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The analysis of emission spectroscopy measurements performed on plasmas with a composition representative of
the atmosphere of Titan is presented. The plasmas are produced in the von Karman Institute for Fluid Dynamics
Minitorch inductively coupled plasma wind tunnel. Absolute volume emissivities are obtained for two different test
conditions. The first one, a high-pressure test condition, is selected to obtain conditions close to local thermodynamic
equilibrium. The second one, a low-pressure test condition, is selected to investigate possible departure from
equilibrium conditions. The analysis of the measured spectra is performed with a radiation code developed at the von
Karman Institute for Fluid Dynamics for this purpose. Dynamic behavior of the plasma jet is considered and the
effect of observed fluctuations is included in the analysis. An estimated radial distribution of the error induced by the
fluctuations on the measured volume emissivity is computed. Good agreement between measurement and
computation is obtained for the high-pressure test condition at the center of the jet. For larger radial positions the
error induced by the fluctuations increases and greater corrections have to be applied. A preliminary analysis of the
low-pressure test condition at the center of the jet leads to the introduction of large overpopulation factors attributed
to the emitting vibrational and electronic energy levels.

I. Introduction

VEN if performed at moderate speed (6—-10 km/s) [1-7], entry

or aerocapture maneuvers in the atmosphere of Titan are
characterized by significant radiation emission in the shock layer
surrounding the space probe. This strong emission is due to the
composition of the atmosphere of Titan, which is mainly composed
of nitrogen with a small percentage of methane. When this mixture is
brought to high temperature, strong radiators, CN and C, molecules,
are produced. In such conditions, the energy released in the form of
radiation comprises an important fraction of the heat flux impinging
on the heat shield. An accurate estimate of this radiative heat flux is
therefore necessary for a proper design of the thermal protection
system. Moreover, the radiation emission is strongly dependent on
the nonequilibrium conditions present behind the shock wave, which
requires implementation of collisional-radiative models for accurate
prediction of the emitted radiation. Such models are under
development for the prediction of the nonequilibrium population
distribution in Titan atmosphere plasmas [8,9]. Nevertheless, no
electronically and vibrationally resolved collisional-radiative
models are currently available. Because the development and
testing of such models requires experimental data, the present paper
summarizes a study aimed at providing such data.

Inductively coupled plasma (ICP) wind tunnels are used in the
aerospace field for the replication of the high-temperature boundary
layer on the stagnation line of space vehicles, provided that the
conditions at the outer edge of the boundary layer and at the wall are
the same in flight and in the wind tunnel [10]. These facilities do not
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offer the possibility to fully simulate the relaxation processes present
behind a shock wave, because the plasma production mechanism is
different. Nevertheless, ICP wind tunnels have demonstrated their
use in the validation of plasma emission computation under local
thermodynamic equilibrium (LTE) conditions [11] and can provide
nonequilibrium conditions for the analysis of collisional energy
transfer processes [12]. Emission spectroscopy measurements
performed in the VKI Minitorch ICP facility are presented in this
paper [13]. The test campaign can be divided in two steps. The first
step is the production and analysis of spectra emitted under LTE
conditions. This analysis provides a reference for the validation of
both experimental procedures and spectral modeling. The second
step is the measurement of nonequilibrium spectra, producing data
for the development of electronically and vibrationally resolved
collisional-radiative models. As stated earlier, the nonequilibrium
flow conditions in the immediate postshock region present during
entry or aerocapture in the atmosphere of Titan, which have been
computed for flight conditions [ 1-9] or simulated in shock tubes [14—
17], cannot be replicated in the facility used for the present
investigation. Moreover, the total specific enthalpy of the VKI
Minitorch facility, which was in the range of 8—10 MJ/kg on the jet
axis, is rather low with respect to the required values ranging from
12.5to 15 MJ/kg for peak radiative heating of the Huygens entry [9].
Other ICP wind-tunnel facilities, such as the VKI Plasmatron, can
provide higher specific enthalpy values (theoretically, up to
75-MJ /kg mass-averaged total specific enthalpy) and its use could be
considered for future development. However, the VKI Minitorch
facility was selected in this study because it can produce the high-
pressure plasma flows required to achieve LTE conditions, and its
long-duration operation allows detailed analysis of the plasma state.

