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Abstract
In this work, we investigated the discharge characteristics and heating mechanisms of argon
helicon plasma in different wave coupled modes with and without blue core. Spatially resolved
spectroscopy and emission intensity of argon atom and ion lines were measured via local optical
emission spectroscopy, and electron density was measured experimentally by an RF-
compensated Langmuir probe. The relation between the emission intensity and the electron
density was obtained and the wavenumbers of helicon and ‘Trivelpiece-Gould’ (TG) waves were
calculated by solving the dispersion relation in wave modes. The results show that at least two
distinct wave coupled modes appear in argon helicon plasma at increasing RF power, i.e. blue
core (or BC) mode with a significant bright core of blue lights and a normal wave (NW) mode
without blue core. The emission intensity of atom line 750.5 nm (IArI750.5nm) is related to the
electron density and tends to be saturated in wave coupled modes due to the neutral depletion,
while the intensity of ion line 480.6 nm (IArII480.6nm) is a function of the electron density and
temperature, and increases dramatically as the RF power is increased. Theoretical analysis shows
that TG waves are strongly damped at the plasma edge in NW and/or BC modes, while helicon
waves are the dominant mechanism of power deposition or central heating of electrons in both
modes. The formation of BC column mainly depends on the enhanced central electron heating
by helicon waves rather than TG waves since the excitation of TG waves would be suppressed in
this special anti-resonance region.

Keywords: argon helicon plasma, wave coupled mode, optical emission spectroscopy, helicon
waves, TG waves

(Some figures may appear in colour only in the online journal)

1. Introduction

Helicon plasmas have attracted great attention in applications
of material processing, surface treatment and electric thrusters
due to their high ionization rate and high plasma density
[1–4]. Most researches in helicon plasma sources have been
carried out in a wide range of electron density from 1010 to
1014 cm−3 under relatively low external magnetic fields
(0.1 mT–0.1 T) and radio-frequency (RF) power (1–5 kW)

[5–8]. For ion heating in large linear devices, helicon plasma
sources were also studied under higher magnetic fields
(0.1–5 T) and higher RF powers (10–100 kW) [9–12]. Argon
helicon plasma is the most common one investigated in recent
years [7–10, 13–15]. One of the unique characteristics of
argon helicon discharge is the mode transition characterized
by a significant jump of electron density at increasing RF
power or magnetic field, showing at least three fundamental
discharge modes, i.e. the capacitively coupled (E) mode,
inductively coupled (H) mode and wave coupled (W) mode in
various setups [16–21]. In some conditions, a centralized blue
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core (BC) or big blue can be observed in W mode, char-
acterized by an intense column of blue light in radial axis of
discharge tube and a dramatic increase in plasma density
[21–23]. Sometimes, the appearance of BC was also used as
an identification of W mode [16, 21, 23–25], but this is not
always correct since it is only one of the wave coupled modes
whose characteristics and mechanisms of power absorption
are different from the others.

Generally, the wave excited in a helicon plasma source
consists of two components, i.e. the weakly damped, bounded
whistler or fast ‘helicon’ waves, and the strongly damped,
slow or ‘Trivelpiece-Gould’ (TG) waves [26–31]. The two
components provide the power release in different regions of
the plasma. TG waves, which satisfy the dispersion relation at
low plasma density np (np<nLH, where nLH is lower-hybrid
(LH) density), are excited and deposit power at the plasma
edge [32–34]. While helicon waves, which satisfy the dis-
persion relation at the higher np, are excited and deposit
power inside the plasma core [27–30, 35]. Indeed, regardless
of where the power coupling occurs, helicon modes typically
have centrally peaked electron density profiles, especially in
high-density BC mode [14, 17, 22–24, 35–37]. The central
heating mechanism was not usually explained by any linear
collisional heating theory of the helicon waves due to the
weak damping rate of the helicon waves estimated from the
dispersion relation. Instead, non-linear heating mechanisms
such as parametric decay of a helicon wave into an ion-sound
wave and a highly damping TG wave were suggested as a
possible explanation [7, 9, 10, 38–40]. However, it is noticed
that the linear collision theory of the helicon waves may still
play a key role in central power deposition at the high-density
region. Carter et al [37] considered that for high-density
plasma (�5×1012 cm–3) where the TG waves are non-
existent or damped over a very short distance, the collision
damping and focusing of the on-axis helicon waves play an
important role. Piotrowicz et al [35] also proposed that the
production of centrally peaked density profiles necessitates
the deposition of power directly in the core, which is acces-
sible via helicon waves. Recently, Isayama et al [41, 42]
suggested that the generation of centrally peaked, flat or
hollow density profiles is due to the different contributions of
TG waves. However, the effect on power deposition of
helicon and/or TG waves in BC mode or the other wave
modes has still not been clearly clarified in both theory and
experiment. Especially, electron density profiles in different
wave modes are much different. A more precise measurement
of the internal structure of the plasma distribution is needed.
High-spatial-resolution measurements of the plasma para-
meters are therefore essential and helpful for analyzing the
characteristics of BC mode as well as the other wave modes.

