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Abstract
Time-dependent measurements of the temperature and density of the
Ar∗(3P0) metastable atoms in two high-density pulsed helicon discharges,
deduced from the absorption profile of the 772.42 nm argon line, are
presented. A single-mode tuneable diode laser is used for recording these
profiles, and temperatures up to 1000 K are obtained from their Doppler
width. As in high-density plasmas the metastable and ground-state atoms
are strongly coupled by electron impact collisions, the temperature of the
metastable atoms reflects the gas temperature. From the time variation of
the Ar∗(3P0) density during the discharge pulse we were able to deduce the
density of the ground-state argon atoms and found for the helicon regime
that the neutral atoms can be depleted by more than a factor of 10. Over a
wide range of plasma parameters, we examined the axial asymmetry that is
characteristic for helicon discharges with helical antenna coupling. In
particular, we analysed the plasma-induced emission of the Ar (750 nm) and
Ar+ (461 nm) lines as well as the electron density in the beginning of the
plasma pulse to better understand the evolution of the plasma and the
transition to the helicon regime. The measurements of the gas temperature
and the metastable density reveal the asymmetry to become pronounced
when the discharge changes from inductively coupled plasma to the helicon
discharge. In the helicon regime, the argon atom depletion of up to 90% and
ionization degrees up to 65% were achieved in the antenna zone. In the
afterglow, all excited states of argon, including the Ar∗(3P0) state, are fed by
electron–Ar+ ion recombination. The measured very high temperature of
Ar∗(3P0) atoms is partially related to the temperature of the Ar+ ions.
Production of Ar+ in its excited states is also observed during several
hundreds of microseconds in the afterglow. It is related to the electron–Ar2+

ion recombination and indicates the presence of a significant amount of
doubly charged argon ions in the present helicon plasmas.

1. Introduction

Helicon discharges are produced and sustained by helicon
modes that are whistler waves travelling in a magnetized
plasma column, i.e. in bounded plasma [1, 2]. These high-
density sources operate typically at frequencies between the

lower hybrid and the electron cyclotron frequency. To launch
the rf power into the plasma various antennas have been used.
The distribution of the rf current flowing in the coupling
antenna is crucial for the rf power deposition and, thus, the
spatial distribution of the plasma parameters depends on the
particular antenna geometry. In case of helical antennas, a
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pronounced axial asymmetry with respect to the centre of
the antenna may be observed, which can be attributed to the
different propagation behaviours of the helicon modes [3–6].
If the rf power is coupled to the plasma column via a right-
handed helical Shoji-type antenna [7], helicon modes with the
azimuthal mode number m = +1 propagate on one side of
the antenna and m = −1 on the other side, depending on the
direction of the magnetic field. However, in most cases, the
m = +1 mode carries the major fraction of the rf power so that
the rf power is deposited preferably on the corresponding side
of the antenna. In the following, we denote this side, where the
electron density is higher, as the m = +1 side of the antenna
and the other as the m = −1 side.

In this paper, we have measured the time-dependent
electron and argon metastable densities on two highly ionized
pulsed helicon discharges in argon. The emission intensities
of several atomic and ionic lines have also been analysed. Our
data enable us to deduce, for the first time, the variation of
the gas temperature Tg in a wide range of parameters during
the rf pulse as well as in the afterglow. Tg was obtained
from the evolution of the Doppler profile of the 772.42 nm
(2p2 ← 3P0) absorption line. In the present helicon discharges
with electron densities ne > 1018 m−3 and a temperature
Te ∼= 3 eV, the Ar∗(3P0) metastable atoms are produced by
direct electron impact excitation of the ground-state atoms,
or through the higher lying excited states after radiative
cascades. Under these conditions, the main destruction
mechanism of the Ar∗(3P0) atoms is by collisions with
electrons. They include transfer to the adjacent resonance state
Ar∗(1P1),

Ar∗(3P0) + e → Ar∗(1P1) + e, (1)

followed by the emission of 104 nm radiation to the ground-
state as well as ionization, excitation to the higher 4p states
and transfers to the Ar∗(3P1) and Ar∗(3P2) states. We should
point out that even in discharges with very low electron
temperature, the reported relative populations of Ar∗(3P2) and
Ar∗(3P0) metastable states are often very close to the ratio of
their statistical weights 5

1 [8]. It is obvious that in helicon
discharges, the equilibrium condition by electron collision
transfer between states is fully satisfied. Therefore, at any time,
the Ar∗(3P0) density is representative of the total metastable
density in the plasma.

