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Probe Diagnostics of Gas Discharges in Supersonic Air� ows
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A new case of probe diagnostics of plasma density under the condition typical for plasma aerodynamic ap-
plications (high voltage and electric � eld, high nonequilibrium between components, high gas pressures, and a
considerable compression effect) has been examined. The experiments have been carried out in dc and pulsed
periodic discharges in supersonic air� ows with Mach number M = 2 at the static ambient pressure range 10–200
torr. A personal-computer controlled double probe with an optogalvanic isolation based on an optocoupler and a
� ber optical waveguide have been developed and tested in the gas discharges. A new theory of probe diagnostics
of plasmas with a very high electric � eld in a supersonic air� ow is developed based on a computer simulation of
the interaction of the probe and the plasma � ow. A combined effect of the � ow compression and the electric � eld
perturbation on the plasma density near the probe is revealed. This effect can limit the area of applicability of the
probe diagnostics. Measures to prevent this negative effect are suggested. The results of probe diagnostics of the
plasma density are in good agreement with those obtained using the microwave interferometer and the spectral
method.

Introduction

T HE study of characteristics of gas discharges in supersonic
� ows is of interest for the solution of such applied problems

as the problem of fuel ignition in a hypersonic vehicle ramjet with
supersonic combustion or the problem of reduction of drag of hy-
personic vehicles. However, the parameters of dc discharges in a
supersonic high-pressure air� ow have been poorly investigated. In
addition to the dif� culties of creating such discharges,they are char-
acterized by inhomogeneousand unsteady parameters.

Under these conditions, the main advantageof the probe method
(the possibility of local measurements with a high temporal resolu-
tion) becomes important.However, applicationof standard schemes
and methods of processingprobecharacteristicsfor such discharges
is practically impossible due to the speci� c mode of operation of a
probe in such discharges,which are characterizedby a combination
of several extreme conditions: high plasma potential (V ¸ 1 kV),
high discharge current (I ¸ 1 A), large modulation of the discharge
current and voltage, high gas pressure (p ¸ 10 torr), a very high
electric � eld (E ¸ 100 V/cm) present in the discharge plasma, su-
personic � ow mode (M ¸ 1), and chemical reactions(includingion-
ization and recombination) in the air plasma.

The three � rst conditions create experimental dif� culties of a
probe characteristic measurement. However, there are dif� culties
of probe curve interpretation, even if its measurements are real-
ized. The well-known theories of electrical probes in � ows of high-
pressure weakly ionizedplasma are consideredRefs. 1 and 2. How-
ever, the in� uence of the discharge electrical � eld, which provides
the discharge current, on probe characteristics has always been ig-
nored. Only in Ref. 3 has the limiting case of very high discharge
electric � elds been analyzed; however, only the electron branch of
the probe curve has been considered, no ionization and recombina-
tion had beentaken into account,and the plasma � ow was far slower.
The majorityof researchin case of supersonicplasma � ow were car-
ried out for wall probes. With the exception of Ref. 4, few works
consider supersonic plasma � ows leading to shock formation near
the probe. However, in Ref. 4, no chemical reactions are present.

A new effort has proven to be needed because we do not know of
any method for the correct interpretationof the probe measurements
in terms of unperturbed plasma parameters.
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Experimental Setup
The experimental setup for development and testing of probe

diagnostic methods is built around a stainless-steel cylindrical
gas/vacuumchamber(Fig.1).Thechamberis3 m longandabout1 m
indiam. It consistsof two sectionsthatcanforma vacuum-tightjunc-
tion with the help of a lever-operated gate. The supersonic air� ow
was formed in the chamber by opening an electric valve and � lling
it with the atmospheric air through a converging–diverging nozzle
with Machnumber M D 2. The valvewas drivenby thepower source
synchronized with the discharge power supply. The � ow duration
was about 1.5 s. The cylindrical dielectric nozzle had a diameter of
15.4 mm critical cross section and an outlet diameter of 26 mm.

