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Abstract. Plasmas created by the microwave torch Torche à Injection Axiale (TIA),
which are around 2 mm in diameter and 15 mm long, are investigated. In these
plasmas large gradients are present so that the edge is supposed to play an
important role. Using global Thomson scattering measurements, in which global
refers to the fact that the size of the laser beam is approximately equal to the
diameter of the plasma, the electron densities and temperatures were determined.
However, these results lead to discrepancies in the particle balance: the production
of free electrons is much larger than the classical losses due to recombination,
convection and diffusion. Radially resolved Thomson scattering measurements
show the plasma has a hollow structure. Although this enhances the losses due to
diffusion, still a large discrepancy remains between production and destruction of
free electrons in the argon plasmas. Probably some molecular processes are
significant as well. A good candidate is the charge transfer between argon ions
and nitrogen molecules, since mixing with the surrounding air has a large impact
on the plasma.

1. Introduction

One of the most essential differences between laboratory
and celestial plasmas, i.e. the difference in size, leads to the
fact that laboratory plasmas have much steeper gradients
and thus much larger related fluxes. This results in the
presence of larger departures from equilibrium, which are
larger the smaller the plasma.

Besides the deviation from local thermal equilibrium
(LTE), as manifest in the inequality between the electron
temperatureTe and the gas temperatureTg, most laboratory
plasmas have an imbalance between electronic ionization
and the corresponding backward process of three-particle
recombination. The latter will affect the atomic state
distribution function (ASDF) in such a way that its slope
is not constant, but changes as a function of the excitation
energy [1–3]. This means that the excitation temperature
Texc, which is related to the slope of the ASDF, is not
clearly defined and can attain values which are greatly
different from those ofTe andTg. On the other hand the
excitation temperature is relatively easy to determine and
is widely used as a characteristic temperature for a plasma.
However, for small plasmas there is no uniqueTexc, so that
the characterization of these plasmas is often associated

† Author to whom all correspondence should be sent (e-mail address:
j.j.a.m.v.d.mullen@phys.tue.nl).

Table 1. Various reported temperatures for the Torche à
Injection Axiale.

Ref. Argon (K) Helium (K)

Tg [6] 3000 2500
[7, 8] — 3000

Texc [3] 4860, 8700 3800, 11 400
[7] — 13 000
[8] — 12 500

Te [9] 17 000 25 000

with the presence of a large variety in temperatures, as is
for instance shown in the paper of Snyderet al [4].

A typical example of a small plasma with a large
temperature variation is a plasma produced by the Torcheà
Injection Axiale (TIA). This torch with axial gas injection
is driven with typically 1 to 2 kW microwave power [5].
The typical dimensions of the plasma are 1 mm in the radial
and 15 mm in the axial direction. The plasmas produced by
the TIA expand in the open air. The various temperatures
found in the literature [3, 6–9], as given in table 1, clearly
show that there are large discrepancies and that the meaning
of the various temperatures is still under discussion.

In the past we studied argon and helium plasmas
produced by the TIA. In [3] absolute measurements of
the densities of the excited states are presented. It was
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found that the deducedTexc values depend on the excitation
energy of the levels taken into account. In argon excitation
temperatures between 4860 and 8700 K were obtained and
in helium between 3800 and 11 400 K. In the same paper
it is concluded that apparently the ASDF is far from Saha–
Boltzmann equilibrium, so that it is impossible to determine
the electron temperature from emission spectroscopy and
that the actual electron temperature has to be higher than
the presented excitation temperatures.

This was confirmed by our second paper on the TIA
[9] in which the electron temperature was obtained using
Thomson scattering experiments. The found temperatures
(typically 17 000 K for argon and 25 000 K for helium) are
indeed higher than all other temperatures reported before.
In spite of this large discrepancy it was not possible to
find any indication for a deviation of the electron energy
distribution function (EEDF) from a Maxwellian shape [9],
as is claimed to be found by Huanget al [10] for a
similar torch. We therefore concluded that the electron
temperature is well defined and that it can be found by
Thomson scattering and not (easily) via the variable slope
of the ASDF.

