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Mass Spectrometric and Electrostatic Probe Measurements
of N,/O, Plasma Flow

P. Asselin,* S. Cayet,* P. Lasgorceix,{ V. Lago,* and M. Dudecki
Centre Nationale de la Recherche Scientifique, 92190 Meudon, France

Plasma wind tunnels are used at the Laboratoire d’Aérothermique at Meudon to simulate the different
parameters of the gas surrounding the surface of space vehicles during hypersonic flight in the upper atmosphere.
In the present work, mass spectrometric and double electrostatic probe measurements in a stagnation point are
performed in N,/O, plasmas. Axial distributions of electron density and temperature are obtained from the fit
between experimental data and Laframboeise expression for the double cylindrical probe current. Neutral and
ion distributions are measured by mass analysis for different axial positions, and are then compared with a
chemical model for air, in order to evaluate the dominant reactions in the plasma flow.

Nomenclature

F = scalar expression defined as the difference
between experimental and theoretical
double-probe currents

H..,, H;, = experimental and theoretical double-probe
currents

L, V, = current, voltage probes

Ji = measured current by a collector area for a
species k

l,d, A = length, diameter, and area of sampling orifice

N, = electron density

Ny, Vi = density, thermal velocity of the species &

r, Ag = probe radius and area

T, = electron temperature

T,T, = rotational, vibrational temperatures

12 = plasma flow velocity

w; = production rate relative to the reaction j

z = axial coordinate of position vector

Ap = Debye length

Ay Ay = neutral mean free path, ion mean free path

8, = dissociation coefficient of a molecular species

Introduction

LASMA wind tunnels are used to simulate space vehicle
atmospheric re-entry conditions with large continuous
plasma jets of high specific enthalpies at low pressures, mak-
ing them an ideal tool for developing spacecraft thermal pro-
tection materials.!? Significant heat transfer also occurs be-
hind the shock layer created upstream of the vehicle. This
modifies considerably the nature and the composition of the
plasma, and much research is currently in progress on the aero-
thermodynamics and chemistry of these gaseous flows.>-#
The Laboratoire d’Aérothermique is equipped with three
plasma wind tunnels (dubbed SR1, SRS, and SR6), in which
low-pressure arcjets are generated to simulate certain param-
eters of the gas surrounding the surface of a vehicle during
hypersonic re-entry (above 60 km up from the Earth’s sur-
face). Several blown-arc plasma generators have been devel-
oped that use a great variety of gases, such as argon, hydro-
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gen, nitrogen, air, or mixtures corresponding to particular
planetary atmospheres such as CO, (Mars) and N,-CH, (Ti-
tan). Different experimental methods are currently used to
characterize the properties of the plasma jets. With optical
emission spectroscopy, rotational and vibrational tempera-
tures of excited levels can be deduced at the nozzle exit from
the Av = 0 transitions of the first negative spectrum of N,
up to 50 cm downstream from the Av = 0 transitions of the
violet spectrum of CN by comparison with a calculated spec-
trum.® Intrusive techniques as pitot probes, heat flux probes,®
electrostatic probes, and mass spectrometry'® are investigated
to study specific plasma conditions. These last two diagnostics
have been significantly modified and will be described in detail
in the present work. First, some measurements were made at
a stagnation point within an air plasma. Some electron density
and temperature data will be presented, as obtained by double
electrostatic probes, along with the molar fraction of neutrals
and ions analyzed by mass spectrometry. Finally, mass spec-
trometric measurements will be compared with a chemical
model for air.