Optical emission spectroscopy (OES) is one of the
widely used measures to diagnose the characteristics of
helicon plasmas since it is comparatively cheap, versatile and
non-intrusive [43, 44]. OES has advantages of no scan volt-
age, unaffected by the plasma potential oscillations, magnetic
and electric fields than Langmuir probe (LP) [45, 46]. Most
notably, a spatial-resolved local OES (LOES) can be used for
space-resolved diagnostic by means of a local fiber-optic

probe [13–15]. In this way, the high-spatial-resolution profiles
of electron density and temperature can be obtained. It was
confirmed that the atom line Ar I 750.5 nm can quantitatively
characterize the relative electron density since the line Ar I
750.5 nm is generated by electrons directly colliding with
ground state particles in helicon plasma [13]. But this linear
relation between Ar I 750.5 nm and electron density seems to
be only valid for lower ionization rate and constant electron
temperature, which is not valid for helicon plasma with blue
core. Detailed spatial distribution of plasma parameters is
essential for qualitative analysis.

In this work, we presented the experimental investigation
based on LOES and LP together with theoretical analysis,
aimed to deeply understand the radiative characteristics and
the mechanisms of power absorption in various wave modes
of argon helicon plasma.

2. Experimental setup

The experimental setup is schematically shown in figure 1(a),
which has been used previously [13, 15]. Briefly, the dis-
charge tube is made of a quartz with diameter of 6 cm and
length of 45 cm. One end is connected to a vacuum chamber
(50 cm in length and 33 cm in diameter) and the other is
sealed by a dielectric plate (polytetrafluoroethylene, PTFE).
Two Helmholtz coils with a distance of 10 cm around the
source tube are used to create a uniform axial static magnetic
field in the antenna region, ranging from B0=0 to 500 G.
The magnetic coils are cooled by water to maintain the sta-
bility of the magnetic field during discharge. Figure 1(b)
shows the calculated contour of magnetic field intensity, with
the averaged field of B0≈500 G. The distributions of three
measured magnetic fields on the central axis are shown in
figure 1(c). In the antenna region, the magnetic fields
B0=100, 300 and 500 G are nearly uniform, but decrease
greatly away from the antenna. Pure argon is injected into the
discharge tube via the gas inlet of the PTFE cap. RF power at
13.56 MHz is coupled to the plasma via a matching box
connected to a half-wavelength helical copper antenna of
15.5 cm in length located outside of the quartz tube. The input
RF power is PRF=50–2000 W in experiments and the value
is read out directly from the RF power supply. The back-
ground pressure in the quartz tube and the stainless-steel
vacuum chamber is pumped by a turbo-pump to as low as
10−4 Pa before argon is filled, with a working pressure of
p0=0.6 Pa in experiments.

Plasma parameters are diagnosed by OES via a four-
channel spectrometer AvaSpec-ULS3648. For spatial resolu-
tion, LOES has been adopted as did in our previous works
[13–15]. An RF-compensated Langmuir probe (LP, ALP
system, Impedans) is also mounted to calibrate the electron
density and temperature. The LP and LOES fiber probes can
be moved in radial and axial directions, to measure a two-
dimensional (2D) profile of plasma parameters inside the
tube. To describe conveniently, a cylindrical coordinate is
selected with the origin (r=0 cm, z=0 cm) at the center of
the antenna, as shown in figure 1(a). The time-integrated
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images are recorded by a CCD camera (Nikon D5100). A
bandpass optical filter with a central wavelength of 750 and/
or 480 nm and a half-bandwidth of 10 nm is placed in front of
the camera so that the only light from atom or ion emission is

collected. The camera lens is fixed to the antenna center or the
observation window with a bracket for side- and end-on
views. The end-on view of the discharge image is reflected by
a flat mirror. For comparison, the discharge images with a

Figure 1. Schematic of experimental setup (a), the calculated contour of 500 G static magnetic field (b), and the distribution of measured
magnetic field (100, 300 and 500 G) along the central axis (c).
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filter of given atom or ion emission lines are also recorded.
The exposure time is the same for the same discharge con-
ditions. The wave fields (magnitude and phase) are measured
by an RF magnetic probe (or B-dot probe) on the central axis
along the plasma column (−14 cm<z<18 cm). The head
of the probe consisting of 4-turn thin copper wire (0.2 mm in
diameter) is protected by a Pyrex tube (6 mm in diameter) and
connected to a transformer by series-connected coaxial cables
(as Sun et al did in [47]). The probe is made of inner con-
ductors of two semirigid 50 Ω coaxial cables with grounded
shield and subtracts the electrostatic component via a center-
tapped transformer. The primary winding of the transformer is
made of a twisted pair cable, and a Faraday shield between
the primary and the secondary winding of the transformer can
minimize capacitive coupling or common mode signals. The
frequency response of the probe is about 13.56 MHz. The
output waveforms are monitored and saved with a digital
oscilloscope (Tektronix MDO4104C). The amplitude and
phase of the wave (with respect to the antenna current mea-
sured by a Rogowski coil (Pearson 110)) are obtained by
taking fast Fourier transform of the recorded waveform.

3. Experimental results

Argon helicon plasmas are produced under various condi-
tions. The mode transitions of helicon discharge, spatial
profiles of plasma density and temperature are investigated
based on the measurements of LOES, CCD images and RF-
compensated LP.

3.1. Mode transition of helicon discharge

Typically, argon helicon plasma undergoes three or four
discharge modes depending on the external magnetic field at
increasing RF power (also seen in the other experiments
[13–21]), characterized by an abrupt change in plasma density
and OES intensity, as shown in figure 2. The density and light
emission are measured at the antenna center (i.e. r=0 cm
and z=0 cm).

