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ABSTRACT

An inductively coupled plasma torch,
working at atmospheric pressure, is used to create
N,-CH,4 Titan-like plasma (98%N- 2%CH,). The
operating frequency and power are 64 MHz and 3
kKW respectively. This kind of apparatus allows
obtaining plasma in chemical and quasi-thermal
equilibrium. The spectral measurements cover the
[320-840] nm range and are performed inside the
induction coil. Each interesting spectrum is
calibrated and compared to the line-by-line spectral
code SPARTAN used for the simulation of the
radiative emission of entry-type plasma.

Finally, a discussion is proposed about the
nucleation phenomenon which is occurred in the
ICP torch with the MCH, plasma. Preliminary
studies show the synthesis of nanostructured carbon
on the quartz tube.

1. INTRODUCTION

The study of Titan, largest satellite of
Saturn, is of great scientific interest because its
atmosphere is mainly composed of methane,
nitrogen and also acetylene and organic species.
The composition, well known from the US missions
Voyagerl (1980) and Voyager2 (1981), could be an
element for the origin of life on Titan.

The European Huygens probe on board the
Cassini  mission (NASA, ESA, ASIl) has
successfully performed a descent through the
atmosphere of Titan on 14 January 2005.

This mission and all the Titan projects
require complex studies to know the properties of
the atmosphere surrounding a probe during its
hypersonic speed journey, primarily to size the
thermal surface protection. Studies performed in
laboratories are necessary, they are based on the
development of models and experimental
validations. Several types of experiments are used:
shock-tubes, arc-jets and inductive sources at
atmospheric pressure or at reduced pressure.

The LAEPT has an inductively coupled
plasma torch (ICP-T64) which works at
atmospheric pressure and which is used to create
N,-CH, Titan-like plasma.

The outline of the paper is as follows. In
section 2, the characteristics of the experimental

set-up are given. In section 3, after a discussion
concerning the sustained conditions of the plasma
when methane is injected into a pure nitrogen
plasma, experimental spectra in the range [320-840]
nm are presented and an estimation of the axial
temperature is given. In section 4, a discussion is
proposed about the nucleation phenomenon which
is occurred in the ICP torch with the,18H,
plasma. Preliminary studies show the synthesis of
nanostructured carbon on the inner surface of the
quartz tube. The chemical equilibrium composition
of a N-CH, Titan-like plasma (98%N- 2%CH,) is
given through the calculation code based on the
Gibbs free energy minimization. Finally, the
perspectives of this preliminary study will be given.

2. EXPERIMENTAL SET-UP

The ICP-T64 torch present at the
L.A.E.P.T. (Thermal Plasmas and Electrical Arc
Laboratory) in Clermont-Ferrand, France, is a
classical ICP torch able to work with different kinds
of plasma gas (air, argon, GON, and gas
mixtures). A seven-turn induction coil, made in
Inconel, cooled by air is used to sustain theOW,
plasma. In order to ignite the plasma, a metallic
wire is plunged into the confinement quartz tube of
the plasma gas to realize the initial ionisation.

The main features of the experimental set-
up and operating conditions are reported in Tab.1
and Fig.1, respectively. The plasma is generated
through the induction coil by a radio frequency
(RF) of 64 MHz delivering a power up to 3 kW.
The plasma is confined within a 28-mm cylindrical
and vertical quartz tube. The plasma gas is injected
at a fixed mass flow rate of 0.2 g.s

The optical set-up, placed at 34.3 cm from
the plasma axis, leads to a spatial resolution of
1mm. Spectral lines intensities are measured with a
0.50 m focal length Czerny-Turner monochromator
connected to a CCD detector (1242152 pixels,
each pixel having a width of 22.5 micrometers). An
1200 grooves/mm grating is used. Its apparatus

function Adapp, assimilated to a Gaussian profile

with a Full Width at Half Maximum (FWHM), is
calculated from the following relation :

AAapp: FWHM fp D1 (l)



where FWHM is expressed in pixel3; represents
the gratings dispersion (1.56 nm/mm) dndefines
the pixel dimension (22.5um). The calculated

value of Adapp gives 0.14 nm for an entrance slit
equal to 10Qum.