Experimental

Plasma Generator

Our experiments are performed in a cylindrical steel vac-
uum chamber, 1 m in diameter and 2.3 m long. Vacuum
conditions are obtained by a Roots pump group with a flow
rate of 20,000 m*-h~"' at a pressure of 5.10 2 torr. A static
pressure around 10~' torr is typically reached with a plasma
mass flow rate of 0.2 g-s" . Figure 1 shows the general scheme
of the experimental setup in the SR1 plasma wind tunnel.
Continuous plasma jets are generated by an arc discharge.
An electric arc is created between the tip of a copper cathode
crossed by a zirconium insert, 2 mm in diameter, and the neck
of a copper nozzle (4 mm in diameter), both cooled by a water
circuit. The arc is started by a high-frequency high-voltage
discharge (6000 V) between the nozzle and the zirconium
cathode, and is maintained by a power supply of regulated
intensity with an operating range of 70 V/500 A. The elec-
trodes are insulated electrically from each other by an insu-
lator (Celoron®), and the generator chamber is protected
thermally by a piece of ceramic. The arc is rotated by the
vortex motion of the gas injected into the arc chamber. The
plasma generator used for our application offers the possibility
of forming the plasma by the electric arc from the direct
injection of a N.-O, mixture into the generating chamber. In
practice, this produces air plasma jets characterized by low
fluctuations of the arc potential (<1%) and a lifetime of sev-
eral hours for airflows between 10-20 slm and arc currents
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Fig. 1 Diagram of the experimental device in the plasma wind-tunnel
SR1.

in the 50-200 A range. For these conditions, generator energy
efficiencies are 30-70%, with power supply ranging from 3
to 12 kW. Lastly, high specific enthalpies (10-20 MJ/kg) are
available using this arc generator due to the low mass flow
rates (0.22 g-s~! for air at 10 slm).

Neutrals and Ion Detection

The mass spectrometer is a standard quadrupole analyzer
Balzers QMG 420 consisting of four distinct elements!!:

1) A cross-beam ion source with its electrostatic optics for
detecting neutrals.

2) An ion transfer optics with three metal cylinders and a
circular baffle in the middle of the second cylinder, forming
two electrostatic lenses to focus the positive and negative ions
coming from the plasma (Fig. 2).

3) A quadrupole mass filter consisting of four cylindrical
rods in molybdenum, 200 mm long and § mm in diameter,
used to explore mass ranges between 1-512 amu.

4) A secondary electron multiplier arranged at 90 deg with
respect to the analyzer.

The spectrometer housing is connected by a cylindrical ce-
ramic insulating piece to a water-cooled circular flat stainless
steel plate 100 mm in diameter, 1 mm thick, and with a 100
um opening in the center. This large plate is inserted directly
in the plasma flow in order to measure the plasma conditions
at a stagnation point in front of a catalytic sample material.
Plasma particles are sampled through the hole into the spec-
trometer. This forms with the turbomolecular pump flanged
at the exit of the quadrupole mass filter, a differential pump-
ing stage from 10-! torr in front of the orifice down to 10-¢
torr inside the analyzer. When measuring neutral particles,
the transfer optics is set to a repelling potential for positive
ions and the cross-beam ion source is switched on. Inversely,
when measuring charged particles, suitable voltages are ap-
plied to the transfer optics, so that when divergent ions from
the plasma are directed around the baffle by the first lens,
situated around 5 mm behind the sampling aperture, they are
focused on the entrance of the quadrupole mass filter by the
second lens. In this latter case, the ion source is switched off.

Electron Density and Temperature Measurement

Electrostatic double probes were used to determine the
electron density N, and temperature T, close to the surface
of a circular flat plate. The device consists of two cylindrical
tungsten wires of 200 um radius and 4 mm length. Each of
them is held fixed in an alumina tube about 1 mm in diameter
and with a 200 um channel running through the center. The
two alumina tubes are then fitted inside two channels of 1
mm diameter, spaced out 2 mm, passing through a larger
alumina tube (¢ = 4 mm), and then cemented at each end
of the channels. The two probes are first placed as close as
possible to an axial position with respect to the plasma flow.
They are then inserted in the orifice of a flat plane (with
dimensions similar to those of the mass spectrometer), and
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Fig. 2 Diagram of the mass spectrometer ion transfer optics.

mounted at the end of a water-cooled revolving arm in order
to prevent damage to the probe device. The probes are po-
larized by a voltage generator delivering periodic triangular
signals with adjustable rise and fall times. The voltage cor-
responding to the probe current I, passing through a standard
resistance (1, 10, or 100 0), the polarization voltage V| be-
tween the two probes, and the arc voltage (to control the
stability of the arc during the storage) are sent to an RTI 860
acquisition system (sampling time = 20 us) linked to a com-
puter, which displays the double-probe characteristic I, =
f(V,). The frequency used for the triangular signal is 100 Hz,
hence, the acquisition time corresponding to a half-period is
5 ms and a probe characteristic includes 250 measurement
points.