At a higher magnetic field of B0=500 G, there are three
jumps on the curve, exhibiting four distinct stable operating
regions. The discharge firstly operates in E mode, and transits
to H mode at RF power around PRF=500W. During this
transition, the electron density jumps from ∼3.1×1011 to
∼1.1×1012 cm−3. At PRF�1000W, discharge transits
from H mode to W mode, with the electron density jumping
from ∼2.9×1012 to ∼4.1×1012 cm−3. Above 1500W, a
blue core is formed, accompanied by a density jump from
∼5.6×1012 to ∼7.6×1012 cm−3. This wave mode is sig-
nificantly different from the former one. To distinguish them,
we named the wave mode with a blue core as ‘blue bore (or
BC)’ mode, while that without blue core as ‘normal wave (or
NW)’ mode. The plasma density generally increases linearly
with the RF power in each mode, but with different slopes.
For example, the slope is significantly larger in BC mode
(with the value of ∼1.1×1010 cm−3 W−1) than in NW mode
(with the value of ∼3.9×109 cm−3 W−1) at B0=500 G.

At a lower magnetic field (B0=100 and 300 G in
figure 2(a)), BC would not appear. This is similar to the
previous work [13, 15]. At B0=300 G, there exists the H-W
transition around PRF=950W. But the electron density in
this NW mode is less than 5.6×1012 cm−3. At B0=100 G,
E-H-W mode transitions occur, and that the electron density is
relatively lower. In fact, there is a critical magnetic field for
BC mode to appear, e.g. B0�350 G in this work.

For comparison, the emission intensities of atom line (Ar
I 750.5 nm) and ion line (Ar II 480.6 nm) were measured by a
spatially resolved LOES at increasing RF power, as shown in
figure 2(b). The change of 750.5 nm intensity has the same
trend as the electron density in E and H modes. But the
intensity tends to be saturated in W (both NW and BC)
modes. On the contrary, the intensity of 480.6 nm shows a
different changing trend. In E and H modes, its signal is
generally weak, but also increases slightly with RF power.
Entering W mode, the 480.6 nm intensity increases dramati-
cally, at least five times that of H mode in this work. The
changing trend is similar to the electron density at increasing
RF power. Clearly, mode transitions from E, H, NW modes to
BC mode can be observed from the intensity of 480.6 nm
emission as RF power is increased. This indicates that the

Figure 2. Electron density (magnetic field B0=100, 300, 500 G) (a) and emission intensity of Ar I 750.5 nm and Ar II 480.6 nm
(B0=500 G) (b) at increasing RF power.
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argon ion emission of 480.6 nm is a good index of the elec-
tron density as well as the mode transition of argon helicon
discharge.

3.2. OES characteristics in wave mode

In this section, we focused on the OES characteristics in
various wave coupled modes. In all cases, magnetic field is
B0=500 G, RF power is PRF=1200W for NW mode and
PRF=1500W for BC mode.

3.2.1. Spectra in NW and BC modes. Figure 3 shows the
comparison of emission spectra (400–900 nm) and time-
integrated images for NW and BC modes.

In NW mode (PRF=1200W, figure 3(a)), the emissions
of Ar atom lines (ranging from 600 to 900 nm) are dominant.
The discharge image shows a diffuse ‘blue’ column with a
pink edge. In BC mode (PRF=1500W, figure 3(b)), Ar ion
emissions (ranging from 400 to 600 nm) increase dramati-
cally, at least three times compared with that in NW mode,

while the atom emissions do not change obviously. Clearly,
an intense blue column with a diameter of about 2 cm
appears.

On the other hand, Ar ion emissions are also a label of
energetic electrons since the excitation energy is generally
higher, Uex�19.2 eV, while the atom emissions represent
total bulk electrons of relatively lower energy because the
excitation energy is relatively lower, Uex=13–15 eV. Then
the above results also indicate that the energy and density of
electrons are increased from the NW mode to the BC mode,
thereby enhancing the heating efficiency of electrons through
wave–particle interactions.

3.2.2. Radial profile. Figure 4 plots the radial distributions of
the emission intensity of Ar atom line (750.5 nm) and Ar ion
line (480.6 nm) in NW (1200W) and BC modes (1500W).
The LOES is measured in the center of the antenna
at z=0 cm.

In NW mode, both 750.5 nm and 480.6 nm emissions
have a similar ‘V-shaped’ profile, with maximum intensity in

Figure 3. Emission spectra and CCD images at RF power of (a) 1200 W and (b) 1500 W. The magnetic field is B0=500 G. The exposure
time is 1.0 ms for OES and CCD camera.
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the radial center. In BC mode, only 750.5 nm emission shows
the ‘V-shaped’ profile, but the intensity changes not so large
(about 8% between the maximum and minimum), indicating a
nearly uniform distribution (or flat profile). However, 480.6 nm
emission has a sharp and distinct change of intensity in the
radial profile. There is a clear boundary of ‘blue core’ around
r=±1 cm in figure 4(b), which is consistent with the plasma
image in figure 3(b). The blue core is always accompanied by a
large radial gradient (∼618 a.u. cm−1) of 480.6 nm emission
intensity compared with that in NW mode (∼392 a.u. cm−1).

Figure 5 shows the radial profiles of electron density (ne)
and electron temperature (Te) in the central section of the
antenna measured by LP in NW and BC modes under the
same conditions as figure 4.