The experimentswere carriedout for the transversaldc and pulsed
periodic (PP) discharges. The electrodes were placed in the super-
sonic air� ow about0.5–1 cm below the nozzleend. They were made
of a stainless-steelrod, 3 mm in diam. Along 5 mm, their cross sec-
tions were ground from two sides to form an elliptic cylinder. The
designs of the anode and the cathode were identical.

A controlledelectric power source (voltageup to 5 kV, current up
to 3 A) was used to drive the dc discharge.The PP discharges were
fed by a power supply unit with voltage up to 24 kV, current up to
40 A, pulse duration 1–500 ¹s, repetition rate 1–1000 Hz, maximal
pulsed power up to 1 MW, and average power consumption about
1 kW. The value of ballast resistance Rb was varied from 0.5 to
115 kÄ.

A shadow device was used for the supersonic air� ow visualiza-
tion. The electricalprobeswere used for a measurementof a plasma
density, � oating potential, and electric � eld in the plasma.

A personal-computer-controlledanalyzerof optical spectrabased
on a spectrograph with inverse linear dispersion 0.35 nm/mm for
the spectral region of 300–400 nm was used for registration of the
plasma radiation spectra. The sensor of plasma radiation based on
a charge-coupled device image sensor Toshiba TCD 1300D forms
a video signal directly proportional to the radiation intensity in the
spectral band 300–900 nm. The registration time for one frame was
20 ms. The measured spectra were used for determination of gas
temperature and electron density.

For independentmeasurements of plasma electron density, a mi-
crowave (¸ D 8 mm) interferometerwas used. Double-beam pulsed
storageoscilloscopesC8-17 with a 10-MHz passbandand 1-mV/cm
sensitivity were used for registration of the waveform of the dis-
charge voltage and current, probe � oating electric potential, and
microwave interferometer signals.

Transversal DC Discharge in a Supersonic Air� ow
Typical appearance of the transversal discharge in a supersonic

gas � ow (Fig. 2) is characterized by a formation of a couple of
extended brightly radiating plasma channels, and of a less bright
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Fig. 1 Draft scheme of the experimental setup.

Fig. 2 Transversal dc discharge in the supersonic air� ow: P = 40 torr,
I = 1:3 A, and M = 2.

zone between them. The channels begin on the electrodes,and they
are positioned in a direction parallel to the stream.

The scale of Fig. 2 is the external diameter of the nozzle, which is
equal to 60 mm. Thus, the length of the discharge in Fig. 2 is equal
to about 130 mm.

The registrations of the discharge current and voltage waveform
(Fig. 3) have shown that these curves have a brightly expressed
pulsing character with a frequency from 1 to 50 kHz. The oscil-
lation frequency depends on external parameters of the discharge.
The dependencies of the frequency on � ow velocity and electrode
separation are the strongest. The discharge in a supersonic air� ow
is characterized with high values of discharge voltage. As an ex-

Fig. 3 Oscillograms of voltage and current of a dc discharge in super-
sonic air� ow at P = 40 torr and M = 2.

ample, the voltage of discharge with the interelectrode separation
about 1 cm achieved a magnitudeabout 3 kV at a low current in our
experiments.

Similar oscillations are typical not only of the dc discharge, but
also for the PP discharge,when the pulse duration begins to exceed
a certain magnitude. Thus, the oscillations of the discharge cur-
rent and voltages are basic features of the discharge in supersonic
air� ow.

