasma radius 0.0735 m
L Plasma and cage axial length 5rp
Tw External cage radius 2rp
By Applied magnetic field 450 G
T. Electron temperature 20 eV
no Plasma density 5.6 %10 m~3
Ve Electron collision frequency 3.26 MHz
fo Frequency of the RF emission 13.56 MHz
ra Antenna loop radius 1.05r
L, Antenna axial length 0.4L
Za Antenna symmetry plane L/3

3.1. Wave propagation and power deposition

In this subsection, the investigation of the wave propaga-
tion and power deposition near the lower hybrid frequency is
carried out. We first discuss the feature of the wave propaga-
tion according to the dispersion relation.

Figure 1 gives the relation between @../® and & d, cal-
culated by Eq. (8). It shows the perpendicular wavenumber as

a function of the ratio @w../® at a fixed plasma density. The
parallel wavenumber k” =17.1 (I = 2) is selected, and the
corresponding dimensionless parameter kjde is 0.0384. The
collision and collisionless cases are also considered. In the
collisionless case, there are two roots for k| , representing the
helicon wave and the TG wave.*?l At low values of @../®, it
is seen that there is no real solution for k. It illustrates that
no wave propagates in this regime. With @ /@® increasing,
two kinds of waves, helicon mode and TG mode, propagate.
The value of the wavenumber of two waves is close at the be-
ginning and then TG mode goes up rapidly and has a much
larger k; than the helicon mode. As the ratio @./® contin-
ues to increase, the perpendicular wavenumber k| for the slow
wave (TG wave) tends to be infinite when @ = @y, and k| of
the fast wave (HE wave) becomes very small. This means that
the resonance will occur near the lower hybrid frequency and
the power absorption in plasmas is expected to have a local
maximum when @ is close to @y,.

18 e , .
(a) ve=0 1
\
14t '
AN
. 10} TTemmm--o
]
S
< —Re(HE)
61 - - Im(HE) |
— Re(TG)
2t - - Im(TG) 1
103 104
\
1
— Re(HE) .
1ol =~ Im(HE) '
U —Re(TG) e
- - Im(TG) L
15 N N 1 . N
10! 102 wn 103 104

Wee/w

Fig. 1. The perpendicular wavenumber k; versus the ratio e./®.
The plasma density is 5.6 x 10'® m~3; the parallel wavenumbers k

is 17.1 m~! and the corresponding dimensionless parameter kjde is
0.0384. In the collisional case, the electron collision frequency V. is
3.26 MHz. The blue lines represent the helicon wave and the red lines
stand for the TG wave. The solid and dashed lines represent the real and
imaginary parts, respectively. The magnitude of TG wavenumber is too
large to display with the given scale near the region where @ ~ @y,.

For the collisional case, the basic trend is consistent with
the collisionless case and there are some differences caused by
Ve. The sign of imaginary part of two waves is changed. This
is because the collision frequency is the damping rate in the
dielectric tensor and contributes to the imaginary part. In ad-
dition, there is a knee in the profile of TG mode near the lower
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hybrid frequency, and it does not becomes zero suddenly like
the collisionless case. This may cause the resonance to change
slightly near the lower hybrid frequency and can be used to
explain the frequency shift in the experiments. (%)

Based on the analysis of the dispersion relation, the dis-
tribution of wave fields and the corresponding power density
near the lower hybrid frequency is given in Figs. 2 and 3, re-
spectively. The magnetic field is By = 2000 G and the value
of o /o is 1.53. Tt is shown that the wave fields in the bulk
region of the plasma is small and only has a large amplitude
near the boundary. This phenomenon is consistent with the re-
sults of the wavenumber given in Fig. 1. When the frequency
o is close to ay,, the wavenumber of helicon mode becomes
zero and TG mode tends to be infinite. Therefore, the wave
can hardly propagate in the center of the plasma and is only
damped quickly near the boundary. The radial power density
shown in Fig. 3 further confirms this conclusion. The power
deposition in the bulk region of the plasma is trivial and the
main contribution concentrates in a very thin layer near the
boundary. This also provides the evidence of the resonance
when  reaches wy,.

~ 5 2
g
~ 0 —~ 0
Z s o _
(=] S
= =10 N —4
B —15 —6
E o0 — 10
> s 2 0 pa—
S —-10 = —10
< 15 = —20
= T
= 4 8
; 2 9/ ’ ]\
% 0
= 0 (S U e
B9 _5
0 1 2 0 1 2
T/TP T/Tp

Fig. 2. Radial profiles of electromagnetic fields at 6 =0, z = L/4,
By =2000G, ng =5.6x 10" m=3 and Iy = 15 A.

1012

1019%

108k

Pops (W/m?)

106

104

0 02 04 06 08 1.0

r/Tp

Fig. 3. Power absorption distribution in the radial direction for the case
of Fig. 2.

3.2. Parametric investigation

In this subsection, the parametric investigation of the
power deposition near the lower hybrid frequency is achieved.
The influences of the RF frequency, applied magnetic fields
and the plasma density on the power deposition are analyzed.