Clearly, the electron density has a similar distribution as
750.5 nm and 480.6 nm emissions in NW mode, or a ‘V-
shaped’ profile. But in BC mode, the profile of electron density
is similar to the ion line Ar II 480.6 nm, not the atom line Ar I
750.5 nm. The peak density is about 1.5×1013 cm–3, a little
higher than that in NW mode (around 6.1×1012 cm−3). This
is also true for the radial density gradient from the center to the
edge, with the value of 5.2×1012 cm−3 cm−1 in BC mode

compared with 1.8×1012 cm−3 cm−1 in NW mode. Also, the
electron density shows a boundary of ‘blue core’ in profile at
r=±1 cm, which is similar to the 480.6 nm emission.

The electron temperature has a similar profile as the
density (see figure 4(b)). There is also a significant peak
(Te∼5.5 eV) in the radial center in BC mode. Differently,
the temperature is nearly uniform in the radial section in NW
mode, with a value around Te∼2.5 eV. This is also
consistent with the other measurements of argon helicon
plasmas [17, 43, 48].

These results of electron density, temperature and
480.6 nm emission reveal that the power deposition and the
heating mechanism in BC mode should be different from that
in NW mode.

3.2.3. Axial profile. Figure 6 plots the axial distribution of
emission intensity (measured by LOES) and electron density
(measured by LP) in NW and BC modes. The LOES and LPs
were located in the central axis of the discharge tube.

In two W modes, the emission intensity of 750.5 nm
decreases monotonically from up- to down-stream. The
position of intensity peak of 750.5 nm is close to the

Figure 4. Radial profiles (measured at z=0 cm) of relative emission intensity of 750.5 nm and 480.6 nm in radial axis of the antenna in (a)
NW and (b) BC modes. The magnetic field is B0=500 G.

Figure 5. Radial profiles (measured at z=0 cm) of (a) the ne and (b) the Te in NW and BC modes. The conditions are the same as figure 4.
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location of the gas feed (at z=−20 cm). While the
intensity of 480.6 nm firstly increases, then decreases,
forming a maximum in the lower half of the helical antenna
(at z=4 cm).

The distribution of electron density ne generally has a
similar trend as that of 480.6 nm emission in BC mode. The
density increases from 5×1012 to 9×1012 cm−3 from the
upper end of the antenna to the bottom, to form an obvious
peak around z=4 cm. However, the distribution in NW
mode is nearly uniform inside the antenna region, with a
density about 4×1012 cm−3. A little higher density in the
upper half of the antenna in NW mode might be due to the

higher gas pressure (near the gas feed position z=−20 cm).
But in BC mode, the neutral density is depleted significantly
since the ionization rate is much higher (∼70%) than that of
NW mode (∼9.6%) [14]. This dramatic neutral depletion and
the very large gradient of neutral density were measured
experimentally by Magee et al and Clarenbach et al [49, 50].
Recent experiments on the electric propulsion also described
the modification of the plasma density profile due to the
neutral depletion [51, 52]. In this case, the density reaches a
maximum in the antenna region at z=4 cm (or the lower half
of the helical antenna) along the direction of wave
propagation.

Figure 6. Axial profiles (measured at r=0 cm) of electron density ne, emission intensity of Ar I 750.5 nm and Ar II 480.6 nm at the central
axis for (a) NW and (b) BC modes. The magnetic field is B0=500 G. The upper and bottom rings of antenna are at z=−8 cm and 8 cm.

Figure 7. CCD images of Ar I 750.5 nm (left, (a)–(d)) and Ar II 480.6 nm emission (right, (e)–(h)). The upper images are of side-view, and
the lower ones are of end-on view. The magnetic field is B0=500 G.
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3.2.4. 2D distribution. 2D distribution provides a clear
picture of electron density and temperature in radial and/or
axial direction. Figure 7 shows the time-integrated CCD
images of plasma with band-pass filter of 750 nm and 480 nm
from side- and end-on views.

From NW mode to BC mode, Ar I 750.5 nm and Ar II
480.6 nm emissions do not change significantly in intensity.
But 750.5 nm emission becomes more uniform in the
measured region in BC mode, while 480.6 nm emission
shows stronger intensity and centralized distribution. The core
boundary also becomes clearer, corresponding to the large
gradient intensity in the radial direction at the edges, which is
very similar to the results of Thakur et al at increasing
magnetic field [21].

Figure 8 shows the 2D profiles of Ar II 480.6 nm
emission (also corresponding to electron density) by LOES in
NW and BC modes. The emission intensities are measured in
the axial section. The axial range is limited to z=−4 to 4 cm
in order to compare with the CCD images in figure 7.

This 2D map of emission intensity is actually a
combination of figures 4 and 6, but is more comprehensive
and clearer. In NW mode, there is a centralized peak in any
radial cross section along z-axis (see figure 8(a)). However, it
is not exactly the same in the radial direction, showing a
maximum in the lower half of the helical antenna. In BC
mode, there is an intense localized plasma column with
diameter about 2 cm in all the cross sections along the z-axis
(see figure 8(b)). The electron density within the column is
also not uniform, but has a maximum in the center and in the
boundary of the blue core, resulting in a center-peaked radial
profile which is similar to figures 4 and 5.

4. Discussion

From the results above, there are at least two wave coupled
modes in the present argon helicon plasma. The character-
istics are different from each other.