After presentation of the VKI Minitorch facility and a description
of the dynamic behavior of the plasma jet, the emission spectroscopy
setup is described. The results of this study are then presented: The
spectral radiation model developed at VKI for the analysis of the test
conditions is described and the spectra obtained for the two different
conditions described previously are analyzed.
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IL. Facility

The tests were performed in the VKI Minitorch, which is an ICP
wind tunnel. Its working principleisillustrated in Fig. 1. The test gas is
injected through a gap between the inner block and the quartz tube. A
high-radio-frequency (27-MHz) current is applied to the coil and
induction heating takes place inside the quartz tube, producing a
plasma. At this location, the plasma is known to be in nonequilibrium
conditions [18]. It relaxes and cools while flowing toward the
measurement location. If the relaxation processes are sufficiently fast,
LTE conditions can be produced at the measurement location, about
6 cm above the last coil turn. The plasma exits the quartz tube to enter a
vacuum chamberin which the chamber pressure is varied tochange the
test conditions.

The different parameters defining the VKI Minitorch are given in
Table 1. The indicated pressure range corresponds to the static
pressure inside the test chamber, which for the subsonic plasma flow
corresponds very nearly to the total pressure. A pressure tap placed
on the wall of the test chamber monitors the static pressure of the
plasma flow. The pressure inside the test chamber is varied by
adjusting a variable aperture valve placed on the vacuum line. Two
test conditions were selected: a high-pressure test condition, with a
pressure equal to 300 mbar, and a low-pressure test condition, with a
pressure equal to 23 mbar. The pressure in the chamber was limited to
300 mbar for the present study because further increase of the test
chamber pressure leads to lower emission of the plasma jet and
higher stray light produced in the induction region. The second test
condition offered the lowest static pressure available and therefore
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Fig. 1 Working principle of the VKI Minitorch plasma wind tunnel.

Table 1 VKI Minitorch working parameters

Power (in the plasma) 3.75 kW
Frequency 27 MHz
Mixture components N,, CH,
Mass flow 0.6 g/s
Quartz tube inner diameter 30 mm
Vacuum chamber inner diameter 300 mm

Pressure range 20 mbar to 1 bar

less efficient relaxation mechanisms. The test gas composition used
in the present study is 98.1% nitrogen and 1.9% methane by volume.
The emission spectroscopy measurements presented in this paper
were implemented assuming the plasma jet was steady. However, it
appeared in the course of this study that the plasma jet of the VKI
Minitorch beats periodically. High-speed imaging of the plasma jet
was performed to analyze and to eventually reduce the strength of
these fluctuations. A Phantom v7.0 high-speed camera was used for
this purpose, with acquisition frequencies up to 100 kHz. Small
changes in the geometry of the plasma torch led to a significant
reduction in the plasma emission fluctuations. In the nominal
geometric configuration of the torch, at the center of the jet, the
plasma emission decreases to 20% of its maximum value. After
correction of the torch geometry, the minimum plasma emission is
80% of the maximum emission at the same radial and axial location.
The plasma fluctuations measured in the final configuration are
illustrated in Fig. 2, in which the plasma emission at the center of the
jet is plotted for different pressures. Two types of fluctuations are
superimposed. The first is linked to the variation with time of the
envelope of the RF power coupled to the plasma. It occurs with a
frequency equal to 300 Hz and is due to the imperfect rectification of
the current feeding the electric valve of the RF generator. The second
type of fluctuation is linked to the occurrence of vortex shedding
from the recirculation bubble present behind the inner block of the
injection system. In the present design of the torch, this recirculation
bubble is used to stabilize the plasma ball. This second type of
fluctuation is frequency-locked to the power fluctuations.
Following modifications to the injector and torch, the variation of
the emission radial profile in the final configuration is illustrated in
Fig. 3 for the 300-mbar test condition. The solid lines represent the
emission profile on one side of the plasma jet (from the center of the
jet to the outside of the jet) and the dashed lines show the behavior of
the other side of the jet. The superposition of the two curves indicates
a good symmetry of the plasma flow. The time label printed on each
plot indicates the time delay between the acquisition of the picture
and the beginning of the sequence. The amplitude of the emission
fluctuations is small at the center of the jet: close to 10%. Larger
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Fig. 2 Measurement of the plasma emission fluctuations at the center of the jet.
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variations occur at the edge of the plasma, where large gradients are
present. In the low-pressure test condition, the emission fluctuations
at the center of the jet are equal to 22% of the maximum emission
value (see Fig. 2).

