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Investigation of High-Enthalpy Air Plasma Flow
with Electrostatic Probes
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At the Institute for Space Systems of the University of Stuttgart, four plasma wind tunnels are in
operation to investigate the thermochemical behavior of thermal protection systems of various space
vehicles during planetary entries. To achieve a detailed understanding of the plasma conditions in a
plasma wind tunnel and of the erosion mechanisms of thermal protection materials, a specific flight
condition on the re-entry trajectory of a winged vehicle was investigated experimentally and numerically
in detail during the last few years. Electron temperatures, electron densities, plasma potentials, electron
energy functions, and particle velocities of the air plasma flow generated by a magnetoplasmadynamic
plasma generator were investigated by cylindrical electrostatic single, double, and triple probes. Plasma
velocities were determined with time-of-flight probes, taking advantage of natural fluctuations of the ion
current densities in the air plasma flow. Using the ratio of directed and thermal ion velocities related to
currents of parallel- and perpendicular-oriented probes according to the Kanal theory, the ion temper-

ature is estimated.

Nomenclature
A = area of probe electrode
e = electron charge, 1.6021892 X 10™"° C
F(E) = electron energy distribution function
1 = probe current
I. = electron current
I; = ion current
i; = ion current correction factor
Je = electron current density
Ji = ion current density
k = Boltzmann constant, 1.380662 X 10~ > J/K
) = probe length
m, = electron mass
m; = ion mass
n. = electron density
n; = ion density
r = probe radius
T. = electron temperature
T; = ion temperature
T, = heavy particle temperature
U = probe voltage
Vv = applied external probe potential
Vr = floating potential
Ve, = plasma potential
v, = directed ion velocity
Ve = mean thermal velocity
B = triple-probe correction factor
I'() = gamma function
0 = angle of attack between probe and plasma flow
A» = Debye length, (gokT./e’n.)"?
A.. = mean free path of charged particles, xx = ei, ee, ii
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end-effect parameter
normalized probe potential, e(Vy. — V)/KT,

Ti
Xp

Introduction

O achieve a detailed understanding of the air plasma con-

ditions in plasma wind tunnels (PWK) driven by mag-
netoplasmadynamic generators (MPG), and thus of the erosion
mechanisms of thermal protection materials, interest is focused
on the simulation and detailed investigation of a specific flight
condition related to the maximum temperature at the leading
edge for the re-entry of a spaceplane vehicle.' In addition to
electrostatic probes of various types for the measurement of
electron temperatures, electron densities, plasma potentials,
electron energy functions, and particle velocities,” the proper-
ties of the air plasma flow have been experimentally investi-
gated by optical means,> mechanical probe methods,” and
mass spectroscopy,”’ as well as by numerical calculations of
the plasma conditions.® '°

The parameters for the corresponding flight environment are
a velocity of 7452 m/s at an altitude of 81.3 km, which causes
a specific freestream enthalpy of 28 MIJ/kg, a specific mass
flow rate of 0.117 kg/(m?s), and a total stagnation pressure of
400 Pa. The investigations of the corresponding arc-heated
MPG air plasma flow condition with electrostatic probes were
performed in the PWK2 at two cross sections, at axial dis-
tances of x = 117 and 467 mm to the MPG nozzle exit. At the
second cross section, the required local specific freestream en-
thalpy of about 28 MJ/kg, and a total stagnation point pressure
of about 400 Pa, are obtained.’

The air plasma flow is generated by the MPG plasma source
RDS5 (Fig. 1), having 80% nitrogen injected through the arc
chamber and 20% oxygen injected in the supersonic part of
the nozzle.' To avoid spot arc attachment on the anode, a small
amount of argon is injected tangentially along the anode con-
tour. The arc current is 1200 A, the total mass flow is 2.0 g/s
air, and the ambient pressure in the PWK is about 290 Pa.