The Thomson experiments in [9] were performed with
a laser beam of around 1.5 mm in diameter, so that almost
the whole plasma was radially imbedded in the beam.
We will refer to these measurements as global Thomson
measurements. It is the aim of this study to verify in
how far the highTe values as found by global Thomson
scattering are consistent with the ionization as deduced from
the electron particle balance. To obtain information on the
diffusion, which is expected to be a dominant term of the
particle balance, spatially resolved information is needed.
Therefore Thomson experiments have been performed with
a much smaller beam, a technique which we refer to as the
local Thomson scattering method.

The TIA is an ideal plasma for the study of the
relationship between the plasma interior and the (sharp)
boundaries. The radius of the plasma is very small, so
that the effect of steep gradients is surely present. On
the other hand the plasma is large enough that, after
considerable effort, it can still be subjected to a spatially
resolved study. Insights obtained in this investigation
might contribute to a better understanding of other plasmas
as well. For instance, it is known that although in
atmospheric cascaded arcs LTE is present in the main
channel (due to the high electron density), deviations from
LTE are found in the neighbourhood of the cathode [11, 12].
Another example is the edge of an atmospheric inductively
coupled plasma (ICP), where (partly) due to entrainment
of air [13], the gradient lengths are small and the fluxes
high. In all these cases we essentially meet with the
same phenomenon: boundaries with steep gradients which
influence the properties of a considerable plasma part.

In this paper the particle balance of the TIA plasmas
is discussed in section 2. By balancing the production and
destruction of the free electrons, the electron temperature
can be estimated [14]. It will turn out that the electron
temperature, as found by the global Thomson scattering
measurements [9], leads to a much too large production
compared to the losses due to diffusion, if the radius of the

plasma is taken as the gradient length of the radial electron
density profile. This demands more precise spatially
resolved measurements which are presented in section 3.
The resulting gradient is indeed much steeper than deduced
from global considerations, but not steep enough to explain
the high electron temperatures in the argon plasma. It is
shown that if the air, in which the plasma normally expands,
is replaced by argon the plasma is significantly different
(section 4). The entrainment of air in the outer regions of
the plasma appears to have a strong influence on the plasma
as a whole.

2. The particle balance

If a plasma is in steady state the ionization, i.e.
the production of ions and free electrons, equals the
destruction by recombination and outward transport. This
is represented by the particle balance for charged particles:

nen1SCR − nen+αCR =∇ · (newp)−∇ · (Da∇ne) (1)

in which ne, n+ and n1 refer to the electron, ion and
atom ground state densities respectively. The terms on
the right-hand side of equation equal the outward transport
due to convection and ambipolar diffusion (mainly in radial
direction) respectively and will be discussed below. The
left-hand side represents the local net production. The
ionization (SCR) and recombination (αCR) coefficients can
be calculated using a collisional radiative (CR) model
[1, 15, 16]. Here we will use the CR model by Benoyet
al for argon [15]. Although this paper is focused on argon
plasmas, we will make the same estimation for a helium
plasma, operating at the same conditions. For this we use
the model of Drawin and Emard [16]. In figure 1 the
ionization coefficients for helium and argon are depicted
versus the electron temperature. Due to the very high
electron temperature (see table 1) recombination of atomic
ions can be neglected.