Theory

Concerning the analysis of the neutral and charged particles
by mass spectrometry, the length /, the diameter d, and the
electric potential of the sampling orifice were chosen in order
to be sure that the gas sampled is representative of the plasma
chemistry at the entry surface of the plate. Similarly, our
electrostatic probe theory is determined by the order of the
dimensions of the probe collector element relative to the char-
acteristic parameters of the plasma. In our plasma, the mean
free paths of neutrals A, and charged particles A, are large
compared to the Debye length A, (collisionless process), and
the hole diameter d was decided in consideration of the mo-
lecular flow conditions, i.e., the inequality A,, A, >> d > A,
The flat plate of the spectrometer is set at a floating potential
to limit the electric field penetration through the sampling
orifice. Lastly, considering the high aspect ratio ({/d) (=10)
of the orifice, the measurements presented here include the
effects of recombination in front and inside the orifice, so
that the relative concentrations of the atomic species are largely
underestimated. The classical theory of the probes assumes
that the plasma sheath is collisionless and is determined by
the radius r of the probes, which is small compared to A, and
A;. From the calculations of the simple probe currents of
Laframboise'? for the Maxwellian electron and ion energy
distribution functions, Peterson and Talbot'® give an algebraic
description for the simple probe characteristics, in a region
where A, < r. The characteristics of the floating double probes'
are deduced from those of the simple probes.

Data Analysis

Before presenting our mass spectrometry and double elec-
trostatic probes results, it is important to explain 1) how the
raw mass spectrum is corrected to obtain the relative densities
of the neutrals and ions; and 2) how the double probe char-
acteristics are analyzed to obtain N, and T,.

Mass Spectrometry

The relative densities of the neutral particles and ions are
measured differently, because of the cross-beam ion source
used for the neutrals. For the dominant neutral particles of
the plasma, our data analysis is addressed by the following
points:

1) The mass peak currents in the residual vacuum mass
spectrum are subtracted from the mass peak currents mea-
sured inside the plasma.
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2) Knowing that only the current ratios measured with the
spectrometer are significant, each current for a given mass is
referenced to the dominant peak (N, for the neutral particles,
NO* for the ions). Around this point, it would seem more
correct to use some species that is not involved in the plasma
chemistry as mass reference for neutrals. For this reason, it
is planned to inject a controlled flow of helium gas directly
in the mass analyzer.

3) In shock-layer conditions, the effect of the plasma flow
velocity near the sampling orifice must not be considered.
The current measured by the collector area A for a species k
is expressed by

J. = Any,2\w

where n, is the density and v, is the thermal velocity of the
species k taken at wall conditions. Assuming that all the heavy
species have the same temperature, the effective current ratios
(J,/J)) for two species k and / are linked to the density ratios
by the factor \/(m,/m,).

4) The last point concerns the effect of the cross-beam ion
source on the neutral particles. Dissociation reactions induced
by the ionization grid inevitably disturb the measurements,
and the dissociation coefficient 6, for each molecular species
present in the plasma must be measured, or at least estimated.
This estimation was made on the basis of measurements in a
neutral gas flow for N, and O, (6, = 0.23 and 0.33, respec-
tively), and of measurements in residual vacuum for H, and
H,O (0.34 and 0.33) by extrapolating the dissociation energy
of these four molecules as a function of 6, for NH, OH, NO,
and N,O (two possible dissociation reactions with N,O). All
these points are taken into account to obtain the real relative
currents corresponding to the plasma chemistry, and hence,
the molar fraction of the neutral species. Only points 2 and
3 of the preceding paragraph apply to the analysis of the ions,
considering that no ions are present in the residual vacuum
spectrum and that the cross-beam ion source is switched off.