Table 1. Main features of the experimental set-up.

Inductively coupled plasma
Manufacturer/type: Défi Systemes/ICP T64
Power supply: 64 MHz, 2.1 kW
Tuning: Automatic adaptation
Inductor: Seven-turn air-cooled coll
Plasma gas flow rate: 0.222 g's
Operating pressure: atmospheric pressure
Torch: 28 mm internal diameter quartz tube

Optical set-up

Spectrometer: Chromex 500 IS
500 mm focal length
Czerny-turner mounting

Entrance slit: e = 100m

Gratings: 1200 grooves.mm

Detector: CCD EEV 11521242 pixels

Spatial resolution: 1 mm

Apparatus function: 0.14 nm

HF generator
64 MHz

DEFI Systemeg

Plasma gas
N, — CH,
(98%-2%) ST 138
controller
M HI
| I

Figure 1. Plasma torch and detection experimental
set-up.

The measured emission spectra must be
corrected from the spectral response of the optical
device, which include lens, monochromator and
CCD detector. So, a -calibration in intensity,
between 300 and 800 nm, is necessary to take into
account all these effects. A tungsten Ilamp
(PHILIPS WI14) is used to cover the range [300 —
800] nm. The calibration procedure is realized in
the same conditions as for experimental spectral
acquisitions ones.

3. EXPERIMENTAL SPECTRA

Optical emission spectroscopy is the
simplest non-intrusive method for plasma
diagnostics. The analytical zone is limited between
the fourth and the fifth induction coil where the
luminous response is the greatest. Each spectrum
corresponds to one acquisition of one second and
the electronic noise is automatically subtracted.

One particularity of the Titan atmosphere
plasma created in the ICP-T64 torch is the difficulty
to have a sustainable plasma. At first, the plasma
was ignited with pure nitrogen, and when the
methane was injected the plasma generally was cut.
It has been observed also that there was a loss of
injected power, about 1 kW, when the methane was
added. This effect is mainly due to the automatic
adaptation of impedance but it is worth noting that
there is no problem of extinction when the plasma
changes to Titan atmosphere to pure nitrogen. The
studies have been improved to understand this
unusual behavior of this kind of plasma. So, the
transport coefficients have been considered and
calculated in equilibrium conditions at a pressure of
one atmosphere.

The well-known solution of the Boltzmann
equation due to Chapmann and Enskog [1,2]
assumes two-body interactions between chemical
species. This interaction can be described by a
potential interaction between two particles. By
successive integrations, we obtain collision
integrals which are the basic data of the transport
coefficients [1,2]. Several interaction types have to
be taken into account:

- Neutral-neutral collisions are with a Lennard
Jones potential [3,4] and data to determine the
collisions integrals [5] and empirical combining
rules [2].

- Charged-neutral collisions. In this case, the
resonant charge exchange occurs for some collision
integrals. This inelastic process is the dominant
process [6]. From Dalgarno [7] the charge exchange
cross section can be written versus the relative
speedg of the two interacting particles and two
parametersA and B. For the other collisions
between neutral and charged particles, we consider
them as elastic and that the charge particle
generates a dipole in neutral particle during the
collision [8].

- Charged-charged collisionsThe collisions
(repulsive or attractive) between two charged
particles are described by a shielded Coulomb
potential [9].

- Electron-neutral collisions. The values for the
collisions integral can be found in literature or can
be estimated [3].

To calculate the electrical conductivity, we
used the third-order Sonine approximation of the
Chapman-Enskog method [10,11]. To calculate the
viscosity assuming that it is due to the heavy
chemical species, we used the formulation given in
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[1]. The thermal conductivthot can be separated
into four terms with a good accuracy [10,12]:

/1 =Ater +/1thr +A int+/1react (2)

tot

where A is the translational thermal conductivity

of electrons, /]t'; the translational thermal
conductivity of heavy species particless\,int the
internal thermal conductivity andA ., the

chemical reaction thermal conductivity.

Thermal conductivity of electrons at the third

approximation order is given by [10,11].