In NW mode without blue core, the emission of atom lines
is dominant. The radial distribution of plasma density shows a
‘V-shaped’ profile, similar to that of both atom and ion lines.
The temperature is nearly uniform in the radial section. The
axial profiles of electron density and ion lines are consistent in
the lower half of the helical antenna. While in BC mode, the
atom lines do not change obviously at increasing RF power,
but the ion emissions increase dramatically in intensity. An
intense blue core with a diameter of ∼2 cm appears. The
measured ne by LP and IArII480.6nm by LOES in the radial
section and a given axial range all have a much excellent
correlation. The atom line intensity IArI750.5nm in radial cross
section is nearly flat, with no large variation. However, the
gradients of the plasma density and the ion line are con-
siderably large. It indicates that it may be due to the change of
power deposition by helicon waves from surface to interior
region, to cause the apparent radial gradient in BC mode.

In this section, we derive theoretically the relation
between OES intensity and electron density as well as
temperature, and then calculate the wavenumbers k by solving
the dispersion relation and compare the heating mechanisms
in NW and BC modes.

4.1. Relation between OES and electron density

In argon plasma, the atom line Ar I 750.5 nm is one-step
excitation which is populated by direct excitation of electron-

Figure 8. 2D profiles of spatially resolved Ar II 480.6 nm emission by LOES in (a) NW and (b) BC modes in Ar helicon plasma. The white
dash lines mark the radial centre of antenna.
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neutral impact from ground state [50]. The upper level of the
line Ar I 750.5 nm with a radiative lifetime of 24 ns lies
13.5 eV above the ground state. According to the collisional-
radiative (CR) model of OES, emission intensity IArI750.5nm in
quasi-static equilibrium can be written as

t l=

=

( ) ( )
( ) ( )

I K A hc k T n n

C k T n n , 1

ArI750.5nm ArI750.5 ArI750.5 Ar Ar
dir

e Ar e

1 Ar
dir

e Ar e

/

*

where KArI750.5 is a factor with the spectral response of the
spectrometer, AArI750.5 is the optical emission probability for
the transition, τAr is the life time of excited state, h is the
Planck constant, c is the speed of light in vacuum, λ is the
wavelength of the transition, ne is the electron density, nAr is
the density of argon ground state particle, ( )k TAr

dir
e is the

coefficient rate for electron impact excitation from the ground
state which is a function of the electron temperature.
Obviously, except the plasma parameters ne, nAr and ( )k T ,Ar

dir
e

the other coefficients on the right side of equation (1) can be
replaced by a constant t l= ( )C K A hc1 ArI750.5 ArI750.5 Ar /* for a
given emission line.

The ion line Ar II 480.6 nm has a shorter lifetime
(τ≈7 ns) and much higher excitation energy, i.e. 19.2 eV
and 35 eV for excitation from the ground state of argon ions
(two-step process) and atoms (single-step process), respec-
tively. Since the upper ion level is mainly populated by
excitation from the ion ground state Ar+, and both ionization
and excitation are proportional to the electron density, the
intensity IArII480.6nm is expected to be proportional to the
electron density ne and the ion density nAr+ [44, 45], or

t l= + + +( ) ( )
( )

I K A hc k T n n ,

2
ArII480.6nm ArII480.6 ArII480.6 Ar Ar

dir
e e Ar/

where +( )k T
Ar
dir

e is the coefficient rate of electron impact
excitation from ion ground state which is also a function of
electron temperature when the electrons group follows a
Maxwellian electron energy distribution function (EEDF)
[44, 50]. Under steady-state conditions and the assumption of
quasi-neutrality (ne≈nAr+), equation (2) can be written as

= +( ) ( )I C k T n , 3ArII480.6nm 2 Ar
dir

e e
2*

where the constant t l= +C K A hc .2 ArII480.6 ArII480.6 Ar /*
Equations (1) and (3) provide the relation between the

emission intensity and the electron density as well as temp-
erature. Indeed, it has been confirmed that a linear relation
between IArI750.5nm and ne is valid for a lower ionization rate
(so that the neutral density nAr is nearly constant) and con-
stant electron temperature [13]. In this work, the results of
OES (which gives IArI750.5nm) and LP (which gives ne) in E
and H modes are in good agreement and prove again the
validity of equation (1) (see figure 2(b)). In this case, argon
ion lines (including 480.6 nm) are relatively weak when the
discharge has not entered wave mode. Entering W mode (i.e.
NW and/or BC), 480.6 nm intensity IArII480.6nm, being pro-
portional to +( )k T n

Ar
dir

e e
2 according to equation (3), increases

much faster than IArI750.5nm at increasing RF power. Actually,
IArI750.5nm tends to be saturated according to equation (1) due
to the neutral depletion, i.e. lowering of the gas density nAr as

the temperature of the neutral atoms increases as well as the
ion density (and hence the ion partial pressure) increases
when the ne and Te increase dramatically from NW mode to
BC mode [14, 43, 49, 50].

To verify this relation, we fitted the experimental data in
figure 2(b) by considering the influence of the electron temp-
erature Te (see section 3.1), obtaining the relation between
IArII480.6nm and the square root of Te times the square of ne
(n Te

2
e
0.5) in W modes, as shown in figure 9. Clearly, a linear

relation between the IArII480.6nm and the n Te
2

e
0.5 was obtained, i.e.

= =+( )I C k T n An TArII480.6nm 2 Ar
dir

e e
2

e
2

e
0.5* as equation (3)

(where +( )k T
Ar
dir

e of Ar II line can be considered as an approx-
imation function of the square root of Te [48, 53, 54], the con-
stant A is =A C2* = KArII480.6AArII480.6t l+hcAr / ). From
figure 9, the constant A is estimated to be A≈324 for BC mode
and A≈1300 for NW mode with a standard error of 8%. The
difference of A in the two modes is mainly due to the different
electron temperature. The relation between the IArII and the ne as
well as Te obtained from the experiment in helicon plasma is
consistent with the result of Scime et al [53].