Applied Probe Theories
The applicable theory to describe the probe response is
mainly determined by the influence of the probe electrode di-
mensions on the plasma properties.'"'> Near the probe elec-
trode, a thin layer called the plasma sheath, which has a thick-
ness on the order of the Debye length, forms the boundary to
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Fig. 1 Plasma generator RDS5 of the PWK2-IRS.

the undisturbed plasma. Within this layer, the electron and ion
number densities differ according to the applied probe poten-
tials. The applicable probe theory has to be chosen with respect
to Ap, Aei, and 7. By relating these parameters, collisionless or
collisional descriptions of particle movement in the plasma
sheaths must be applied. For the air plasma the assumption of
only single ionized particles and quasineutrality, n; = n., is
reasonable. The charged particle densities in the investigated
regions of the air plasma flow are in the range of n, = 10" to
10*' m~>. With electron temperatures T, of 5000 to 30,000 K,
this results in Debye lengths of A\p < 40 wm. The coulomb
mean free paths are in the range of A = 1 mm. Therefore,
with a typical probe radius of 0.2 mm, the particle movement
can be assumed collisionless and can be described by the clas-
sical langmuir conventional thin sheath theory, A >> 7 >> \p.

The directed plasma velocities v are up to 5000 m/s close
to the exit nozzle of the MPG, expanding against an ambient
pressure of 290 Pa. Because most air plasmas are close to full
dissociation, the plasma parameters are calculated using the
atomic mass of nitrogen. It has been experimentally verified
that the collisionless theory of Laframboise for cylindrical
probes is valid if the probe is aligned with the plasma flow,
and if the probe is long enough and end effects are avoided.'>"
Within the investigated plasmas, T, is higher than T.

To investigate the energy distribution of the electrons, elec-
trostatic single probes must be used because of their sensitive
response to electron currents.'” Electrostatic single probes, also
known as classical langmuir probes, are most commonly used
for plasma diagnostics. I is measured as a function of V. For
large negative U = V — Vp, all electrons are rejected by the
probe; only ions are drawn by the probe, resulting in an ion
saturation current. For less negative probe voltages in the elec-
tron-retarding region of the probe characteristic, an increasing
amount of electrons contributes to the net current drawn by
the probe, whereas the ion current part decreases. At probe
voltages positive with respect to Vp, the ions are rejected and
only electrons contribute to the probe current. The shape of
the probe characteristic, particularly in the electron-retarding
region, where the transition from ion to electron current oc-
curs, is governed by the electron energy distribution function.

For a Maxwellian electron energy distribution function, 7.
can be obtained by plotting the slope of the logarithmic elec-
tron current in the retarding region vs the probe potential

dfnli,_L

du kT, (1)

By the theory of Laframboise," j; to a cylindrical single probe
aligned with the plasma is given by

1, = Aen, N (KT /2wm )ij[X,, (TJT.), (r/\p)] 2)

The correction factor i; depends on the normalized probe
potential x,, the Debye ratio r/\p, and the temperature ratio
T;/T.. The correction factor can be set to 1 in good approxi-
mation if the Debye ratio is greater than 50, which can be
achieved by choosing the corresponding r in accordance with
this requirement," and if the ion current is obtained by the
extrapolation of the saturation current region to values of small
normalized probe potentials x,. Vi can be obtained by the
shape of the logarithmic electron current to a single probe."
From the measured ion current, which is /; = j;A, the electron
density is calculated for a known probe surface area A.

In the case of deviations from the Maxwellian electron ve-
locity, or rather energy distribution, i.e., one has another iso-
tropic distribution function, this distribution function can be
obtained from the probe characteristic in the retarding region
at V < Vp. The shape of the second derivative of /. to a single
probe with respect to U is proportional to the shape of the
distribution function of the electrons, which can be numeri-
cally fitted. To do this, Vi must be known, because the probe
potential must be calculated with respect to the plasma poten-
tial. In the electron-retarding region of the probe characteristic,
the change of probe current is mainly driven by the change in
the electron current part, which is much greater than the
change in the ion current. Thus, it can be assumed that the
second derivative of the total probe current is essentially the
same as the second derivative of the electron current.