Our experimental and theoretical research5 has shown that zones
with a high ionization rate are formed near the anode and cath-
ode, in which the electrical � eld (which provides, in particular, the
movement of ions to the cathode opposite in direction to super-
sonic � ow) is very high. The area with a rather weak � eld, which
provides the electric current connection between these zones, is
similar to a positive column. The positive column of a transversal
dc discharge is always swept down by a � ow with a speed equal
to that of the � ow; as a consequence, its length grows continu-
ously. Therefore, at a given discharge current, the voltage between
the cathode and anode also grows. As the voltage increases suf� -
ciently, it initiates a new breakdownbetween the cathode and anode
and forms a new positive column. The new column resistance is
much less than that of an old column due to the smaller length.
Therefore, after the breakdown, the discharge current � ows in a
new positive column. This new positive column also is swept down,
while the old one is disintegrated. Then the breakdown process is
repeated. Therefore, the discharge is not as homogeneous as one
could conclude from its time-integratedappearancein Fig. 2, which
had been taken with an exposure of 1

60 s. Thus, an electrode dis-
charge in a supersonicair� ow is, as a rule, inhomogeneousand non-
stationary.

Probe Design and Measurement Circuit
A double probe seems to be the optimal choice for the conditions

just described. In such a case, both probe surfaces always have a
negative potential reference to the local plasma potential, and the
probe current is always limited by the ion saturation current. If
the probes are both placed in the same equipotential surface of the
plasma, the voltage between them is (in a certain approximation)
independent of the local potential � uctuation.

The probe sizes and geometry were de� ned by our computer
simulation of the environment around the probe (to be discussed).
Our computer simulation has shown a rarefaction of the gas and
an enhancement in the electric � eld near the probe surface. The
calculationhasalso shown that a multiplegrowth of the local plasma
characteristic parameter E=ng , intensive ionization, and multiple
rise in plasma density can result, and, thus, can bring a considerable
growth in the probe current.No inferringof the unperturbedplasma
density is possible in this case. Therefore, it is desirable to decrease
the probe radius. However, to reduce these effects, the probe is to be
mechanically stable in the � ow and to endure high temperature. A
compromise between these factors has resulted in the construction
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of a double cylindrical probe with a diameter of 0.2–0.5 mm and
length of 2–4 mm, made of Mo or W wires and placed inside an
Al2O3 capillary.

A mechanicalsystemhasbeenusedfor a precisepositioningof the
probes in the dischargeregion.The probe can be slowly moved both
in the vertical and in the horizontal planes by two electric motors.
The mechanical system is installed inside the work chamber. The
control of its operation is carried out with a control desk that is
placed outside the chamber. It is joined with the mechanical system
through a hermetic connection.

The double probe was positioned in brightly radiating plasma
channelsbehind the cathodeor anode.The planeof thedoubleprobe
was oriented with respect to the direction of a � ow. The angle was
determinedby a ratio of longitudinaland transversalcomponentsof
the electric � eld of discharge (discussed later). Such an orientation
ensured the disposition of the probes in an equipotential plane of
the discharge.

Two types of electric circuits were developed and tested. The
� rst type consists of two blocks: a probe unit, which was joined to
the probe, and a measuring unit, which was fed to the computer.
The blocks were connectedwith a long (100-m) optical waveguide.
Both measurement and control signals were transferred through the
waveguide.A circuit with a dischargingcapacitorwas used to mea-
sure the probe characteristic.6 The optical signal generated in the
probe unit was proportional to the probe current. The signal was
transmitted to the control unit where the inverse conversion and
digitizing of the signal were carried out. The transfer linearity was
checkedbya special test, which was carriedoutbeforethe beginning
of the measurement. The test uses the same circuit with a known
resistor instead of the probe. In one mode of operation, the polarity
of the voltage between the two probes was changed to the opposite,
after a measurementof one branch of the voltage–current character-
istic of the double probe, and then the second branch was measured;
the whole process was repeated. In the other mode, only one branch
was measured several times.

The second type of the circuit consists of a single block, the
optical output is formed with an optocoupler, and the exchange
of signals with the computer is carried out through a 10-m-long
standard computer cable. The voltage between the probes at the
measurement of the probe characteristicswas changed stepwise by
the computer.

The time of a cycle of a measurement of one point of probe
voltage–current characteristicwas equal to ¼ 10 ¹s in both cases.