The temporal evolution of the emission profiles presented in Fig. 3
are used for the evaluation of the effect of the fluctuations on the
volume emissivity obtained after Abel inversion in the emission
spectroscopy experiment. The intensity values obtained with the
high-speed camera correspond to the spectral emission of the plasma
integrated over the spectral response range of the camera. The
different spectral features composing the emission spectra have
different temperature dependencies and therefore different radial
intensity distributions and different temporal variations. These radial
distributions and temporal variations are also different from the
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Fig. 3 Temporal evolution of the emission profile at 300 mbar,
optimized geometrical configuration.
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Fig. 5 Estimation of the relative uncertainty of the measured volume
emissivity due to the plasma fluctuations at P = 300 mbar.

distributions and variations of the spectrally integrated value. This
procedure thus only gives an indication of the effect of the
fluctuations on the different spectral features observed in the spectra.
The Abel inversion is applied to the emission profiles plotted in Fig. 3
for each picture of the high-speed movie. The average inverted
profile and the corresponding maximum and minimum are given in
Fig. 4. The relative errors computed from the differences between the
envelop and the averaged profile of Fig. 4 are plotted in Fig. 5. Close
to the center of the jet, the effect of the fluctuations is limited to errors
lower than 8%, whereas in the region of large emission gradients,
larger errors are induced, increasing up to 60% for radial positions at
which the plasma emission remains measurable.

III. Instrumentation

The plasma emission collection system implemented for the
present measurement is shown in Fig. 6. The light is collected by a
50-mm-diam, 300-mm-focal-length spherical mirror. After a second
reflection on a flat mirror, the light enters an optical fiber. Both
mirrors are UV-enhanced aluminum mirrors. The use of mirrors
makes the system achromatic. To increase the f-number of the
system, a variable diameter aperture is added between the flat mirror
and the optical fiber entrance. The aperture also reduces the amount
of stray light entering the fiber. The f-number of the system is set to at
least 26, making the collection volume very close to a cylinder over
the whole plasma diameter. This is a necessary condition for the
application of the Abel inversion. The measurements were calibrated
using an Osram WI17G tungsten ribbon lamp. The implemented
calibration procedure limits the investigation to the spectral range of
350-1000 nm. The light emitted by the plasma was analyzed using an
Ocean Optics HR2000CG-UV-IR spectrometer. The characteristics
of this spectrometer are given in Table 2. The full-width half-
maximum of the apparatus function was measured observing light
diffracted from a He-Ne laser beam and is equal to 1.1 nm.

IV. Results
A. Spectra Modeling

To determine the state of the plasma from the measured volume
emissivity spectra, modeling of the plasma emission is required. A
radiation code dedicated to the modeling of the emission of plasmas
representative of Titan atmosphere was implemented for this
purpose. The spectra are modeled in the 350-1000-nm wavelength
range. The emission of the molecules CN, C,, and N is taken into
account. The emission of the atomic lines of H, C, and N was also
included in the computations but their contribution was found to be
negligible. Three systems of the CN molecule are modeled: the CN
violet [19-21] (B*T* — X?¥*), CN red [20,22,23]
(A’T1 — X2%*) and CN leblanc [19,20,22] (B>S+ — A’TI). The
C, Swan [21,24-26] (d°Tl, — a’T1,), C, Phillips [27,28]
(A'Tl, > X'E}), and C, Deslandres-D’Azambuja  [27-29]
c ng — A'TI,) systems were considered, as well as the N, first
positive [11,30,31] and second positive [11,32] systems
(BT, — A3SF Tand C3M1, — B*II o). However, only the CN
systems and the C, Swan system have nonnegligible contributions
for our test conditions.