If 1. is differentiated twice with respect to U, one yields

4 —-mU d21(,
FE)| pe oty = — \/L 3)

Ae® 2¢ dU?

for the electron energy distribution function of the elec-
trons.'>" To handle the obtained probe characteristics for F(E),
it is efficient to treat the characteristics numerically using the
opportunities offered by modern computer systems, as de-
scribed in the next section.

The second type of electrostatic probes used to obtain elec-
tron temperatures and densities are double probes, which are
usually two electrodes of equal areas.'® The double-probe cir-
cuit is an isolated closed floating circuit with both electrodes
always negative with respect to the plasma. By applying a
voltage difference V between the two electrodes, the more neg-
ative electrode draws ion current. Because one of the two elec-
trodes is always more negative, only the ion saturation current
region can be reached. Only high-energy electrons penetrate
the plasma sheath near V. and contribute to the net current. T,
is obtained by the equation

d/ _ I e

= — @)
AV |y Ia + 1o kT,

I;; and I, are extrapolated from the saturation regions of the
characteristic to Ve, where no current is drawn.

The disadvantage of single and double probes is the large
heat load during the measurement of the probes in the plasma
jet, as a result of the time needed to position the probe and to
obtain the probe characteristics in regions close to the plasma
generator. The high current to the probe also often results in
high thermal loads, leading to extensive erosion in the chem-
ically reacting air plasma. Within such environments, the elec-
trostatic triple probe, which measures the whole radial distri-
bution of the electron temperature and the electron density by
a fast radial motion of the probe through the investigated
plasma jet, is a commonly used diagnostic tool."”'®

The electrostatic triple probe consists of three symmetrical
electrodes of A, two of them, 1 and 3, connected as a double
probe and a third, 2, floating with respect to the plasma. In a
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collisionless thin-sheath plasma, the current to each electrode
at a potential V can be expressed by

=1, =Aj(V,) — Aj.exp(—eV,/kT,)
L = Aj(V,) — Aj, exp(—eV,/kT,) 5)
Iy = Aj(V3) — Aj. exp(—eVs/kT,)

Without an externally applied potential difference between
the double-probe circuit and the floating electrode, the current
I, to the floating electrode will be zero. Because j; depends on
the electrode potentials, the assumption of equal ion current
densities is not quite correct even for the thin-sheath case.
Therefore, Chen and Sekiguchi'® derived an approximate ex-
pression for the ion current density that includes a correction
factor B. This correction factor scales the potential difference
with respect to Vi Using this correction within the current
ratio of the direct display system with the floating single probe,
one obtains

11— {0 = BU)" + [1 + BWs — U}
2 1 — exp(—eU,/kT,)
— U2
X 0.5 exp ( keT(, > (6)

to determine the electron temperature, with U, = V, — V;, and
U; = V5 — V.. For an externally applied fixed potential differ-
ence Us in the double-probe circuit, an electron temperature-
dependent potential voltage difference U, can be measured be-
tween the double probe and the floating electrode. For high
values of Us, reasonable values of T, can be directly obtained
in a linear dependence on the measured value of U,. The value
for B can be obtained experimentally by the determination of
Vi through a single probe characteristic of a triple-probe elec-
trode, or by calculation.”®*' From the collisionless probe theory
and / in the double-probe circuit, the electron number density
is determined by

Vi 1.05-10°1 — B(Ve — e/2KT.)]"
n, =
A VTexp(eU/kT,) — (1 — BU)"

(7

e

For the probe methods of the electron temperature and den-
sity measurements described in the preceding text, the uncer-
tainties of local measurements are mainly caused by fluctua-
tions in the high-enthalpy air plasma flow, resulting in mean
values with standard deviation error bars larger than those
caused by systematic error sources such as misalignment. Be-
cause the plasma flow within the high-ambient-pressure vac-
uum chamber is parallel to the centerline axis, the probe mov-
ing through the plasma flow is always aligned with the plasma
flow vector, as demanded by the theory of Laframboise."” Be-
cause of spectroscopic investigations of the air plasma flow,
only single ionized species are present, therefore the influence
of multiple ionization on the density evaluation can be disre-
garded.