Development of a Theoretical Background of
Probe Diagnostics for Plasma Aerodynamics:

Numerical Simulation
The � owing plasma–probe interaction is described by the � uid

equations for a neutral (ni D ne ) plasma in the local diffusional ap-
proximation:

@½g
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dt
D ¡gradpg

½g d"g

dt
D ¡pg div vg;

pg

½g"g
D ° ¡ 1; pg D

½gkB Tg

mmol

(1)

rot E D ¡ @B
@t

; rot B D ¹0 j; div B D 0; j D ¾ E

¾ D ene¹e;
@n i

@t
C div.ni vi / D K I ¡ KDR

vi D vg C ¹i E ¡ grad.Dani /; ¡div ¸e grad Te C SF ¡ Se D 0

For thenumericalsimulation,theelectrical� eld equationsin a quasi-
stationary approximation are used instead of those of Eq. (1):

div j D 0; j D ¾ E; E D ¡grad ’

where ½g , pg , "g , Tg , and vg are density, pressure, internal energy,
temperature, and velocity of the neutral gas, ° is its adiabatic ex-

ponent, ° D 1:4, mmol is the molecular mass, kB is the Boltzmann
constant, ¹e is the electron mobility,

¹e D e=.meºe/; ºe D ng6e.2eTe=me/
1
2 (2)

6e is the electron elastic scattering cross section, e and m e are the
electron charge and mass, 6e ¼ 0:8 £ 10¡20T 2

e C 0:43 £ 10¡19Te C
0:8 £ 10¡19, where Te is the electron temperature. E is the electric
� eld, ’ is its scalarpotential,B is the magnetic � eld inductance,vi is
the ion drift velocity,¹i is the ion mobility, and Da is the ambipolar
diffusion coef� cient,

¹i D e=.mmolºim/; Da D Di [1 C eTe=.kB Tg/]

Di D kB Tg=.ºimmmol/; ºim D 6imng.2kB Tg=mmol/
1
2 (3)

6im is the ion–molecule scatteringcross section,where 6im ¼ 2:2 £
10¡18 C 0:338 £ 10¡16=T 1=2

g ¢ KDR, and K I are the rates of (disso-
ciative) recombination and ionization,

K DR D n2
e 3:3 £ 10¡14

¯
T

1
2

e ; K I D 8ni ng®

log10.®/ ¼ ¡13:6.log10 Te/2 C 15:7 log10 Te ¡ 21:4 (4)

The factor8 takes intoaccountthedeviationof theelectrondistribu-
tion function from the Maxwell one due to ionization: The number
of electrons with energies corresponding to high cross sections of
the inelastic collisions is less than at equilibrium, and the number
of such collisions is 1=8 times less. This deviation is a result of
an intense loss of energy by electrons in the corresponding energy
band. This factor can be estimated as
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where Ii is the ionization energy for the molecules, a0 is the Bohr
radius, and ¸e is heat conductivity,

¸e D 5
¯

2e2Tene

¯
.meºe/

SF is the power of the electron gas heating by the � eld, where
SF D ¾ E2, and SeV is the power of its cooling by collisions with
excitation of vibration:

SeV D ngne.2kB Te=me/
1
2 ¾01

£ exp.¡hºV =kB Te/
¯

[1 ¡ exp.¡hºV =kB Te/]
2 (6)

here hºV is the vibration quantum, ¾01 is a cross section of the � rst
vibration energy level excitation, Te is the electron temperature. S¤

e
is the power of the electrongas coolingby collisionswith excitation
of electron states:
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Here the summation was performed for the excitationof oxygenand
nitrogen, where ngs are the corresponding gas concentrations, 6¤

s
is the cross section of excitation for electron energy E D Te C E¤

s ,
where E ¤

s is the threshold energy.
All of the used quantitative data are taken as recommended in

Ref. 7. In the approximatingformulas Ii , E , E¤
s , and Te are in elec-

tron volts; the rest of the values are in the main SI units.
Boundary conditions for the � uid equations de� ned the param-

eters of the unperturbed plasma � ow (Tg0, M0 , ni0 , pg0 , and Te0 )
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on one side, for example, the bottom side, and a free exit (zero
normal gradients) on all of the other sides. The unperturbed elec-
tric � eld E0 was de� ned by electric potentials ’1 D CE0 L0=2 and
’2 D ¡E0 L0=2 on opposite boundaries, for example, left and right
sides, were L0 is the size of the computation area. The boundaries
were positioned far from the probe (L0 À R; Fig. 4) to minimize
the correspondingerrors.