The total electron impact quenching rate coefficient
of Ar∗(3P2) metastable atoms, kq, was measured as 2 ×
10−13 m3 s−1 for Te > 0.3 eV [9, 10], and we expect a similar
rate coefficient for reaction (1), even if a coefficient three
times larger has been proposed in [11]. For electron densities
ne > 5 × 1017 m−3 considered in this paper, the lifetime of
the monitored Ar∗(3P0) metastable atoms is therefore short
enough (<10 µs) to preserve their velocity distribution, i.e.
that of the ground-state argon atoms, when they are produced.
Moreover, the cross-section for metastability exchange, σmx,
through collisions between metastable and ground-state atoms
is about 1 × 10−18 m2 3. These atoms exchange momentum

3 σmx is deduced from the diffusion coefficient of argon metastable atoms
in argon, D = 1.7 × 1020 molecule m−1 s−1 at 300 K [12], given by
D = (3π/16

√
2)〈w〉/σ , where 〈w〉 is the mean velocity of argon atoms at

300 K [13].

at a rate frequency of about 1 × 105 s−1. Therefore, the
temperature deduced from our measurements corresponds to
the temperature Tg of the neutral atoms.

The results presented in this paper also give information
on the variation of the neutral gas density ng during the
plasma pulse. Knowledge of Tg and ng enables us to estimate
more accurately the different collisional and collisionless
rf absorption processes in the plasma. Moreover, they
are indispensable quantities for a proper self-consistent
description of helicon discharges as well as for the evaluation
of emission spectroscopic measurements with the aid of a
collisional-radiative model for argon. As helicon discharges
have high electron density and low gas pressure, the dominant
processes are electron impact excitation and de-excitation,
ionization and radiative decay; metastable diffusion to the wall
and their de-excitation in collisions with argon atoms [12, 14]
can be neglected.

This paper is arranged as follows. In section 2, we describe
the experimental set-up and, in particular, the principles of
the absorption measurements. The experimental results are
presented and interpreted in section 3. First, we describe the
formation of the helicon discharge discussing, in particular,
the asymmetry of the discharge and the electron heating
mechanism. In the following sections, we deal with the density
evolution of the metastable argon atoms, the neutral gas atoms
and the electrons during the rf pulse; we also describe the
temporal behaviour of the metastable atoms in the afterglow.
Finally, section 4 contains conclusions.

2. Experiment

The measurements were carried out on two pulsed helicon
wave discharges operating in argon, the high-density discharge
HE-S with small diameter shown in figure 1 (rp = 2.8 cm,
Lp = 1.4 m) and the large-volume helicon source HE-
L (rp = 7.8 cm, Lp = 2 m) [5, 6]. The plasma was
produced by rf power pulses (Prf � 2 kW, τpulse = 2 ms,
fpulse = 25 Hz) through helical antennas surrounding the
discharge tube (quartz). The coupling antenna used on HE-S is
essentially a twisted double-saddle coil consisting of two pairs
of helical windings with opposite direction of the rf current
and 180˚ pitch over the antenna length La = 11 cm. Figure 2
shows a schematic of the antenna where, for simplicity, the
rf power input connectors have been omitted. In practice,
the two current circuits are in series forming one circuit
(see [15]). On HE-L, we used a (Shoji-type [7]) helical
antenna of length La = 22 cm. The particular geometry of
both antennas provides m = +1 (m = −1) helicon mode
excitation in positive (negative) magnetic field direction. The
experimental parameters are typically ne � 6 × 1019 m−3,
Te ≈ 3 eV, frf = 25 MHz, p = 0.5–3 Pa and B0 � 0.16 T
for HE-S, while in HE-L the electron density is a factor of
five smaller, and the remaining parameters are Te ≈ 3 eV,
frf = 13.56 MHz, p = 0.1–2 Pa and B0 � 0.1 T. In this
paper, we mostly present data from the HE-S discharge, but
comparable results have also been obtained on the HE-L
device.

The temperature and the mean density of the metastable
Ar∗(3P0) atoms (also identified as 1s3 in Paschen and 4s′[1/2]0

in Racah notations, respectively [16]) were deduced from
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Figure 1. Experimental set-up of the HE-S helicon discharge.

m = +1, kz > 0

B0

m = -1, kz < 0

Figure 2. Helicon antenna on the HE-S helicon discharge.

absorption spectroscopy measurements by means of a single-
mode diode laser scanning the 772.42 nm (2p2 ← 3P0) line.
Figure 3 shows a schematic of the experimental set-up.
After being sufficiently attenuated to avoid saturation and
optical pumping [17], the laser beam crosses the plasma tube
transversely, 5 and 43 cm apart from the ends of the helical
antennas on the HE-S and HE-L discharges, respectively.
To double the absorption length and increase the sensitivity,
the beam is reflected by a mirror and then detected with a
photomultiplier (PMT). A 2 mm diameter iris and a high-pass
IR filter are placed in front of the PMT to minimize the plasma
emission signal. The signal of the PMT is acquired by a digital
oscilloscope, triggered synchronously with the rf pulse that
produces the plasma; the time resolution of the system (given
by the input resistance of the amplifier following the PMT)

is about 1 µs while a sample rate of 10 µs was chosen in our
absorption measurements.