Double Electrostatic Probes

It is possible to apply a nonlinear global optimization to
the double-probe characteristics using 7,, N,, and the area
ratio {(A,/A,) of the probes as parameters. A minimization
criterion is defined for the scalar F = ||H,, — H_[, where
H,, and H,,, are the theoretical® and experimental double
probe currents, respectively. The expression for F is then
calculated repeatedly until the convergence criterion chosen
is satisfied. Two remarks can be made concerning the use of
this algorithm.

1) The method is not sensitive enough to determine the
ionic temperature 7,. Nevertheless, if 7, is varied about 50%,
the value of N, changes distinctly (=20%). In the present
case, T; is taken as the temperature of heavy species, deter-
mined by optical emission spectroscopy.®

2) By analyzing double-probe characteristics with (A4,/A4,)
fixed to unity, the fit is less satisfactory, but yields nearly
similar results for N, and T,. For this reason (A,/A,) was
introduced as a fit parameter. It is observed that the area
ratio decreases from 0.86 to 0.75 with the z position. From
this result, two remarks can be made:

1) The value of (A,/A,) (lower than 1) means that the two
probes are not quite identical (differences of length, surface
condition, angle of attack with respect to the plasma flow,
etc.).

2) It is not appropriate to relate the variation of (A,/A,)
along the z axis with axial changes of one of the three pa-
rameters previously cited. Between 200—400 mm, the possible
range of the flow impingent angles with respect to both probes
(not necessarily parallel between them) is estimated to —20
deg/+20 deg, but the angle between the flow and the z axis
is assumed to be zero. Statistical errors in the nonlinear op-
timization as well as hydrodynamical fluctuations in the plasma

must be taken into account to explain this variation of (A4,/
A,) with z.

Results

The results presented are the mass analysis of neutral par-
ticles and ions, and the electron density and temperature,
determined from double-probe characteristics. In both cases,
the measurements are performed in air plasma (100 A, 10
slm) behind (with mass spectrometer) and in front of (with
electrostatic probes) a flat plate. Since the plasma generator
is mobile along the jet axis z, the distance has been varied in
steps of 50 mm, from 400 to 200 mm in the mass analysis case,
from 400 to 100 mm in the double probe case. Examples of
raw mass spectra are given for neutral particles (Fig. 3) and
ions (Fig. 4) at z = 300 mm. Due to their intensity, 10 mass
channels (1, 2, 14, 15, 16, 17, 18, 28, 30, 32, 44) are stored
in the neutral spectrum, and eight in the ionic spectrum (14,
16, 18, 19, 28, 30, 32, 44). It is difficult a priori to discriminate
at the mass 44, N,O from CO, and N,O* from CO; in both
mass spectra of neutrals and ions. However, several argu-
ments play in favor of the presence of N,O and N,O*: firstly,
the signal at mass 44 seems to come from the air plasma and
not from the residual gas, because we measured a bell-shaped
radial profile of the effective peak current, similar to the
plasma jet form. Secondly, if CO, was detected at the mass
44, we should measure a weak signal at the mass 12 (C) due
to the cracking pattern of CO,, but such a signal has not been
detected. After analysis of the data, only eight neutral species
(H,, NH, OH, H,0, N,, NO, O,, N,0) and seven ions (N *,
O+, H,0*,N;,NO*, O;, N,0*) have molar fractions greater
than 10-3. The molar fraction of the neutrals or of the ions
is defined with respect to the total sum of the neutrals or of
the ions because the acquisition of the mass spectrum for
neutrals is independent of that of the ions. The variation of
the molar fraction of the neutral species as a function of the
axial distance is shown in Fig. 5, and that of the ions in Fig.
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Fig. 3 Mass spectrum of neutral particles in air plasma (10 slm, 100
A) on the jet axis at z = 300 mm.
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Fig. 5 Neutral particle distribution measured in air plasma between
z = 200-400 mm.
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6. The detection of hydrogenated species in the mass spectra
(H.. NH, OH, H,0, H,O") is due to the presence of water
molecules, which were dissociated or ionized in front of the
orifice of the flat plane. It is believed that the absence of
neutral atomic species N and O after analysis (lower than
0.1%) is due perhaps to a catalytic reaction between molecular
particles and the stainless steel plate and the sampling chan-
nel. The absence of neutral atomic oxygen can’t be explained
by chemical reaction with copper coming from the anode,
because the vaporated copper mass is negligible, although
optical spectral lines of copper have been observed. Our re-
sults can be compared with the particle distribution obtained
in the PWK2-IRS plasma wind tunnel by Schonemann et
al.'*~!® for N,-O, mixtures. Their plasma conditions differ
greatly from ours (56 MJ/kg with an arc current of 1000 A
compared with 20 MJ/kg with an arc current of 100 A). Con-
sequently, higher electronic temperatures are obtained (about
12,000 K at z = 260 mm compared with 6000 K in our case).
The greater quantity of electron collisions in the PWK2-IRS,
as well as the atomic recombination rate enhanced by the
catalyticity of our stainless steel plate may explain why the
dominant ion observed in their ion distribution is N+ at the
center of the jet and at z = 260 mm,'® whereas in the present
work (Fig. 6), NO* is distinctly preponderant.