The losses of charged particles due to convection, i.e.
the first term on the right-hand side of equation (1), can be
estimated by

∇ · (newp) ≈ ne

hp
wp (2)

in which hp is the scale length in the direction of the flow
(for which 1 cm is taken) andwp the flow velocity of the
plasma (approximately 100 m s−1). The other transport
term, i.e. the flux due to diffusion, can be written as

|∇ · (Da∇ne)| ≈ ne

32
Da (3)

in which 3 is the gradient length of the electron density
profile, which we assume to be equal to the radius of the
plasma (1 mm). An expression for the diffusion coefficient
Da can be found in [17]

Da = 3kB
8n1M�(Tg)

(Tg + Te) (4)

with M the atom mass. For argon the ion–atom collision
integral� is given by [17]

534



Steep plasma gradients studied with Thomson scattering

Figure 1. The ionization coefficient as a function of the
electron temperature for argon [15] and helium [16]. In the
case of argon the ionization coefficient is given for two
different escape factors for resonance radiation: 3esc = 1
(i.e. optically open) and 3esc = 10−3 (a more realistic one).
The crosses represent the recombination coefficient. For
helium the solid squares refer to a plasma which is optically
thick for resonance radiation and the open circles to a
complete optically thin plasma.

�Ar(Tg) = (3.03+ 6.82× 10−4Tg − 3.70× 10−8T 2
g

+9.15× 10−13T 3
g )× 10−16 (m3 s−1) (5)

and for helium by

�He(Tg) = (1.72+ 8.26× 10−4Tg − 5.10× 10−8T 2
g )

×10−16 (m3 s−1). (6)

For the gas temperature 3000 K is taken, see table 1, so that
the density of the ground state equals 2.4×1024 m−3. Using
these approximations and theTe values as determined by
global Thomson scattering measurements (cf [9] or table 1),
the terms of the particle balance can be estimated. It
should be noted that the exact value of the electron density

Table 2. Typical rates of the separate terms of the particle
balance, using Te and ne as determined by global
Thomson scattering measurements (17 000 K and
22× 1020 m−3 for argon and 25 000 K and 5× 1020 m−3 for
helium [9]). The diffusion loss rates are obtained using a
radial gradient length of 1 mm.

Argon Helium
(s−1) (s−1)

Ionization 6× 106 1× 106

Recombination 1× 101 6
Convection 1× 104 1× 104

Diffusion 1× 103 2× 104

is not important, since the dominant terms of equation
(1) scale withne. The radial distribution of the electron
density, however, influences the electron temperature via
the diffusion term. The magnitudes of each term of the
particle balance divided by the electron density are listed
in table 2.

A comparison of the ionization with the three loss
terms shows that the production outranges the destruction
by roughly two orders. This might be due to a too high
electron temperature. However, if for the helium plasma the
temperatures are taken which are found by passive emission
spectroscopy (around 12 500 K) [3, 7, 8], the ionization
frequency becomes 1× 102 s−1, which is even too small
to balance the losses due to convection (1× 104 s−1, see
table 2). Therefore an electron temperature much higher
than 12 500 K is needed to sustain the plasma.

Although one could argue thatTe could be somewhere
in between the values as determined by the passive and
active (Thomson) techniques, we assume in the following
that the electron temperature obtained by global Thomson
scattering is correct. In this case the apparent imbalance as
indicated by table 2 can have two reasons:

• the effective ionization is smaller for the givenTe
values or
• the loss terms are larger in reality.

First we investigate the effective ionization. The ionization
coefficient depends on the escape factor of resonance
radiation. A higher escape factor will disfavour the
stepwise excitation and therefore decrease the ionization.
The escape factor depends on the spectral line profile
which is partly determined by Van der Waals or pressure
broadening [18]. Besides broadening, this process can
cause a shift in the wavelength and therefore it strongly
affects the escape factor. The Van der Waals interaction
is due to the interaction between atoms, so that it depends
on the atom density. In small plasmas, as produced by the
TIA, large gradients in the gas temperature (and therefore in
the atom density) are probably present, so that the Van der
Waals line shift can increase drastically the escape factor,
which results in a lower ionization rate.