The polarization of the laser light was chosen parallel
to the external magnetic field to provide absorption on only
one π (m = 0 − m = 0) Zeeman component of the
line (J values of the lower and upper states are 0 and 1,
respectively). The laser frequency was varied in steps of
0.06 GHz and at each frequency the PMT signal was averaged
over 128 plasma pulses and then recorded in a file. Similarly,
we measured and processed the time-dependent emission
signal when the laser beam is blocked, and subtracted the
corresponding file from the absorption files. In this way, we
obtain the waveforms of the transmitted laser signal for about
40 laser frequency components forming the absorption line
profile. For each frequency, the signal in the corresponding file
is converted to the line-averaged time-dependent metastable
density, 〈N(ν, t)〉, using the relation [18]

ln

(
I0

Iν(ν, t)

)
= 1

4πε0

πe2

mec
lf 〈N(ν, t)〉g(ν, t), (2)

where I0 is the signal without absorption (i.e. before the plasma
pulse), l = 2 × 2rp is the absorption path length, f = 0.341
is the oscillator strength of the transition [16] and g(ν, t) is
the normalized line profile,

∫ +∞
−∞ g(ν, t) dν = 1, related to

the distribution function of the velocity of atoms along the
laser beam. Figure 4 shows an example of the contour plot of
〈N(ν, t)〉 obtained from data recorded at different frequencies.
Assuming the velocity distribution function to be a Gaussian,
the profile can be written as

g(ν, t) = 2

γD(t)

√
ln 2

π
exp

(
−4 ln 2

(
�ν

γD(t)

)2
)

, (3)

where γD(t) = (2
√

ln 2/λ0)
√

kBT (t)/M is the Doppler width
(FWHM) related to the time-dependent temperature T (t) of the
metastable atoms and �ν is the frequency shift from the line
centre. Therefore, the line-averaged translational temperature,
T (t) can be deduced from the profile of the section at any time t

of the three-dimensional-plot in figure 4 and the metastable
density, 〈N(t)〉 from the integral over the laser frequency of
this profile. Figure 5 shows two examples of the metastable
density profiles taken 0.1 and 1.88 ms after the breakdown of
the plasma. We obtained T (t) by fitting the line profile to a
Gaussian and 〈N(t)〉 by integrating over the profile.

To analyse the influence of the electron density ne on
〈N(t)〉 and T (t), we used a Langmuir probe measuring the
time-dependent ion saturation current that is proportional to ne.
The absolute density was then obtained by calibration with a
microwave interferometer (λ = 4 mm on HE-S, λ = 8 mm
on HE-L).

On the HE-S discharge, we also recorded the time-
dependent emission intensity of several argon lines during
the rf pulse and in the afterglow by means of a 25 cm
monochromator (Jarrel-Ash Ebert optical mount) backed by
a PMT. A quartz lens and a mirror provide the image of
the plasma zone on the entrance slit of the monochromator
monitored by laser absorption. The emission signal is averaged
and acquired by a digital oscilloscope with a time resolution of
10 µs. The observed lines correspond to the infrared 4p → 4s
transitions of the argon atom and the 461 nm line of the Ar+ ion.
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computer

Figure 3. Schematic diagram for the absorption measurements.

3. Experimental results

The density and the temperature of the Ar∗(3P0) metastable
atoms were measured for different plasma parameters, namely,
the gas pressure, the rf power and the magnetic field strength.
By changing the direction of the external magnetic field, we
were able to monitor both sides of the antenna and, thus, to
study the axial asymmetry of the helicon discharge which is
intimately related to the different propagation behaviours of
the m = +1 and m = −1 helicon modes.

As an example, figure 6 shows the time-dependence of the
gas temperature and the metastable density for both magnetic
field directions measured on the HE-S discharge at p = 1 Pa,
B0 = 0.1 T and Prf = 1.4 kW; in figure 6(b) we also plotted
the electron density ne. Note that the Tg values of figure 6(a)
are deduced from the velocity distribution function of Ar∗(3P0)

atoms averaged along the plasma diameter. A question to be
answered is whether this velocity distribution is not affected
by a possible drift velocity of metastable atoms toward the
wall. However, these neutral atoms cannot be accelerated by
a radial electric field to gain directed velocity. On the other
hand, as the quenching rate coefficient of metastable atoms, kq,

is very large, due to the high electron densities (in the order of
1019 m−3), the mean free path of Ar∗(3P0) atoms is about 1 mm
and, thus, much shorter than the plasma diameter. Therefore,
the metastable and ground-state atoms are in thermodynamic
equilibrium and, assuming no radial drift of the ground-
state atoms, we conclude that the temperature shown in
figure 6(a) corresponds to that of the neutral atoms in the
plasma.

In figure 6(b), immediately after beginning the plasma
pulse, the metastable density increases up to its maximum
value after about 0.1 ms. After that, it decreases rapidly
by almost one order of magnitude at about 0.5 ms and then
remains practically constant until the end of the pulse. In
the following section we will explain that this drop is closely
related to the gas depletion due to the simultaneous action
of the rise of the gas temperature at constant pressure, the
ionization of the argon neutrals, and the ion drag. At the
end of the discharge pulse, the metastable density drops
very rapidly, while the electron density decreases much more
slowly. The very fast loss of energetic electrons stopping
the production of Ar∗(3P0) atoms, and the continuation of
their efficient quenching by bulk electrons, is responsible
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