Time-of-flight probes for velocity measurements are electro-
static double probes separated at a known distance of 25-50
mm and aligned with the flow of the plasma particles. Up-
stream and downstream probes are both biased to draw ion-
saturation current. Fluctuations in the local ion number density
around a probe resultin fluctuations in the detectedion current.
By moving with the flow velocity, those fluctuations are first
detected at the upstream probe and then time-delayed at the
downstream probe. By performing a fast Fourier transform
cross correlation with the two signals, the exact value of the
time shift, or rather, the time of flight, can be easily deter-
mined. With the known separation of the two probes, the mean
velocity of the plasma particles between the two double probes
can be calculated.

Theoretically formulated and experimentally verified, the
ion current to a cylindrical probe in a plasma flow depends
strongly on the angle 6 between the probe axis and the plasma
flow vector.” For a probe electrode not aligned with the
plasma flow, the kinetic energy of charged particles moving
toward the electrode results in a deformation of the potential
sheath around the electrode, in which the charged particles are
sampled and contribute to the probe current. For electrodes
aligned with the plasma flow vector, only those charged par-
ticles that enter the potential sheath by random thermal motion,
as with stationary plasmas, contribute to the probe current. In
general, the ion current to a probe at an angle 6 with respect
to thg: velocity vector can be described by the following equa-
tion™:

, K, 2 v\ -
;= n.e ex —|{—] sin
27m; \/q_-r P Vin
*© ( / )n e 2 3
Vi Vth sin’ ‘0
X EO (—n! ) r <n + 5) (8)

For two single probes, with one oriented perpendicular,
sin 6 = 1, and one aligned with the flow vector, the ratio of
the ion currents that can be measured becomes a function of
the velocity ratio v;/vy,

2 % 2
I, 2 Vi ilvw)" 3
== exp | —[— — | I'in+= 9)
I, Vu P [ (Vth> } Z’ [ n! } ( 2)
If the ion temperature is known, the thermal velocity can by
calculated by

Ve = V2kT;/m; (10)

and v; can be derived from the velocity ratio.” Otherwise, the
method for ion temperature determination is as follows. By
using two crossed single probes, the current ratio and therefore
the velocity ratio can be detected. By knowing the directed
velocity of the plasma from time-of-flight measurements, T;
can be calculated by Eq. (10).

There are some crucial assumptions underlying the crossed
probe method. To obtain the correct current ratio, the surface
area of both probes must be known or assumed to be equal.
Particularly in chemically reacting air plasmas, a high erosion
rate of the perpendicular electrode is observed, which has to
be taken into account.”® Within supersonic flows, such as in
MPG plasmas, the effective area of the perpendicular probe
changes as a result of wake effects on the backside. A correc-
tion factor of 2 for the current to the perpendicular probe can
be approximately applied. Because the method of measuring
the ion temperature is a combination of two independent meth-
ods, the errors are at about £50% of the absolute value for T;
and at about 20% for v,.