Figure 4 shows the plasma resistance versus the magnetic
field for different / modes and plasma densities, and the RF
frequency is fixed. As is seen, the resistance when ® < y, has
numerous local peaks in the regime of two waves propagating.
Then, when the lower hybrid frequency is near the wave fre-
quency, the plasma resistance presents few sharp peaks. This
can be explained by the existing eigenmodes near @y, pro-
posed by Cho.[!3 For I = 2 the resistance is up to 15.08 Q.
However, for different / modes, the peak location changes
with the magnetic field and the plasma density. It can be ex-
plained by the dispersion relation of Eq. (8). The perpendicu-
lar wavenumber is effected by the By and ng and leads to the
variation of the eigenmodes. Therefore, the corresponding lo-
cal peak varies.

20[ (a) 1 mode

T
—Il=2 ‘
15F —1=4 |
=38 '
~ —I=all ;
€ 10 :
= :
| i SL
0 i 2 : : ,
0 02 04 06 08 1.0 1.2 14
win/w
20 — ,
(b) Plasma density '
15| — 10 =2.8X10'% m~3
— np=>5.6X1018 m—3 '
nog = 1.1x10" m—3 :
S 10t :
& !
5f |
SSL=1

O 1 1 1 I
0 0.2 04 06 08 1.0 1.2 14
Wi/ w

Fig. 4. Resistance profiles varying with the ratio @y, /®. The RF frequency
is fixed at 13.56 MHz. The magnetic field is varied. (a) The case for dif-
ferent / modes, with the plasma density 5.6 x 10'8 m=3. (b) The results for
different plasma densities with [ = 4.

Figure 5 represents the 2D color maps of resistance vary-
ing with the magnetic field and plasma density. The different
wave propagation regimes are separated by the dashed line,
and the solid lines are the separatrix of the lower hybrid fre-
quency. Below the red solid line, we can see numerous local
peaks in the two wave propagating regimes. The linear relation
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between the magnetic field and plasma density for the plasma
resistance is achieved. This can be explained by the dispersion

(22,33

relation of helicon plasmas I and has been confirmed in

the experiments. 32341

Near the lower hybrid resonance, several isolated peaks
of resistance emerge and the linear relation between the mag-
netic field and plasma density for the local peaks still holds.
There is a transition near the lower hybrid frequency. The

linear slope for the peaks is changed and the values of these

R (Q)
2000 a— 5
1500
— 3
Y 1000
S 2
500
1
0 0
o 1 2 3 4 5
ngo (1019 m~3)
R (Q2)
2000 3
1500
2
2 1000
(=)
A 1
500
0 0

peaks are much higher than the peaks below the separatrix,
because of the resonance. Near the lower hybrid frequency,
the perpendicular wavenumber of TG wave goes to infinity.
The resonance dominates the behavior of wave propagation.
Hence, the larger power deposition is achieved. In Fig. 5(d),
all / modes are taken into account. More local peaks lie in the
regime above the red line. This also confirms that the reso-
nance is the main mechanism of the power deposition for he-
licon plasmas when @ is near @.

R ()
2000 . 8

By (G)

0 1 2 3 4 5
ng (1019 m=3)

Fig. 5. The 2D color map of resistance varying with both the magnetic field and plasma density for different / modes. The red dashed line
represents the different wave propagation regimes and the red solid line is the separatrix of the lower hybrid frequency.

20 T "
—f/fo=0.25
— f/fo=0.5
15F — f/fo=1
S 10}
=
5 L
0 0.2 04 06 08 1.0 1.2 14
Wi/ w

Fig. 6. Plasma resistance versus magnetic field and wave frequency.
The resistance is as a function of magnetic field with different frequen-
cies. The nominal frequency fj is 13.56 MHz.

Figure 6 gives the resistance for different RF frequency
as a function of magnetic fields. All / modes are taken into
account. The local peaks appear in the case of ® < @y. The
higher applied frequency is applied, the higher resistance is
achieved, provided that the magnetic field increases propor-

tionally. Near the lower hybrid resonance, there is a larger
local peak of the resistance. This keeps consistence with the
previous results. Additionally, we can observe the monotonic
dependence of the resistance with the antenna frequency in
terms of Eq. (21). At a fixed oy, /o, the power absorption is
larger when the emission frequency is increasing.

4. Conclusion

The (0D) dispersion relation and the 1D radially plasma—
wave interaction model have been established to investigate
the characteristics of the plasma-wave interaction near the
lower hybrid frequency. The wave propagation near the lower
hybrid frequency are described according to the dispersion re-
lation of helicon plasmas. The power deposition mainly con-
centrates on a thin layer near the boundary. Furthermore, the
parametric investigation is illustrated. When the frequency is
near the lower hybrid frequency, the plasma resistance can
reach a local peak because of the lower hybrid resonance.
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The resonance is effected by the plasma density and paral-
lel wavenumber and leads to the frequency shifting of the lo-
cal peak. The linear relation between the magnetic field and
the plasma density is still satisfied but a transition leads to a
change of slope. The plasma resistance is increasing when the
emission frequency is larger and the relation between the fre-
quency and magnetic field is linear.
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