In figure 1 the ionization coefficient in argon is depicted
for two escape factors of the resonance radiation: 10−3

(squares) and 1 (circles). It can be seen that the influence
of the escape factor is limited, especially at the high electron
temperatures present in the TIA plasmas. Also for helium
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this is the case, as can be seen in figure 1. The basic reason
for this insensitivity of radiation escape is the relatively high
electron density (in the order of 1021 m−3, see [9] or next
section) due to which the population of the excited states
is determined by (inelastic electron) collisions rather than
radiative processes [1].

Therefore we assume that the ionization coefficients are
correct, so that the loss terms have to be underestimated.
The actual losses can be higher due to

(1) formation and destruction of molecular rare gas
ions,

(2) mixing with the surrounding air or
(3) a smaller gradient length.

2.1. Formation and destruction of molecular rare gas
ions

Due to the formation of rare gas molecular ions

Ar+ + Ar + Ar → Ar+2 + Ar (7)

followed by the destruction via dissociative recombination

Ar+2 + e→ Ar + Ar(4p) (8)

charged particles are lost. Normally, the formation of the
molecular ion is the limiting process. This frequency is
around 1×106 s−1 in the argon plasma for a neutral density
equal to 2.4× 1024 m−3 [19]. However, the argon atom in
the 4p state, which is produced by the second reaction, is
easily ionized again, since (radiative) decay to the ground
state is not likely (see above). Moreover, the formation of
molecular ions is also accompanied by its inverse process,
so that the resulting ion loss rate of this channel is much
smaller than the ionization rate (6× 106 s−1). Therefore
we conclude that the formation and destruction of molecular
argon ions play a minor role in the particle balance of these
plasmas.

2.2. Mixing with the surrounding air

Extra destruction channels for free electrons are created if
the surrounding air is mixed with the plasma. For instance,
for argon and nitrogen a possible mechanism is charge
transfer

Ar+ + N2→ Ar + N+2 (9)

followed by dissociative recombination

N+2 + e→ N+ N. (10)

The charge transfer reaction is resonant since the
ionization energies of argon and molecular nitrogen are
almost equal (15.76 and 15.58 eV respectively). The second
reaction is fast due to the attractive Coulomb interaction
between the positively charged molecule and the electron.
The possible presence of nitrogen is supported by the fact
that in the plasma the first negative system of N+2 and many
atomic nitrogen lines can be observed [6, 7]. At low power
levels (<1 kW) also the second positive system of N2 is
strongly present. Moreover, a significant entrainment of air

into an ICP, which is also expanding in the open air, was
measured by de Regt and co-workers [13].

The rate coefficient of the charge transfer reaction
is about 4× 10−16 m3 s−1 [20], so that if 1% of the
heavy particles in the plasma are nitrogen molecules this
destruction channel is more than fast enough to balance the
ionization. The significance of such kinds of mechanism
is investigated by controlling the environment in which the
plasma expands (see section 4).

2.3. A smaller gradient length

Another possible explanation for the large discrepancy
between the ion production and the destruction rates might
be that the actual radial gradient length is smaller than
the value of 1 mm, which is used for estimating the
diffusion losses in table 2. An indication of the gradient
length is obtained by the skin effect. The penetration of
the microwaves into the plasma is limited, since they are
absorbed by the free electrons. As can be found in e.g.
Jackson [21] the skin depth is given by

δ =
√

1

πµ0σf
. (11)

For an argon plasma under our conditions the conductivity
σ is approximately 104 �−1 m−1 [22], so that due to the
high frequency of the microwaves (f = 2.45 GHz) the skin
depth is only 0.1 mm. If we assume that the gradient length
of the electron density equals the skin depth instead of the
(global) plasma radius, the diffusion losses will increase
by two orders, cf equation (3). As can be concluded from
table 2 this is sufficient to satisfy the particle balance for
the helium plasma, but not enough for the argon plasma.
However, this is only an estimation of the gradient length.
The actual gradient length has to be obtained from the
radial distribution of the electron density, which requires
a spatially resolved measurement technique.