These equationswere solvedfor a two-dimensional(planar) prob-
lem. This is a goodapproximationif theprobecylinderis suf� ciently
long and both the unperturbeddischargeelectric � eld E0 and the un-
perturbed plasma � ow velocity v0 are positioned in a plane normal
to the probe’s axis. The free Lagrangian method based on com-
pletely conservative implicit difference schemes on adaptive trian-
gular grids8 was applied. The gas dynamic equations were solved
separately (the neutral gas does not feel the presence of the weakly
ionized plasma for the characteristic short time of presence of an
element of mass in the perturbed area near the probe). Because a
� ow over a cylinder is unstable, the neutral gas � ow computation
was carried out until quasi-periodicalformation of vortices was es-
tablished. The rest of the equations were solved with use of frozen
distributionsof neutral gas parameters.

The accuracy of the numerical results is estimated to be about
30%, the main sources of errors are uncertainties in plasma proper-
ties and the assumptions of the model. The codes applied provide
much higheraccuracyof a mathematicalproblemsolution.The con-
servation of energy, mass, and momentum was checked during the
computations.Some results of these computations are presented in
Figs. 5–8 for the conditions close to those in the corresponding

Fig. 4 Mesh for computer simulation of � ow over a cylindrical probe.

Fig. 5 Contour distribution of the gas density ( £ £ 10¡ 18 cm ¡ 3): 1, 0.15;
2, 0.25; 3, 0.35; 4, 0.45; 5, 0.55; 6, 0.65; 7, 0.75; 8, 0.85; 9, 0.95; and 10,
1.05.

Fig. 6 Electric � eld distribution near the probe; unperturbed � eld in
the far zone is 240 V/cm.

Fig. 7 Contour distribution of the rate of recombination minus the
rate of ionization ( £ £ 10¡ 21 cm ¡ 3 ¢ s ¡ 1): 1, ¡ 2.5; 2, ¡ 1.0; 3, 0; 4, 0.2; 5,
1.5; 6, 4.2; and 7, 6.

Fig. 8 Distribution of plasma density ( £ £ 10¡ 13 cm ¡ 3 ): 1, 1; 3, 1.75; 5,
3.1; 7, 5.5; 9, 10; 11, 17; 13, 30; and 15, 53.
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experiments: the probe radius R D 0:05 cm, E0 D 200 V/cm, the
probe voltage was ¡40 V, the initial plasma � ow parameters
were Tg0 D 700 K, M0 D 1:1, ni0 D 1013 cm¡3, pg0 D 43 torr, and
Te0 D 1:9 eV. Underindicated values of data in a diffusion of ions
and electronic thermal conduction are inessential; the appropriate
members are excluded from the set of equations.

The gas parameter distributions are typical for the transonic gas
� ow over a cylinder (see Fig. 5). One can see a remote weak shock
wave, unstable vortices behind the body, shock waves near the rear
surface of the cylinder, etc. It is important for the following dis-
cussion that zones of gas rare� cation are formed near the cylinder
lateral surface,where the gas densityfalls more than a factor of two.