The translational thermal conductivity due to the
heavy species in the second-order approximation
can be written as [13]. The internal conductivity

due to the effect of internal degrees of freedom is
taken into account with the Eucken correction [1,
10,11]. We use the formulation of the chemical
reaction thermal conductivity developed by Butler

and Brokaw [14].
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Figure 2. Evolution of the electrical conductivity as
a function of temperature.
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Figure 3. Evolution of the viscosity as a function of
temperature.
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Figure 4. Evolution of the thermal conductivity as
a function of temperature.

First explanations can be given by
considering the different physical properties of the
two plasmas (pure Nand Titan compositions).
Fig.2-3-4 report the differences observed for the
electrical conductivity, the viscosity and the thermal
conductivity of the two plasmas between 2700K
and 10000K.
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Figure 5. Evolution of the specific enthalpy as a
function of temperature.

As the viscosity doesn’'t seem to be an
influent parameter, the two others may explain the
difficulty to have a viable plasma when methane is
added. Moreover, the Fig.3 shows a light difference
of viscosity for the two gases . Concerning the
enthalpy (Fig.5), no significant differences appear.
So, no real clear conclusion can be today brought
on the specific behaviour of the plasma when
methane is added. However, it must be noted that
there is no more problem when the torch is ignited
directly with the gas mixture. For a temperature of
3500K, the Fig.2 shows a factor around 2 on the
electrical conductivity. Is this parameter inducing a
non stability of the plasma flow or this effect due to
a behaviour of the electric supply ?
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Figure 6. Experimental emission spectra for a Titan
atmosphere plasma at atmospheric pressure.

Fig.6 reports a recorded spectrum (without
Abel inversion) from the plasma formed with a
Titan-like atmosphere in the range [320 — 840] nm.
The spectral response of the monochromator has
been taken into account but the spectrum is not
calibrated in intensity. The CN violetAy=0)
molecular emission is predominant and the C
emission is also present. No atomic line is observed
in the spectral domain. Very few papers are
available in the literature concerning spectra issued
from ICP torch with a mixture of Titan like plasma.
One can only mentioned the works done by the Von
Karman Institute (VKI) in Brussels, Belgium, with
the minitorch working at lower pressure. In order to
make a comparison, Fig.7 represents spectra
obtained by the VKI [15]. CN violet {y=+1,0,-1),
CN red and g (Av=0) is also observed but with a
more important relative contribution of CN violet

(Av=0).

2UQ moar

i

Emissicn, Mwm™-sr+
o
=

400 500 700 800

£

BOO
Wavelength, nm

"
E

95:0.03:0.02 (Reference}
95:0.05:0

srum
tn

05

Emissiot

S0 — 400 500 800 700 800 500

Figure 7. Effect of pressure (a) and mixture
composition (b) on the measured spectra: the
reference spectra was measured for a pressure equal
to 32 mbar and a mixture composition of
XN2:XCH4:xAr=0.95:0.03:0.02 (mole fraction) [15].

Fig.8 represents the radial evolutions of the
intensity of CN and &€peaks respectively and Fig.
9 shows the result of the application of Abel
inversion. The geometrical method is used in order
to apply the Abel inversion.

It can be noted that the application of Abel
inversion is easily practicable for the CN system.
For the G system, the presence of a plateau of
intensity in the axis of the plasma leads to some
difficulties in order to apply the Abel inversion.
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In order to estimate the temperature, the spectra of
the G Swan system and the CN violet system
(Av=0) has been considered and the SPARTAN
code [18] used.

Fig.10 reports the best agreement obtained
by the comparison between the experimental
spectrum at the centre of the plasma for the C
Swan system and the synthetic one. As it is
considered that the plasma is at or close to thermal
and chemical equilibrium, two temperatures have
been estimated in order to have the best agreement,
the rotational temperature jTand the vibrational
one (T,). The obtained values arg=B200K and
T,=3700K.