Optical fiber
entrance

. Cylindrical mirror
\ L4

‘ \ Flat mlrror
Circular aperture

Fig. 6 Emission spectroscopy setup schematic: plasma emission
collection optics.
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Table 2 Characteristics of the Ocean Optics
HR2000-UV-IR spectrometer

Wavelength range 200-1100 nm

Grating 300 grooves/mm
f-number

Entrance slit width 5 pm

Detector 2048-element linear silicon CCD array

B. Comparison of Measurement and Modeling

After Abel inversion of the measured absolute intensity profiles,
the measured absolute volume emissivity values are compared with
the modeled emission. The analysis of the high-pressure test
condition is performed as follows. In the wavelength range of 430—
900 nm, the relative spectral distribution of the volume emissivity is
fitted with a synthetic spectrum computed under the assumption of
LTE conditions. A temperature is then obtained. In this wavelength
range, spectral features of the three main systems, CN violet
(Av = —-2), CN red (Av ranging from +2 to +6), and C, Swan
(mainly Av = —1, 0, and +1) are present. As a working hypothesis,
the radiation self-absorption is supposed to be negligible and is not
taken into account in the Abel inversion. The validity of this
hypothesis is discussed in a following paragraph. The temperature
obtained from the fitting procedure is based on the comparison of the
spectral distribution of the different systems: on the relative strength
of the bands and on the distribution in the bands, but also on the
relative strength of the different systems of CN and on the relative
strength of the systems of two different species, CN and C,. This
procedure therefore brings information on the chemical composition
of the plasma, as well as on the electronic, vibrational, and rotational
distributions of the energy levels. If a good agreement between the
LTE computation and the measurements is obtained, the distribution
among the different energy levels responsible for the emission and
the plasma composition can be considered to be close to their
equilibrium values.

Following the temperature determination, the measurements are
compared with the computations on an absolute scale. To account for
possible bias present in the computations and measurements, a
correction factor is introduced. It multiplies the computed spectra
over the whole spectral range of interest. A correction factor equal to
unity would naturally correspond to excellent agreement between
computation and measurement. Among the different biases possibly
present in the computations and measurements, the correction factor
accounts for the effect of the plasma fluctuations on the measure-
ment. This correction is important for radial positions at which large
fluctuations are present.

The comparison between computations and measurements is
repeated for each measurement location on the radial profile of the
jet. The temperature and correction factor distributions plotted in
Figs. 7 and 8 are then obtained. For radial positions greater than
9 mm, the quality of the fit deteriorates, owing to the weaker emission
intensity, and a linear extrapolation of the temperature profile is
preferred to the computed temperature values. The quality of the fit
between measurement and model are shown in Figs. 9-11 for three
different temperature values ranging from 3600 to 5000 K. The
correction factor is given in the label of the computed spectra.

The uncertainty analysis of the measurements and computations
was performed as follows: 5% accuracy was attributed to the
calibration of the system and 8% was attributed to the unresolved
fluctuations of emission. At the center of the jet, 8% uncertainty was
attributed to the Abel inversion. Therefore, for this radial position, a
21% estimated error is obtained for the measurements. Concerning
the computations, 5% accuracy is attributed to the transition
probabilities of CN [20] and 5% to the equilibrium composition
computation [13], leading to a total accuracy of 10%. Those
estimates can reasonably account for the observed discrepancy. At
the center of the jet, the scaling factor equals 0.72, which corresponds
to a 28% error. The decrease of the correction factor when the radial
position increases can be correlated to the increase of the error
induced by the plasma fluctuations.

The assumption of an optically thin plasma (i.e., without
absorption of the emitted light by the plasma itself), was made in the
previous analysis. To check this assumption, the intensity spectrum
measured at the center of the jet is reconstructed from the temperature
and correction factor profiles of Figs. 7 and 8. This computation is
performed with and without taking into account the plasma
absorption. The spectral distribution of the difference of the two

5200

—— Computation
..... Extrapolation

4800

4400

4000

3600

Temperature, K

3200

2800

2400

0 2 4 6 8 10 12
Radial position, mm
Fig. 7 Computed temperature profile, P = 300 mbar.
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Fig. 9 Comparison of the measured and computed volume emissivities
between 430 and 1000 nm; r=124mm; 7 =4959 K and
P =300 mbar.
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Fig. 10 Comparison of the measured and computed volume
emissivities between 430 and 900 nm; r = 3.82 mm; 7 = 4706 K and
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Fig. 11 Comparison of the measured and computed volume
emissivities between 430 and 900 nm; r = 8.43 mm; T = 3634 K and
P =300 mbar.
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computations is shown in Fig. 12. The maximum relative difference
between the two spectra s less than 2.7% over the spectral interval of
interest. This difference is negligibly small, thereby validating the
assumption of an optically thin plasma. The same computation was
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Fig. 13 Computed intensity at the center of the jet; 350-430-nm
interval; P = 300 mbar.
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Fig. 14 LTE computation analysis of the 23-mbar case; comparison of
the LTE computation and the measured spectrum.
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performed for the wavelength range of 350-430 nm. The result of
this computation is presented in Fig. 13. Strong absorption of the CN
violet main band (Av=0) is obtained, the optically thick
computation giving a peak intensity close to two times smaller than
the optically thin computation. Nevertheless, a 20% difference
between the optically thick computation and the measured spectrum
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Fig. 16 Computed overpopulation factors; 7 =4840 K and
P =23 mbar.