The dependence of the ion current on 6 can also be used
for the determination of the plasma flow. If a cylindrical single-
probe electrode that rotates in the plasma flow is aligned with
the plasma streamlines, 6 = 0 deg, the current to the probe
must show, according to sin 6 = 0, a minimum if T, is greater
than 50 for an appropriate electrode length /.'* Normally, elec-
trodes of / = 10 mm are convenient to disregard end effects.
In any case, the line shape of the ion current to the single
probe vs the angle of attack gives the angle of alignment and,
therefore, the plasma flow most common with respect to the
plasma jet axis.*

Experimental Setup
The electrodes of the cylindrical electrostatic probes are
made of tungsten wires typically 0.4 mm in diameter, but the
diameter can vary between 0.1 and 1 mm; [ is in the range of
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10 to 20 mm. The electrodes are isolated by alumina tubes of
different diameters, depending on the diameters of the elec-
trodes. The electrodes, or rather, the alumina tubes, are
mounted in a row in a cylindrical probe head made of brass.
The connection to the data acquisition system is performed by
heat-resistant and isolated copper wires that are pinched to the
electrodes. The construction for single and double probes dif-
fers only in the number of electrodes. For crossed single
probes, the tungsten wires outside of the isolator are bent to
the required angle and direction. The complete probe head can
be mounted in one of two possible positions of the probe sup-
port (Fig. 2).

Two double probes or a single and a triple probe can be
operated by rotating the water-cooled probe support by an an-
gle of 180 deg. The probe support is mounted to the x-y-z
platform in the PWK2, which also allows the rotation of the
probe support around the z axis. For the determination of
plasma streamlines, the probe support was constructed in such
a way that the center of a single probe electrode is positioned
exactly at the rotational axis.

In the experimental setup of the triple probe, the fixed volt-
age of the double-probe circuit is applied by an external power
supply. The double-probe current is measured as potential drop
over a 1-Q) precision shunt of 0.1% accuracy. A transient re-
corder with a high input impedance of 1 M), which is nec-
essary to measure reliable values of U, is used for data ac-
quisition. The same setup is used for single- and double-probe
measurements, but the probe potential is then modulated in a
sinusodial or sawtooth form with frequencies of up to 1 kHz
to acquire current- voltage characteristics. For single probes,
the vacuum chamber wall potential is taken as reference po-
tential. The frequency does not have influence on the general
shape of the characteristic but should be rather high to avoid
smoothing procedures of natural fluctuations, as shown in the
Results section. For time-of-flight measurements, the currents
to the electrodes are measured by several shunts.

For single-probe data evaluation, as a first step, the Lafram-
boise theory is used to evaluate the electron temperature and
the density,” based on the assumption of a Maxwell electron
energy distribution from the probe characteristic. A first vali-
dation of this assumption can be obtained from the linearity
of the semilog plot of the electron current.

For a further evaluation of the electron energy distribution
function, first the fluctuations of the probe characteristic must
be smoothed. This can be done with computers by either cal-

culating the average value over a window of certain data
points, which is crucial, particularly in the retarding region of
the characteristic, or by fitting an analytical function to the
probe characteristic."” Once the data are smoothed, a direct
numerical second derivation is applied. By using the formula

8L, 1
50 - 12802 le T 16l = 30Lo - A 1610 = L)
+ OAUY an

the local second derivation of the data point /., can be calcu-
lated by including the two data points before, /-, and I_,;, and
after, I, and I,,, the data point 1, into the calculation.” The
value AU is the constant voltage difference between two data
points. The last term on the right-hand side represents higher
orders and can be disregarded for the calculation. To compare
the second derivation, which is obtained by an experiment with
a calculated energy distribution function, either Maxwellian or
any other isotropic function, it is necessary to determine the
plasma potential to set the origin of the distribution function.

Results

For discussion of the results, the axial distance to the MPG
exit plane is notated as the x position, whereas the y position
refers to points lying perpendicular to the plasma flow center-
line, which is the y = 0 mm position. An erosion of the probe’s
electrodes, and thus a change of the probe’s areas A, was taken
into consideration, assuming a linear decrease to the final
probe dimension after each test.® Measurement points are
shown with standard deviation error bars. Figure 3 shows two
single-probe characteristics on the centerline of the plasma
flow at x = 117 and 467 mm.