Fig.11 reports the results concerning the
CN violet system. When the experimental spectrum
is observed, one can conclude that there is a strong
absorption of the lines, especially for the first band
head (0-0). So, in order to take into account this
absorption, the following calculations are made :

- Estimation of T and T followed by the
calculation of emissione, and absorptiona,
coefficients using the line-by-line code SPARTAN.
- Calculation of the slab emitted intensity (Eq. 2)

| =& lrnX(exp(@nl))) )
- Convolution with a gaussian apparatus function
simulating the slit.

ted|
ured |

[T
Si

Mz

081
‘|

|
]
|
1 |

| m’j'

et |
T Ll
o {\J,I[l:ulll-t'llr.;r.;.lll..,_._.I Y
aa LA "'IUII-_!Iu’_IUT"?I\*"" I\|'}‘|J‘Iﬁ Fin ey
4950 S000

L
@

Intenziby (A U}

o

5050 5100
Wavelenath (Al

Figure 10. Simulation of the radiative emission of
the G Swan system over the ICP torch axis.
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The agreement between simulation and experience
is not ideal, as it can be seen in Fig.11. The best
agreement gives ¥3200K and T=3700K with a
somehow large uncertainty of 500K. However, this
first estimation of temperature, based on the
molecular spectra, leads to acceptable results and is
a good starting point for future investigations. It is
worthy to note that owing to the large uncertainty
on the temperatures, it is possible that a thermal
equilibrium (T,=T,) might be reached in the plasma.

As the temperature is altogether relatively
low, it is of interest to increase it. Two solutions
have been envisaged if it is considered that the
applied power is fixed:

- Does a small amount of argon can significantly
increase the temperature ?

- Does a lower mass flow of the plasma gas is
possible ?

Fig.12 represents the evolution of the
calculated specific enthalpy of the plasma when
different percentages of argon is added to the initial
composition of the Titan plasma. It can be observed
that a small proportion of argon does not
significantly increase the temperature of the plasma
(< 200 K). An extreme example is given for a
mixture with 50% of argon and the variation of
temperature does not exceed 1000 K. As a
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conclusion, the addition of argon is not a pertinent
paameter to increase the temperature of our
plasma.
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Figure 12.Influence of the addition of argon on the
temperature of a Titan plasma if the specific
enthalpy is fixed.

The other solution would consist to
decrease the total mass flow of the gas plasma
keeping the same initial gas composition. In order
to have an evaluation of the incidence of this
parameter, some assumptions must be made :

- the applied power is constant,

- the transferred energy from the inductor to the
plasma is constant,

- the plasma is considered at equilibrium at a
temperature of 3700 K.

The following simple energy equation is used :

P=mAH (3)
whereP is the transferred power (3)s AH is the

gain in specific enthalpy (J.Ky and m the mass
flow (kg.sh).

As P represents the transferred power in
the plasma, and which is known is only the applied
power, the value of the efficiency of the coupling
must be evaluated. So, we can proceed as follows :
From the value of the enthalpy (Fig.12)
corresponding to 3700K and by considering that the
power is completely transferred to the plasma, we
obtain the value of a “theoretical” mass flow. Then,
if we compare with the experimental mass flow,
one obtains a value of efficiency near 55%. As the
classical values vary between 40% and 70% of the
applied power, our result seems coherent. From
this, we can then estimate the influence of the mass
flow on the temperature of the plasma (Fig.13). A
reduction of the mass flow is of interest in order to
increase the temperature of the Titan plasma if the
plasma electric supply accepts this condition.

Temperature (K)

3600
0125 0135 0145 0155 0165 0175 0185 0195 0205 0215 0225

Mass flow (gls)

Figure 13. Influence of the mass flow on the
temperature of a Titan plasma if the applied power
is fixed.

4. DISCUSSION ABOUT THE NUCLEATION
PHENOMENON

When the ICP torch works with a Titan
like atmosphere, it is observed inside the quartz
tube the formation and deposition of “black soot”
on the injector (Fig.14) and also on the walls of the
quartz tube. It can be noted that the rotation of the
deposit follows the movement of vortex of the gas
flow.

Figure 14. Photographs of the deposition on the
injector protection (left) and on the walls of the
quartz tube (right).