is present. The origin of this discrepancy is not clearly identified;
however, it is of the same order of magnitude as the correction for
plasma intensity fluctuations. A nonequilibrium population
distribution of the strongly emitting CN B electronic state could
also produce such a result, but this is considered less likely in view of
the good agreement with LTE conditions for the other band systems.
Temporally resolved measurements or modification of the torch
design to suppress the plasma fluctuations should therefore be
performed before drawing conclusions on the observed differences.

A preliminary analysis of the spectra obtained at 23 mbar,
following the procedure described next, leads to large deviations
between the computed and measured spectrum (see Fig. 14).
Overpopulation factors are therefore introduced in the analysis. They
are given as the ratio of the actual number density of the emitting
vibronic level n'v’ and its density under LTE conditions. The
overpopulation factors can only be estimated for the low-lying
vibrational levels of the electronic states, CN B, CN A, and C, d.
Figure 15 shows the result of the modified procedure. The
comparison is performed for only one radial position, at the center of
the jet, where the plasma fluctuations have the least influence. The
measured temperature is equal to 4840 K and corresponds to the
rotational temperature of the flow. The obtained overpopulation
factors are plotted in Fig. 16. Because of the low spectral resolution
used in the present study, the bands associated with CN B v = 5 and
6 overlap and the determined overpopulation factors are strongly
correlated. The same problem arises for the C, d v =5 and 6
overpopulation factors and the same value is used for the two factors.
The overpopulation factor distributions show large deviations from
unity. Only the C, d electronic state shows a regular increase in the
population of its vibrational levels. The CN A v’ states can be divided
into three distributions. The first two, for v" ranging from 1 to 3 and 4
to 9, show a regular increase of the overpopulation factor with the
vibrational quantum number, whereas the higher vibrational levels
show an opposite trend. The low vibrational states (v' = 1 and 2) of
the CN B state are underpopulated, whereas the higher vibrational
levels (v = 2-4) are close to unity. The CN B v =5 and 6 states
exhibit high overpopulation factors. Nevertheless, the results of this
measurement have to be taken with care because the possible effects
of the plasma fluctuations on the overpopulation factors have not
been considered.

V. Conclusions

A spectroscopic analysis of the emission of plasmas with a
composition representative of the atmosphere of Titan is described in
this paper. An investigation of the dynamic behavior of the plasma jet
was conducted. Periodic fluctuations of the plasma jet were
observed. These fluctuations have two origins: the RF-induced
power fluctuations and vortex shedding from the plasma ball. The
fluctuations could not be completely suppressed, but small changes
in the torch geometry led to a significant decrease of the observed

plasma jet fluctuations. The effect of these fluctuations on the time-
averaged emission spectroscopy measurements was considered. An
estimate of the induced error is obtained and included in the analysis
of the emission spectroscopy measurements. At high pressure
(300 mbar), in the center of the jet, a good match is obtained between
the measured volume emissivity spectra and the corresponding LTE
computation, thereby justifying the implementation of the
measurements and computations. For higher radial positions, the
effect of the plasma fluctuations increases, leading to larger
differences on the absolute volume emissivity scale. The analysis of
measurements performed at low pressure (23 mbar) showed large
deviations from the emission under LTE conditions. Overpopulation
factors are extracted for three electronic states, CN B, CN A, and
C, d. Equilibrium and nonequilibrium test conditions were thus
obtained and analyzed. The implemented procedure offers the
possibility to obtain data for the development of electronically and
vibrationally resolved collisional-radiative models. Further develop-
ments of the setup should either resolve the plasma fluctuations or
fully suppress them.
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