An experimental double-probe characteristic obtained in
front of the stainless steel plate inside the air plasma flow at
z = 100 mm is represented in Fig. 7. The solid line is the fit
of the double-probe current with the theory of Laframboise. !?
The electron density distribution on the jet axis is shown in
Fig. 8. The electron density falls off sharply from z = 100
mm to z = 300 mm (from 4.10"2 cm 3 to 3.5 10" c¢cm %),
which indicates a strong electronic recombination rate. Due
to the same type of reaction, N, decreases more smoothly
beyond z = 300 mm. This measurement seems to be incon-
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Fig. 7 Experimental double probe characteristic obtained in air plasma
at z = 100 mm.
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Fig. 9 Electron temperature vs axial position (100-400 mm) in air
plasma on the jet axis. The uncertainty about the determination of 7,
is represented by vertical error bars and is estimated to 15%.

sistent with the ionic mass spectrum Fig. 6 because the molar
fraction of the dominant ion NO* increases with z. However,
each ion molar fraction presented in Fig. 6 is expressed with
respect to the total number of ions. The axial evolution of
the absolute density of NO* can be approximated from mea-
sured values of the ratio between the electron density (Fig.
5) and the total number of species, and of the ratio between
the ion molar fractions of NO* and O; (Fig. 6). It is found
that the density of NO* decreases by about a factor 4 between
z = 200 and 400 mm, and it can be concluded that the density
of allionic species decreases with z, as for the electron density.

The electron temperature distribution Fig. 9 is roughly sim-
ilar to that of the rotational temperature 7, obtained in a N,-
0.1% CH, mixture,® but T, always is about 2500 K higher
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Fig. 10 Calculated molar fractions for the neutral particles in air
plasma.

than T,. The electron temperature decreases sharply on the
jet axis, from 7700 to 6200 K between z = 100 and 200 mm.
Beyond 200 mm and up to 400 mm, the value of T, increases
to 7000 K before decreasing again. This result might be related
to the presence of crossed shock layers issuing from the noz-
zle, which originate successive zones of compression and ex-
pansion by reflection on the jet boundaries. This phenomenon
has been frequently observed in arc plasma jets about up to
50 mm from the nozzle exit.' It is not clear that the increase
of T, observed from z = 300 mm is due to pressure oscilla-
tions, because in this case, the axial evolution of N, should
be similar. The large uncertainty (estimated to 15% from
systematic measurements at a fixed position) about the de-
termination of T, (Fig. 9) may explain this apparent incon-
sistency between both results.