In order to determine what kind of
particles was formed in the Titan plasma, an
analysis of the soot has been realized by the
Laboratory of Inorganic Materials (LMI) at
Clermont-Ferrand by using Scanning Electron
Microscopy (SEM) with field effect (CASIMIR
society). Fig.15 and Fig.16 show the appearance of
two types of morphologies more or less dense
including one composed of spherical nano-particles
(Fig.16) at different points of the device.

It must be noted that, in a lot of studies
related to the characterization of Titan plasma, it is
observed depositions on the wall of the plasma
confinement and formation of aerosols. In the first
case, a brown deposition can be detected which is
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attributed to HCN [19]. The second case concerns
the formation of dusts which are named “tholins”.
These tholins, which are mainly composed with C,
H and N species, can appear as a yellow powder or
with a very dark color [20,21]. However, our
configuration seems to be different than the others
with a black color for our deposition. The analysis
of the powder must be continued in order to
determine the chemical composition of this type of
soot.

The studies which have been realized on
carbon nano-particles synthesis [22] shows similar
images to that of Fig.16. This particular aspect
which represents the type of the carbon compounds
nano-structured is called “ruffled paper structure”.

Figure 15. Photographs of one type of morphology
observed by SEM with a scale of 200nm.

Figure 16. Photographs of the other type of
morphology (nano-structured carbons) observed by
SEM with a scale of 200nm.

From the calculation of the plasma
composition based on the Gibbs free energy
minimization, one can give a first explanation about
the presence of carbon in the plasma torch (Fig.17).
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Figure 17. Chemical composition (molar fraction)
of a Ny(98%)-CH,(2%) plasma at equilibrium and
atmospheric pressure as a function of temperature.
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Figure 18. Chemical composition (molar fraction)
of a CQ(97%)-Nx(3%) plasma at equilibrium at
atmospheric pressure as a function of temperature.

As it can be observed in the Fig.17, there is
the presence of a graphite phase [C(S)] until a
temperature of 2700K. So, it confirms the
formation of C on the walls of the quartz tube and
on the injector which is placed just under the first
inductor coil. By comparison with a Mars plasma
which has been studied in a previous work [16,17]
and where no formation of carbon has occurred, the
Fig.18 shows also the fact that there is no formation
of carbon species. This absence is mainly due to the
presence of

4. CONCLUSION

The first investigations [23] on the study of
a Titan like atmosphere plasma formed with an
inductively coupled plasma torch lead to interesting
observations and results, especially the formation of
carbon species. It was also shown that the addition
of methane strongly disturbed the plasma and
explanations about this change of behaviour have to
be carried out.

Temperature has been estimated but only
at the centre of the plasma. Further works have to
be done in order to determine the radial evolution of
temperature and if a weak departure from thermal
equilibrium exists in this kind of plasma. For this,
the addition of a very small percentage of argon in
the plasma would be interesting as we could have
atomic lines to determine the atomic excitation
temperature.

A new optical diagnostic has to be added
to the experimental set-up in order to determine the
electronic density (Mach-Zehnder Interferometer).
Moreover, it would be of interest to realize kinetic
calculations to confirm that the chemical
equilibrium is reached inside the inductor where the
optical measurements are recorded.

ACKNOWLEDGMENTS

This research work has been carried out
thanks to the support of the RayHen ANR and the

support of the European Space Agency ESA in the
scope of the AURORA program.

REFERENCES

[1] J.O. Hirschfelder, C.F. Curtiss, R. Byron Bird,
Molecular theory of gases and liquidsdew york:
Wiley, 1964.

[2] S. Chapmann and T.G.The mathematical
Theory of Non-Uniform Gases® 2dn Wiley, New
York, 1964.

[3] P. Andre, L. Brunet, W. Bussiére, J. Caillard, J.
Lombard, J. Picard,Transport coefficients of
plasmas consisting of insulator vapours Application
to PE, POM, PMMA PA66 and RCEuropean
Physical Journal Applied Physic25, 169-182,
2004.

[4] K. Kappen Lehrstuhl fir Technische
Elektrophysik Technische Universitat Minchen,
November 1994.

[5] M. Klein and F. Smith,Tables of collisions
Integral for the (m,6) Potential Function for 10
Values of mJ. Res Nat. Bureau Stand-A Phys.
Chem,72 A, N°4, 359-382, 1968.