The electric � eld distribution (Fig. 6) is not far from that without
the plasma � ow, although it is somewhat disturbed in the region
of maximal plasma density. Because of the presence of the probe,
the electric � eld is enhanced on one side of the probe and falls
to zero on the other side. The ratio E=ng (which de� nes heating
of the electron gas) is considerably enhanced in one of the two
zones of gas rarefaction (on the side where the � eld intensity is
higher). That results in a considerable local growth in the electron
temperatureand in the ionizationrate (Fig. 7). Plasma density in this
zone grows dramatically (up to about 50 times in comparison with
the unperturbed plasma density). The dense plasma passes through
the rear shock wave, where the gas and plasma density become
more than twice as high. That gives rise to the recombination rate
and fall of the rate of ionization,and, thus, returns theplasma density
to the initial value. The resulting region of enhancedplasma density
looks like a bias torch (see Fig. 8). As this region contacts the probe
surface, the additional ionization affects the total probe current (it
is enhanced by a factor of about � ve).

We do not know any work that describes such a combined ef-
fect of the � ow density distribution and the discharge � eld on the
plasma density near a probe.This can signi� cantlychange the probe
voltage–currentcharacteristic,as well as limit the area of applicabil-
ity of the plasma probe diagnostics, unless the perturbation can be
quanti� ed by some special experiment or by calculation. However,
our analysis has shown that the area of the probe diagnosticsappli-
cability can be expanded by 1) use of a probe with small radius and
2) application of an isolating shell on the part of the probe surface
that is in contact with the dense plasma.

Analytical Formulas for Cylindrical Probe in
High-Speed Plasma Flow and Intensive Electric Field
There have been no methods of inferring of plasma parame-

ters from the probe voltage–current characteristicunder the condi-
tions typical in the plasma aerodynamic experiments (high electric
� eld E0 ¸ 100 V/cm, supersonic air� ow M0 > 1, high density gas
½g D 10¡4 –10¡3 g/cm3, high plasma density ne » 1013 cm¡3 , etc.).
Our study has shown that, if the effect of extra ionization near the
probe is negligible, such an inference is possible. To do so, one
needs analytical formulas that express plasma parameters via pa-
rameters of the probe voltage–current characteristic. The analysis
was based on the equations of the preceding model of the � owing
plasma–probe interaction.

The plasma perturbation zone around an electric probe can be
divided into three main regions.1 The space–charge region (debye
sheath) adjoins to a probe directly. In this region, it is impossible
to neglect separation of charges, that is, the solution of the Poisson
equation is necessary. The sheath width depends on the value of
debye radius rd and also on the value of applied voltage.

The quasi-neutral layer is located farther from the probe (diffu-
sion region), where charge separation is small, the Poisson equation
is super� uous, and charge transfer by ambipolar diffusion is essen-
tial. The thickness of this region depends on the magnitude of the
electrical Reynold’s number ReSci D vg R=Di , where Di is an ion
diffusion coef� cient.

Behind the diffusion region there is the layer of quasi-neutral
nonviscous � ow (drift region) with the thickness of about a probe
radius, in which the drift of the charge particles in the electrical
� eld is the main process of current collection. In the considered
case, this � eld is formed not by the probe bias voltage (classical
case1) but by the external(discharge) � eld interactingto a probeone.

Because the experiments were conducted with a double probe, the
probe potential is negative relative to the space (plasma) potential
and differs from the � oating probe potential weakly. Under these
conditions,thedebyesheathtogetherwith thediffusionlayerare thin
in comparison with the probe radius. However, the diffusion region
width is comparablewith that of the debye sheath: ReScird=R À 1;
therefore,2 the main part of the potential falls in the drift region.
Thereby, the main mechanism of probe current collection is the
drift of charge particles in an external � eld interactingwith the � eld
of a probe.

Note that the well-known effect of an ion current saturation,2

de� ned by a diffusion current of ions in the region of the thin debye
sheath, is realized in the opposite case: ReSci rd =R ¿ 1.

We consider the limitingcase,when the most of the potentialfalls
in the quasi-neutral plasma, that is, the falls of potential across the
diffusion layer and debyesheathmay be neglected.This case is new:
Practically all of the work on probe diagnostics1;2;4 analyzes either
the debye sheath or the diffusion layer. In Ref. 3 voltage–current
characteristicsde� ned with electron drift processes are analyzed.