4.2. Heating mechanism in NW and BC modes

Generally, in helicon plasma sources, both TG and helicon
waves contribute to the plasma heating/production process.
Surface and on-axis plasma heating in helicon plasma sources
by TG and helicon waves has been observed by many
researchers [26–35]. In high-density and high-magnetic field
discharges, the TG wave is strongly absorbed at the plasma
edge (∼mm). On the other hand, the weakly damped helicon
wave penetrates into the core region where it is absorbed and
drives on-axis plasma heating/production. Furthermore, it is
well known that the absorption of helicon waves can arise
from parametric decay instability, leading to the generation of
ion acoustic turbulence, which in turn can heat electrons and/
or ions [7, 9, 10, 38–40]. But this usually happens at a rela-
tively high magnetic field (saying more than 1000 G), where a
lower hybrid frequency approaches pump wave frequency

Figure 9. Relation between the IArII480.6nm and the n Te
2

e
0.5 in W

modes.
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(∼13.56MHz), or in the case of a low magnetic field
(20–40 G), parametric decay instability can grow when the
helicon wave is propagating near the resonance cone [55, 56].
In our experiment, the wave frequency is greater than lower
hybrid frequency (at B0�500 G) which suggests that para-
metric instability might not be the main driving mechanism.
From NW mode to BC mode, a center-peaked plasma profile
in high-density helicon plasma appears, which implies the
power deposition via helicon wave collisional or collisionless
processes in the center. To confirm this mechanism, we dis-
cussed the power deposition in both NW and BC modes.

4.2.1. Helicon and TG waves in k-space. When the electron
inertia is considered, the wave eigenmodes are found to be a
combination of helicon and TG waves [26–35]. Consider the
waves propagating as ~ w-( · )E E e k r t

0
i

   
in a field =B B z ,0




Maxwell’s equations are written as

w ´ = ( )E Bi , 4
 

m we ´ = -( ) ( )B j Ei , 50 0
  

and the equation of electron motion is

w n- = - + ´ -( ) ( )m v e E v B m vi . 6e 0 e
   

The plasma current density is

= - ( )j en v . 7e
 

Then equation (6) can be re-written as

d= - + ´( ˆ ) ( )E
B

en
j z ji , 80

e

  

where d w n w= +( )i ,ce/ w = eB mce 0 e/ (ν being the total
electron collision frequency with ions νe–i and neutrals νm).
Using equations (5) and (8) to eliminate j


and E ,


one can

obtain

w
m

d= -  ´  ´ +  ´ ´  ´{ [ˆ ( )]}

( )

B
B

en
B z Bi i .

9

0

e 0

  

The last term can reduce to  ´k Bi ,z


then equation (9)

becomes

d d m ´  ´ -  ´ + =( ) ( )B k B e n m B 0. 10z
2

e 0 e/
  

Equation (10) can be factored into

-  ´ -  ´ =( )( ) ( )k k B 0, 111 2


where k1 and k2 are the roots of

d d m- + =( ) ( )k k k e n m 0. 12z
2 2

e 0 e/

The root k1 corresponds to the usual helicon waves and k2
corresponds to the TG waves. The total wavenumber k has a
component of radial wavenumber kr and axial wavenumber kz
with respect to B0,

+ = ( )k k k . 13z r
2 2 2

In helicon plasmas, electron collisions play some roles on
the energy deposition. Collisional or collisionless energy

damping mechanisms can be employed to explain the
observed energy absorption [35, 57, 58].

4.2.2. In case of collisionless. We firstly consider the case of
collisionless. For that, we set ν=0 (or d w w= ce/ ) in
equation (12). Then the dispersion relation is

w
w

m w
- = ( )kk k

n e

B
, 14z

ce

2 0 e

0

or

w m w

w w
=

 -
( )k

k k n e B4

2
. 15

z z
2 2

0 e 0 ce

ce

/

/

The axial wavenumber kz can be determined by the axial
length of the antenna from power spectrum for the m=+1
component of half-helical antenna [46, 58–60], or

p
= =( ) ( )k l

d
l 1, 2, .... , 16z

A

where l is the axial mode number and dA is the antenna
length. Since the parallel and perpendicular components of
the wavenumber cannot vary continuously in a bounded
system, the density (for fixed B0) in the dispersion relation
will not vary in a smooth manner consequently, but must
jump when the mode changes [28, 61].

In this work, the wave mode transition from NW mode to
BC mode is considered to be an axial mode transition which
is accompanied by the wavenumber from kz =π/dA to kz
=2π/dA (i.e. the lowest two axial numbers of l=1 and 2).
Putting the antenna length dA=15.5 cm into the formula, the
wavenumber is estimated to be kz ≈0.2 cm−1 for NW mode
and kz ≈0.4 cm−1 for BC mode.