It can be seen that, in the air plasma flow, natural fluctua-
tions in the probe current occur that are necessary for time-of-
flight measurements. Without any clear ion saturation region,
the shape of the characteristic at x = 117 mm differs remark-
ably from the one at x = 467 mm. Both characteristics were
smoothed for evaluation. Regarding the two different current
axis, the ion saturation current density increases by a factor of
about 75.

In Fig. 4, two characteristics at two different y positions at
x = 467 mm are shown. Both characteristics are of almost
similar shape, resulting in only a small decrease in T, of about
1500 K in the y direction from the centerline to y = 60 mm.
This temperature difference was also confirmed by the elec-
trostatic double-probe measurements."> V- are at about 2-3 V
probe voltage with reference to vacuum chamber wall poten-
tial.

The measured profile of the electron temperature and elec-
tron density at different cross sections of the plasma flow in
the y direction are shown in Figs. 5-8. Figure 5 also includes
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Fig. 3 Single-probe characteristics on the plasma flow centerline
at two axial x positions relative to the MPG exit plane.
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the ion temperature at x = 117 mm, estimated by crossed single
probes and taking into account the velocity measurements
shown later. It was difficult to measure profiles in the y direc-
tion in the nitrogen-oxygen plasma jet at an axial distance of
x = 117 mm, because of the high heat loads and the extreme
erosion of the probe electrodes caused by the oxygen. Only
one-shot results in the centerline were possible because the
probes were destroyed very quickly. As explained later in this
paper, the single-probe results close to the plasma source must
be seen as the upper limits of the electron temperature be-
cause of the deviation of the electron energy distribution from

a Maxwellian shape. At x = 467 mm, the results of double and
triple probes agree quite well.

In Figs. 9 and 10, T. and n. on the centerline are shown as
a function of the distance x to the MPG exit plane. Figures 9
and 10 also include the results of emission spectroscopy at
positions close to the plasma source, where electrostatic probes
cannot be used because of high heat loads. The values of 7.
and n, were obtained by radiative models, taking into account
the excitation parameters and visibility of the nitrogen ion
lines.'” The positions of the electrostatic probe measurements
correspond to the region of material tests in the plasma wind
tunnel. The effect of the Doppler line broadening, measured
with Fabry- Perot interferometry, was used to determine 7% of
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the heavy particles, and yielded a value of 10,200 = 1700 K
in the centerline at a distance of x = 50 mm."* The difference
in the electron density n, (Fig. 10) from x = 117 to 467 mm,
is about a factor of 60. This compares well with the difference
of about 75 in the ion saturation current density, a sign for the
correct assumption of quasineutrality of the plasma. T; was
estimated, from crossed single-probe and time-of-flight veloc-
ity measurements at an axial distance of x = 467 mm, to be
about 6000 K.

A first investigation of the Maxwell electron energy distri-
bution is possible by plotting the logarithmic electron current
vs the single-probe voltage. For Maxwellian electrons, there

should be a linear slope in the retarding region around V.. V.

is given by the crossing point of the extrapolated linear elec-

tron-retarding region and the saturation region of the logarith-
mic electron current. According to Fig. 11, the electrons on
the centerline at x = 117 mm are non-Maxwellian; Vp. can be
estimated at about 8- to 10-V probe voltage.

In Figs. 12-15, the experimentally obtained electron energy
distribution function (EEDF) at different positions in the air
plasma are shown. In comparison, Fig. 12 shows also a theo-
retical Maxwell distribution function related to the measured
electron temperature (Fig. 6), of 7. = 8000 K.