3. Experimental determination of the gradient
length

For the measurements of the radial gradient length, the same
set-up is used as for the previously reported global Thomson
scattering measurements [9, 23]. The main difference is that
now the laser beam is focused at the position of the plasma,
in order to obtain a good spatial resolution. In the past [23]
the focus of the laser beam was situated behind the plasma
to avoid the possibility that stray light from the ablation of
dust particles is detected during the calibration procedure.
To avoid interference with this signal a dust free chamber is
constructed surrounding the plasma, for the measurements
presented now.

In figure 2 the radially resolved electron density and
temperature profiles are depicted. These measurements are
taken at 2 mm above the nozzle (AN) using 1.0 kW input
power and 3.0 slm argon. Due to the construction of the
TIA the reflected power can be tuned easily to a negligible
level (<2%) [5]. Every point in figure 2 is obtained using
2500 laser shots with approximately 0.26 J per shot.
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Figure 2. The radial electron density and temperature
profiles in an argon plasma at 2 mm above the nozzle (1.0
kW and 3.0 slm), obtained by local Thomson scattering.
The density profile seems to have a doughnut-like shape.
The steep outer gradients increase the losses due to
diffusion.

Both the density and the temperature profile appear to
have a hollow structure. Owing to this the measured radial
gradient length is approximately 0.2 mm. As is discussed
at the end of section 2 a gradient length of 0.1 mm is
not enough to balance the ionization in the argon plasma.
Therefore it has to be concluded that the gradient length
might be even smaller or that molecular recombination
channels are also important.

It appears to be very difficult to perform the same
measurements for the helium plasma with this set-up. Due
to the lower electron density the area of the Thomson
scattering profile is lower and due to the higher electron
temperature the profile is also more broadened. Both effects
lead to a much lower number of photons per wavelength
interval compared to the argon plasma. If we assume that

Figure 3. The dependence of the radial profiles on the
height above the nozzle (AN). Close to the nozzle both the
electron density and temperature appear to have a
doughnut-like shape. This doughnut narrows downstream
and at 10 mm AN it becomes more like a candle flame.

the gradient length in helium is the same as in argon,
the actual diffusion losses are 25 times higher than was
estimated in table 2, so that they become of the same order
as the ionization.

As can be seen in figure 2 the maxima of the electron
density and temperature are situated atr = ±0.7 mm,
which is closer to the centre than the edges of the nozzle
(at r = ±0.9 mm). In figure 3 measurements at different
axial positions are depicted. The larger the distance to
the nozzle, the more the maxima ofne andTe are shifted
towards the centre of the plasma. At 10 mm AN the plasma
is located at the centre. The reason for the hollow shape
close to the nozzle is probably the skin effect. During the
time the free electrons need to diffuse to the centre, they
are also transported downstream by the flow of the plasma.
Meanwhile the free electrons at the outside are destroyed
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Figure 4. The set-up for the determination of the influence
of the surrounding atmosphere on the plasma.

most likely by the entrained nitrogen molecules (see next
section).

More downstream the flame becomes very turbulent, so
that measurements of the electron temperature and density
are difficult, since the Thomson scattering signal is much
weaker (due to the lower electron density) and moreover
it is disturbed by rotational Raman scattering. This means
that for this region mixing with the surrounding air certainly
cannot be neglected.

4. The influence of the surrounding atmosphere

As stated in section 2 mixing with the surrounding
atmosphere can have a strong influence on the plasma. In
case of the TIA this is investigated by placing a special
vessel on top of the rectangular waveguide structure, see
figure 4. The vessel is flushed with either argon or air
(3 slm). The plasma (argon) gas flow is 1.8 slm and the
applied microwave power 0.6 kW.