Figure 10 shows the measured amplitudes and phases of
the wave axial components for NW and BC modes along the
z-axis. The shaded regions represent the upper and the bottom
rings of the antenna. For each mode, helicon waves exist
along the entire axial area within the antenna, forming a
partially travelling-partially standing wave structure. This is
also consistent with the other measurements of argon helicon
plasmas [19, 61–65]. In NW mode, the amplitude of the
propagated helicon wave is maximum near the center of
the antenna (see figure 10(a)) while the amplitude of the
propagated helicon wave decays nearly 20% after the first
wavelength in BC mode (see figure 10(b)). The wavelength of
the helicon wave can be deduced from the measured phase
variation (l f= ( )z360 d dz / / ). Then the measured wave-
lengths in the center of the antenna from NW to BC mode are
found to change from λz ≈33.2–14.5 cm, corresponding to
the wavenumber increasing from kz ≈0.18–0.43 cm−1. It is
noticeable that the measured values of the kz in NW and BC
modes are very close to the theoretical prediction (∼0.2 cm−1

in NW mode and ∼0.4 cm−1 in BC mode).
The helicon-TG wave dispersion obtained from

equation (14) at B0=500G (w w » 0.009ce ) is shown in
figure 11 for the typical electron density in NW mode of
ne=4.5×1012 cm–3 and in BC mode of ne=1.3×1013 cm–3
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from figure 2(a). Here, the values of kz are obtained from the
above experiments in NW and BC modes.

Physically, the total wavenumber of the helicon wave
(left branch) is relatively smaller, while that of TG wave
(right branch) is larger.

In NW mode, the axial wavenumber obtained from the
experiment is 0.18 cm−1. For helicon wave, the total wave-
number is kHW=0.89 cm−1. Then the radial wavenumber is
kr,HW=0.87 cm−1 and the wavelength is λr,HW=7.2 cm. This
wave propagates at an angle of θ≈78.4° between k and B0. For
TG wave, the total wavenumber is kTG=19.1 cm−1. The radial
wavenumber is kr,TG≈kTG=19.1 cm−1 and the wavelength is
λr,TG=0.33 cm. This wave propagates at an angle of θ≈90°
to the magnetic field B0, or the TG wave propagates nearly in
the radial direction.

In BC mode, the axial wavenumber obtained from the
experiment is 0.43 cm−1. For helicon wave, the total
wavenumber is kHW=1.40 cm−1. The radial wavenumber is
kr,HW=1.32 cm−1 and the wavelength is λr,HW=4.7 cm.
This wave propagates at an angle of θ≈72.1° between k and
B0. For TG wave, the total wavenumber is kTG=46.8 cm−1.

The radial wavenumber is kr,TG≈kTG=46.8 cm−1 and the
wavelength is λr,TG=0.13 cm. This wave propagates at an
angle of θ≈90° to B0, or the TG wave in BC mode
propagates also nearly in the radial direction.

In both NW and BC modes, the TG wave has a large kTG
(or kr,TG) and hence a very short radial wavelength (less than
0.33 cm in this work). The kHW of helicon wave increases
from NW mode to BC mode, which is also consistent with
higher density operation according to the dispersion relation
of helicon wave [4]. Generally, the helicon wave should be a
standing wave in radial direction [19, 66]. At the boundary of
the plasma column, the wave is reflected, so that
kr,HW·r0=nπ/2 (where r0 is the column radius and n is
number of half waves). Then the radius of plasma column is
inversely proportional to wavenumber kr,HW. When the mode
transits from NW to BC, the kr,HW increases from 0.87 to
1.32 cm−1, hence the radius decreases from 1.8 to 1.2 cm (for
the smallest number n=1), causing the plasma column to
shrink.

4.2.3. In case of collision. Although the electron-neutral
impact νm in low pressure plasma (e.g. about
ng∼4.8×1013 cm−3 at p0=0.6 Pa in this work) and
moderate plasma density (ne∼1011–1012 cm−3 in this
work) is low (νm∼7.2×106 s−1) and not important for
efficient Ohmic heating of electrons, the electron-ion collision
νe-i increases significantly in helicon plasma due to the high
plasma density, so that the collision damping can still become
sufficient. In this case, the wavenumber is a complex, or
k=kRe+ikIm. The real part corresponds to the propagation
and the imaginary part corresponds to the damping or
dissipation of helicon and TG waves.

For TG waves, the complex radial wavenumber can be
obtained from equation (12), as [27, 28]

w
w n

=
+

( )k k
i

. 17r z,TG
ce

The dissipative part (or radial damping rate kr,TG) is

k
nw
w

= - ( )k . 18r z,TG
ce
2

Figure 11. Dispersion relation of helicon (left branch) and TG waves
(right branch) in kz–k space for NW (black solid line) and BC modes
(blue solid line). The axial wavenumbers kz=0.18 cm−1 (for NW
mode) and kz =0.43 cm−1 (for BC mode) are also indicated.

Figure 10. Measured amplitude and phase of the wave along the central axis for NW (1200 W) and BC modes (1500 W).
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Then we can define the damping depth of TG waves as

d k
w
w n

= =-∣ ∣ ( )
k

. 19r r
z

, TG , TG
1

2

ce

For helicon waves, the radial damping rate kr,HW can also
be obtained

k
w
w

m
= ( )e

k

n

m
, 20r

z
,HW

4

ce

3
e 0

e

2

⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

and the damping depth of helicon waves is

d k
w
w m

= =-∣ ∣ ( )k

e

m

n
. 21r r

z
,HW ,HW

1
4

ce
3

e

e 0

2

⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

The depths of helicon waves and TG waves penetrated
into the plasma at different electron densities can be
calculated accordingly, as shown in figure 12 for NW and
BC modes.

It is seen that the radial damping depths of helicon and
TG waves decrease (or the damping rates increase) with the
electron density for NW or BC mode, but with different
dropping trends.