For a Maxwell energy distribution function, the amount of
higher energy particles increases with the increasing temper-
ature. It can be clearly seen that for the position x, y = 117,
60 mm, which is in the outer region of the plasma flow, and
for the positions x, y = 467, 0 mm and x, y = 467, 60 mm,
which is far downstream from the MPG exit, the electrons do
have a Maxwellian energy distribution. The maximum of the
EEDF drops as the electron temperature increases (compare
Fig. 12 with Fig. 14). The experimentally obtained EEDF on
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Fig. 13 Experimental EEDF at x, y = 467, 0 mm.
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Fig. 15 Experimental EEDF atx, y = 117, 0 mm.
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the plasma flow centerline at x = 117 mm close to the MPG
exit is shown in Fig. 15. The EEDF shows large fluctations at
this position, and it can be seen that high-energy electrons are
dominant. The shape of the distribution function requires fur-
ther analytical and experimental investigations, e.g., in terms
of multiple-electron populations. Also, the transition in the y
direction from non-Maxwellian to Maxwellian electrons will
be investigated in more detail in future measurements.

A first estimation of the boundaries between Maxwellian and
non-Maxwellian electrons in the plasma flow is shown in Fig.
16. Within the light-gray region of this scheme, the distribution
function makes a transition from Maxwellian to non-Maxwell-
ian. As an interesting first result, there seems to be a region in
the outer part of the plasma flow, at x = 117 mm, where the
Maxwellian distribution function penetrates the area of the
non-Maxwellian electrons.

Figure 17 shows the axial velocity distribution, which is the
velocity component parallel to the plasma flow center axis, at

P Im

b e Ealz e

Fig. 16 Estimated regions of Maxwellian and non-Maxwellian
electron energies in the air plasma flow. Dots represent data
points.
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Fig. 17 Axial velocity distribution in the x direction at the
plasma flow centerline, measured with time-of-flight probes and
Fabry - Perot interferometry.
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Fig. 18 Axial ion velocities at different y positions, measured
with electrostatic time-of-flight probes at different distances of x
to the MPG exit.

the centerline of the plasma flow with increasing distance x to
the MPG exit. The indicated x positions are corresponding to
the center between the two double probes with an accuracy of
*£0.5 mm. Axial velocity measurements with time-of-flight
probes in the y direction were taken at distances of x = 50,
117, and 467 mm to the MPG. The profiles are shown in Fig.
18.

The centerline velocity at the axial distance of 50 mm is
about 3600 m/s, and decreases to about 1000 m/s at x = 467
mm. The velocity measurements, especially those close to the
plasma source, were compared with optical velocity measure-
ments using the Doppler-shift effect of a nitrogen-emission
line at 746.83 nm, detected with a Fabry-Perot interferome-
ter.*** The measured plasma velocities were also taken as input
values for calculation of the stagnation pressures by the Ber-
noulli equation.'® The calculated results agreed quite well with
experimental measurements of the pressure,' thus verifiying
the reliability of the velocity measurements.

Conclusions

The electrostatic probes presented were used to investigate
in detail the flowing and collisionless air plasma generated by
an MPG plasma source. The different probe methods show
quite reasonable agreements between the measured values of
electron temperatures and densities. The time-of-flight probes
are fully qualified, and correspond well to several independent
means for application in MPG plasmas. The electrostatic single
probe proved to be an efficient method to check for the elec-
tron energy distribution function at different positions in a
plasma flow. It is possible to obtain the necessary second de-
rivative of the probe current by a solely numerical evaluation
of the probe characteristic. The electron temperature in the exit
region of the MPG is higher than the heavy-particle tempera-
ture, as expected, because of the low-pressure ohmic heating
in the arc. As a result of collisional energy transfer, the electron
temperature and density decrease downstream. For the inves-
tigated air plasma flow, there seems to be a deviation from the
Maxwell electron energy distribution function at positions
close to the plasma source on the plasma flow centerline. Ad-
ditional numerical investigations are necessary to characterize
the electron relaxation processes in the plasma flow close to
the MPG. The results of the electrostatic probe measurements
are an important contribution to full characterization of the air
plasma flow, experimentally and numerically.
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