Consider the ion transport processes in the drift area and the
resulting voltage–current characteristic. The electric � eld E distri-
bution in the vicinity of a suf� ciently long (L=R À 1) cylindrical
probe with a voltage Vp in the presence of an external (discharge)
electric � eld E0 can be expressed as3

E.r/ D E0.1 ¡ R2=r 2/ C r02.R2=r 2/
¡
E0r0

¢
C r0Vp=[r .L=R/]

(8)

where r0 is a radial vector with unity length. The � eld component
normal to the surface En in the interface of the drift area and the
diffusion layer r D ra :

En.Ã/ D .Er0/ D E0 cos Ã
£
1 C R2

¯
.R C ra/2

¤

C V p=[.R C ra/ .L=R/] (9)

in our case ra ¿ R this interfacepracticallycoincideswith the probe
surface, and

En.Ã/ ¼ 2E0 cos Ã C Vp=[R .L=R/] (10)

The drift current of positive ions through a part AC of the probe
surface, on which the electric � eld is directed from the plasma, is

I C D ¡
Z

eni ¹i En dAC (11)

and AC can correspond to the entire surface. It is also possible that
there is a part A¡ of the probe surface where the electric � eld is
oppositely directed. The electron current through A¡ is

I D
Z

ene¹e En dA¡ (12)

Since ¹e À ¹i ¼ ¹¡ , one can neglect the yield of negative ions.
It also means that A¡ ¿ AC: Otherwise, the ion current would be
negligible,for example,for zero totalprobecurrent I D I C ¡ I ¡ , it is
necessaryto chargetheprobeso that thearea A¡ of the surfacewhere
En > 0 would be negligible. It means that in the area A¡ the � eld is
practically a zero. In accordance with Eq. (10), the threshold � eld
distribution with zero area A¡ corresponds to the probe potential:

V 0
p D ¡2E0[R .L=R/] (13)

Note that, on the opposite side of the probe, the � eld is then max-
imal and equal to ¼4E0. For probe diagnostics of dense plasmas
with high electric � eld E0 , the probe voltage should be about V 0

p :
Vp D V 0

p C 1Vp , j1Vpj ¿ jV 0
p j. The normal � elddistributionis then

En ¼ 2E0 cos Ã C 2E0 C 1Vp=[R .L=R/] ¼ 2E0.cosÃ C 1/
(14)
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Let the cylindricalprobe axis z be positionednormally to E0 and vg ,
z ? E0 ? vg . The plasma � ow separates in the fore point Ã D ¼=2
of the cross section of the probe cylinder, where En ¼ ¡2E0 , and
rejoins in the opposite side, where Ã D 3¼=2, and again En ¼ ¡2E0

(here the negative normal � eld corresponds to negative probe volt-
age). One-half of plasma � ows through the region near the probe
with a considerably enhanced electric � eld (with a maximum at
Ã D ¼ ). The correspondingyield to the total ion current is

Ii1 D L R

Z 3¼=2

¼=2

eni1.Ã/¹i En dÃ ¼ 2.¼ C 2/RL eni1¹i E0 (15)

The other half of plasma � ows in a relativelyattenuated� eld, with a
minimal point about zero, jEn j D j1Vp=[R .L=R/]j ¿ jE0j, near
Ã D 0. If 1Vp < 0, this part of probe surface also collects only ions,

Ii2 D RL

Z
¼=2

¡¼=2

eni2¹i En dÃ D 2.¼ ¡ 2/RL eni1¹i E0 (16)

Note that it is (¼ C 2) (¼ ¡ 2) times less than the ion current on the
opposite side. If 1Vp > 0, the total current on this side of the probe
is composed of ion and electron components. The ion current term

Ii2 D RL

Z
Ã ¡

¡¼=2

en i2¹i En dÃ RL C
Z

¼=2

ÃC
eni2¹i En dÃ

Ã§ D §f1Vp=[2E0 R .L=R/]g
1
2 (17)

where ÃC and Ã¡ are the zero � eld points, En.ÃC/ D En.Ã¡/ D 0.
If jÃ§ j ¿ ¼ , then again one gets