In NW mode, the damping depth of TG waves decreases
gradually with increasing electron density, e.g. δr,TG=0.23 cm
decreases to δr,TG=0.16 cm, which is less than the radius of the
plasma column r0=3 cm, or k∣ ∣k r r 1.r r,TG 0 ,TG 0  This
indicates that TG waves are strongly damped near the plasma
surface. On the contrary, the damping depth of helicon waves is
d k= -∣ ∣ 52 cm,r r,HW ,HW

1  larger than the plasma column
dimension, or k r 1.r,HW 0  Thus, helicon waves will be
weakly damped in radial direction so that they can penetrate into
the center of plasma column.

In BC mode, TG waves have also a smaller damping
depth of δr,TG�0.06 cm and is easier to be dissipated near
the plasma surface via strong collision. While the damping
depth of helicon waves is d k= -∣ ∣ 77 cm,r r,HW ,HW

1  much
larger than the tube radius. Thus, helicon waves can also
penetrate into the plasma center, as that in NW mode. Then

the power deposition directly in the core should come from
helicon waves.

In both NW and BC modes, TG waves are strongly
damped near the plasma surface (less than 0.23 cm in this
work), while helicon waves propagate in the whole plasma
column. Then power deposition by central heating of
electrons should be dissipated by helicon waves rather than
TG waves, hence the radial profile of plasma density is highly
center-peaked. This is very consistent with other results where
the penetration depth of the TG waves is reduced by
increasing the plasma density and/or the magnetic field,
hence the on-axis plasma heating/production becomes
dominated by the helicon waves [32–35].

As is known, the TG waves are strongly damped and
deposit energy only in a narrow surface of the plasma column,
and thus providing a surface channel of the RF power input
[32–34]. This is a case in general, i.e. when the plasma source
is far from the anti-resonance region. However, the quenching
of TG wave in anti-resonance region has a strong influence on
the RF power absorption in the helicon plasmas
[27, 28, 35, 67]. TG wave in anti-resonance region is
suppressed near the surface, followed by a considerable
redistribution of the input RF power in favor of the helicon
channel due to total RF power released to both helicon and
TG wave components.

The anti-resonance condition of TG waves takes the form
of [27, 35]

k
»

= »
[ ( )] ( )

[ ( )] ( )
J k r J k r

J k r r

Re
0 and Im 1, 22

r r

r r

1 ,HW 0 1 ,HW 0

1 ,HW 0 ,HW 0 

where J1 is the first Bessel function. Most experiments
generated the lowest radial mode with an m=+1 antenna, so
that k rr,HW 0 is the lowest Bessel root of 3.83 [4].

In our experiments, the tube radius is r0=3 cm. Then
kr,HW=3.83/r0=1.27 cm−1, which is much close to the
experimental result kr,HW≈1.32 cm−1 (see BC mode in
figure 11). Also, k =r 0.01 1r,HW 0  (see BC mode in
figure 12). Thus, the conditions in BC mode almost satisfy the
anti-resonance condition of TG waves in equation (22). The
anti-resonance for TG waves can considerably redistribute the

Figure 12. The penetrated depths of (a) helicon (δr,HW) and (b) TG waves (δr,TG) as a function of electron density ne. The shaded frames
represent the ne ranges for NW and BC modes in experiment, respectively.
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input power in favor of helicon waves, resulting in a highly
center-peaked density profile in BC mode (see figure 5(a)). At
the same time, the V-shaped radial profiles of Te in BC mode
show an obvious central heating (around 1.5 times larger than
the edge), while the nearly uniform profile of Te (∼2.5 eV) in
NW mode reveals the existence of edge heating (see
figure 5(b)). This is basically consistent with the previous
reports [e.g. 35, 67, 68], indicating a change from edge
heating to central heating through the radial electron
temperature and electric field profiles as well as power
deposition, accompanied by the transition to BC mode.
According to this mechanism, the transition from NW to BC
mode in a helicon plasma looks like a transition from general
helicon waves propagation into the anti-resonance region of
TG waves with enhanced volume absorption by helicon
waves, although the transition conditions are needed to be
clarified.

5. Summary

We investigated the different characteristics of normal wave
mode and blue core mode in argon helicon plasma. At higher
magnetic fields (B0=350 G above in this work), argon
helicon discharge undergoes a mode transition from NW
mode to distinct BC mode at increasing RF power, accom-
panied by the rapid increase in plasma density and argon ion
emissions. In two wave modes, atom line emissions depend
on the neutral and electron density and tend to be saturated
due to the neutral depletion, while the ion line emissions are
related to a function of the electron density and temperature,
and increase dramatically when entering wave modes. In NW
mode without blue core, the emissions of atom lines are
dominant. The plasma density shows a ‘V-shaped’ radial
profile, and the electron temperature is nearly uniform in
radial cross section. In BC mode, there exists a bright blue
column of argon ion emissions in the tube center, showing a
highly center-peaked radial profile of electron density and
temperature. There are great gradients of plasma parameters
that define the boundary of the BC column.

The calculated wavenumbers k from the dispersion
relation show that the radial wavenumber kr and damping rate
kr of helicon waves are much smaller than that of the TG
waves. The power deposition by central heating of electrons
should be dissipated by the weakly damped helicon waves
rather than the strongly damped TG waves, hence the radial
profiles of plasma density are center-peaked in two wave
modes. However, the radial plasma profile in the BC mode is
more center-peaked due to the enhanced central electron
heating of the helicon waves, which is a feature of the TG
waves anti-resonance region. The transition mechanism
between BC and NW modes needs to be further investigated.
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