Using the same high-resolution Thomson scattering set-
up, the electron density and temperature are measured as
a function of the radius at 5 mm above the nozzle. The
results are depicted in figure 5. The plasma which is
sustained in an air atmosphere is more or less the same
as the one expanding in the open air (i.e. without the
metal vessel). There are some slight differences which
are probably due to the facts that the microwave power is
lower and that the metal vessel has some small influences
on the shape of the EM field and on the flowing pattern
of the gas. However, when the air is replaced by argon,
the plasma radius becomes much larger and the electron
temperature slightly lower. This confirms that mixing

Figure 5. The influence of the surrounding atmosphere on
the plasma. In an argon atmosphere the plasma is larger,
allowing a lower electron temperature. These
measurements are taken at 5 mm AN.

with the surrounding gas is an important mechanism. To
determine the quantitative effect of the air entrainment
on the particle balance measurements of the molecular
nitrogen density are necessary. In the past this was done
in our laboratory using vibrational Raman scattering on an
atmospheric ICP [13]. However, in that case a laser beam
with a large diameter was used, which is not suitable in
case of the TIA.

5. Conclusions

Due to the small dimensions of the plasmas created by
the TIA high electron temperatures are necessary to sustain
these plasmas. However the temperatures, obtained by
Thomson scattering using a laser beam whose diameter has
the same magnitude as that of the plasma, are higher than
those which are needed to compensate for the estimated
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classical losses due to diffusion, flow and recombination.
For a thorough understanding of the plasma radially
resolved measurements of the electron density proved to
be necessary. These measurements show that the plasma
has a doughnut-like shape close to the nozzle, which means
that the diffusion losses based on a global consideration
are underestimated. For helium the corrected diffusion
seems to balance more or less the production. However,
in argon the losses due to diffusion are not large enough,
which indicates that other mechanisms play a significant
role as well. This is probably charge transfer between argon
ions and nitrogen molecules and subsequent dissociative
recombination of the molecular ion, since the surrounding
air influences the plasma.
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[7] Rodero A, Garćıa M C, Quintero M C, Sola A and
Gamero A 1996J. Phys. D: Appl. Phys.29 681

[8] Rodero A, Quintero M C, Sola A and Gamero A 1996
Spectrochim. ActaB 51 467

[9] Jonkers J, de Regt J M, van der Mullen J A M, Vos H P C,
de Groote F P J and Timmermans E A H 1996
Spectrochim. ActaB 51 1385

[10] Huang M, Hanselman D S, Jin Q and Hieftje G M 1990
Spectrocim. ActaB 45 1339

[11] Haddad G N and Farmer A J D 1984J. Phys. D: Appl.
Phys.17 1189

[12] Megy S, Baronnet J-M and Ershov-Pavlov E A 1995
J. Phys. D: Appl. Phys.28 344

[13] de Regt J M, de Groote F P J, van derMullen J A M and
Schram D C 1996Spectrochim. ActaB 51 1527

[14] Lieberman M A and Lichtenberg A J 1994Principles of
Plasma Discharges and Materials Processing(New
York: Wiley)

[15] Benoy D A, van der Mullen J A M andSchram D C 1991
J. Quant. Spectrosc. Radiat. Transfer46 195

[16] Drawin H W and Emard F 1971Z. Phys.243 326
[17] Jonkers J, van der Mullen J A M andSchram D C 1997

Phys. Rev.E submitted
[18] Mitchell A C G andZemansky M W 1961 Resonance

Radiation and Excited Atoms(London: Cambridge
University Press)

[19] Schram D C, van der Mullen J A M, deRegt J M, Benoy
D A, Fey F H A G, deGroote F P J andJonkers J 1996
J. Anal. At. Spectrom.11 623

[20] Smith D and Adams N G 1981Phys. Rev.A 23 2327
[21] Jackson J D 1975Classical Electrodynamics(New York:

Wiley)
[22] Aubreton J, Bonnefoi C and Mexmain J M 1986Revue

Phys. Appl.21 365
[23] de Regt J M, Engeln R A H, deGroote F P J,

van der Mullen J A M andSchram D C 1995Rev. Sci.
Instrum.66 3228

539