[6] R.S. DevotaTransport Coefficients of Partially
lonized Argon The Physics of fluidsl0, N°2, 354-
364, 1967.

[7]1 A. Dalgarno The mobilities of ions in their
parent gasesPhil Trans Roy Soc Londo®50 A
426-439, 1958.

[8] T. Kihara, M.H. Taylor and J.O. Hirschfelder,
Transport Properties for gases Assuming Inverse
Power Intermolecular PotentialsThe Physics of
fluids, 3, N°5, 715-720, 1960.

[9] E.A. Mason, R.J. Munn, Francis J. Smith,
Transport Coefficients of lonized Gase3he
Physics of fluids10, N°8, 1827-1832, 1967.

[10] R.S. Devoto,Simplified Expressions for the
Transport Properties of lonized Monatomic Gases,
The Physics of Fluidg,0, N°10, 2105-2112, 1967.
[11] C. Bonnefoi,Contribution au calcul théorique
des coefficients de transport d’'un plasma d'azote
par la méthode de Chapman-Enskog a 4
approximation in French thesis, University of
Limoges, France, N°75.9, 1975.

[12] J.T. Vanderslice, Stanley Weismann, EA
Mason, RJ FallonHigh Temperature Transport
Properties of Dissociating Hydrogeihe Physics
of Fluids,5, N°2, 155-164, 1962.

[13] C. Muckenfuss, C.F. Curtiss,Thermal
conductivity of Multicomponent Gas Mixtureghe
journal of Chemical Physic®9, N°6, 1273-1277,
1958.

[14] J.N. Butler, R.S. Brokaw, Thermal
Conductivity of Gas Mixtures in Chemical
Equilibrium, The Journal of Chemical Physi&s,
N°6, 1636-1643, 1957.



[15] M. Playez, B. Vancrayenest, M.E. Zuber, D.G.
Fletcher, Titan atmosphere plasma investigation
using spectroscopic techniquéxoceedings of the
Fifth European Symposium on
Aerothermodynamics for Space Vehicles (ESA SP-
563), Cologne, Germany, p.487, 2004.

[16] D. Vacher, M. Lino da Silva, P. André, G.
Faure and M. Dudeck,Radiation from an
equilibrium CQ-N, plasma in the [250-850 nm]
spectral region: 1. ExperimentPlasma Sources
Science and Technology 17, 035012 (8pp), 2008.
[17] M. Lino da Silva, D. Vacher, M. Dudeck, P.
Andre and G. FaurdRadiation from an equilibrium
CO~N, plasma in the [250-850 nm] spectral
region: 2. Spectral modellingPlasma Sources
Science and Technology 17, 035013 (9pp),2008.
[18] M. Lino de Silva,An adaptative Line-by-Line-
Statistical Model for Fast and Accurate Spectral
Simulations in Low-Pressure Plasma3QSRT,
Vol. 108, n°1, pp. 106-125,2007.

[19] C.D. Pintassilgo J Loureiro, G Cernogora and
M Touzeau Methane decomposition and active
nitrogen in a N-CH,; glow discharge at low
pressure,Plasma Sources Science and Technology
8,463-478,1999.

[20] P. Coll et al, Experimental laboratory
simulation of titan’s atmosphere: aerosols and gas
phase, Planetary and Space Science 47, 1331-
1340,1999.

[21] C. Szopa et al.PAMPRE : Adusty plasma
experiment for Titan’s tholins production and
study, Planetary and Space Science 54, 394-
404,2006.

[22] M. Moreno,Carbon nanoparticles synthesis by
gas phase non-equilibrium plasm&hD Thesis,
Ecole des Mines de Paris,2006.

[23] D. Vacher, P. André, M. Lino da Silva, M.
Dudeck, G. FaureDefinition of a new level one test
case measurements of equilibrium radiation from
an inductively coupled plasma in the near-UV to
near-IR spectral region for a Titan-type,-H,
mixture. Preliminary results3 Int. Workshop on
Radiation of High Temperature Gases in
Atmospheric Entry, 30 Sept.-3 Oct. 2008,
Heraklion, Greece