Chemical Kinetics

The Park?*' model for air is used to compare the usual
chemical kinetics with our mass spectrometry measurements,
which include recombination effects. The model takes into
account 11 particles (N, O, N,, NO, O,, N*_ O* N, NO*,
05, e) and 32 reactions, classified in six types: dissociation
with a heavy particle or with an electron, neutral exchange,
associative ionization, electron impact ionization, and charge
transfer. The system of coupled differential equations for the
variation of the molar fractions of 11 particles is solved using
a Runge—Kutta method with an adaptive step determined by
a convergence test. The molar fraction of the species deter-
mined experimentally, as well as the stagnation pressure
measured with a pitot tube at z = 200 mm, determine the
initial conditions needed to start the chemical kinetics. A
velocity distribution on the jet axis obtained by time-of-flight
measurements in our plasmas® is used to convert a time scale
into a length scale. Three temperatures are entered in the
chemical model: 1) T, for heavy species, 2) T, for electrons,
and 3) T, the vibrational temperature. These are assumed to
remain constant throughout the chemical process. The nu-
merical simulation results are presented separately for the
neutral particles (Fig. 10) and for the ions (Fig. 11). The initial
conditions at z = 200 mm are the following: 7, = 4000 K,
T,=6700K, T, = 5500 K, N, = 7.10" cm 3, and the velocity
distribution is approximated by v = 5000 x (200/z)'* m/s.
In order to reproduce the mass spectrometry measurements
better, the molar fraction of the atomic species N and O had
to be increased considerably (10% of the total sum of neutral
species). This must certainly be due to atomic recombination
reactions near the flat plate and inside the orifice that are not
taken into account in the model. In this configuration, the
agreement is correct between experimental and numerical
results, except for N* and Nj , whose measured slopes as a
function of z decrease very sharply. Comparing each pro-
duction rate w; of a reaction j, we find that w; is greater than
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Fig. 11 Calculated molar fractions for the ions in air plasma.

or about equal to 1 for only eight of them. These eight re-
actions are now presented in the forward (endothermic) sense;
but in all cases the sign of w; indicates that the reverse process
is dominant:

Neutral exchange reactions
N, + O=2NO + N
NO+O=20, +N
Associative ionization/dissociative recombination reactions
N+ O=2NO* + e
O+0=20 +e
N+ N=2NS +e
Electron ionization/ionic recombination reactions
O+ea20* +e+te
N+ea=xN* +e+e
Charge transfer reaction
NO* + 0,2 0, + NO

Except for the recombination effects, the differences be-
tween the experimental and numerical data may be due to 1)
uncertainties in the measurement of the temperatures, of the
electron density, and of the molar fraction of 11 species, which
determine the initial conditions; 2) the influence of other
species measured by mass spectrometry as H,O, OH, H,O™,
etc., coming from the residual gas or as N,O and N,O* formed
in the plasma. The importance of the external gas seems to
be proved by the decrease of the velocity flow v with z, but
other parameters as viscosity and expansion of the jet due to
diffusion may be involved in the v(z) profile; 3) errors in the
correction factors described above, which were used for data
mass analysis; 4) hydrodynamic instabilities of the plasma
flow, which affect especially the measurement of ionic species
present in relatively small quantities in the plasma flow; and
5) the choice of a theoretical monodimensional model, which
does not account for radial diffusive effects.

Conclusions
Preliminary investigations have been made concerning the
measurements at a stagnation point in an air plasma. Axial
electron density and temperature distributions have been de-
duced from the analysis of double-probe characteristics using
Laframboise calculations coupled with the algebra formalism
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of Peterson and Talbot. The validity of the theory used is
well-proven by the very good fit between experimental and
theoretical probe characteristics. Neutral particle and ion dis-
tributions from mass spectrometry measurements along the
jet axis have been obtained. The comparison between ex-
perimental data and a numerical simulation using a Park model
for air, including 11 species and a set of measured parameters,
shows a qualitative agreement with respect to the majority of
the species involved, provided that the molar fractions of N
and O are raised considerably. From these results, it seems
clear that the absence of atomic species coming from the
plasma flow, in the mass spectra, must be due to recombi-
nation reactions inside the sampling orifice of the mass ana-
lyzer, as well as close to the catalytic flat plate. Further in-
vestigations are planned by mass spectrometry, and particular
attention will be paid to the definition of a new sampling
device, in order to minimize the recombination effects.
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