Ii2 D RL

Z ¼=2

¡¼=2

eni2¹i En dÃ ¼ 2.¼ ¡ 2/RL eni1¹i E0 (18)

The electron term is

Ie D RL

Z Ã ¡

Ã C
ene2¹e En dÃ (19)

If jÃ§ ¿ ¼ , then the � eld betweenÃ¡ and ÃC is En.Ã/ ¼ 2E0 Ã 2 C
1Vp=[R .L=R/]. Integration yields the formula3

Ie D RL ni1e¹e

¡
2

3
2

¯
3
¢
f1Vp=[R .L=R/]g

3
2

¯
E

1
2

0 (20)

The probe extra voltage 1Vp D 1Vp0 providing zero total current
can be obtained from the equality of ion and electron currents,
Ie D Ii1 C Ii2 , as

1Vp0 D R .L=R/
¡
3¼2

1
2 ¹i

¯
¹e

¢ 2
3 E0 (21)

Thus, theprobevoltage–currentcharacteristicI D I .1Vp/ is the fol-
lowing:At 1Vp · 0, the probecurrent I D ¡Ii ; here, Ii ´ .Ii1 C Ii2/
is the ion saturation current. Under the assumptions listed earlier
it does not depend on 1Vp and is in direct proportion to the dis-
charge� eld E0 and to the plasma degreeof ionizationnear the probe
x D ni=nmol. In this region, I is practically independent of voltage
1Vp . At 1Vp > 0, the positive electroncurrent Ie » 1V 2=3

p is added
to the ion voltage-independent term. The total current passes the
I D 0 point at 1Vp D 1Vp0. For example, for E0 D 1 kV/cm and
R D 0:05 cm, L D 0:5 cm, Te D 2 eV, Tg D 300 K, and the voltage
1Vp0 ¼ 6 V. For comparison, the correspondingprobevoltage level
Vp0 ¼ ¡180 V.

Consider the possibility of probe diagnostics of plasma param-
eters. One can get two characteristic values from an experimental
voltage–currentcharacteristicof such a type:The ion saturationcur-
rent Ii and the voltage 1Vp0 , which provides a zero total current.
It is useful to express these values via arbitrary plasma parameters
ni1, ng , E0, Te , and Tg , and probe sizes R and L . For weakly ionized
plasma of a given composition, the electron and ion mobilities are
in an inverse proportion to ng ; in a broad range of parameters, ¹i

depends primarily on Tg and ¹e depends on Te. For example, for
the air plasma ¹i ¼ ¹0

i T 1=3
g =ng , ¹0

i D const, ¹e ¼ ¹0
e=.Teng/, and

¹0
e D const. Substitution of these approximations into the formulas

for Ii1, Ii2, and 1Vp0 gives

Ii ¼
4¼¹0

i RLeni1

ngT
1
3

g E0

1Vp0 ¼ R

³
L

R

´µ
3¼2

1
2

³
¹0

i

¹0
e

´
T

1
3

g Te1

¶ 2
3

E0 (22)

which makes it possible to express the unperturbed degree of ion-
ization x1 D ni1=ng and the unperturbed local discharge electric
� eld E0 via the parameters of a voltage–current characteristic Ii

and 1Vp0 as

E0 D 1Vp0.R/=
©

R .L=R/
£
3¼2

1
2
¡
¹0

i

¯
¹0

e

¢
T

1
3

g Te1
¤ 2

3
ª

(23)

x1 D Ii .R/
¯£

4¼¹0
i eRLT

1
3

g E0

¤
(24)

The dependenciesof E0 and x1 on the unperturbedgas and electron
temperatures from these expressions are rather weak: One can get
from Eqs. (23) and (24) that E0 » T ¡1=3

g and x1 » T ¡1=9
g T 2=3

e1 . It
means that an uncertainty of estimation of the temperatures does
not result in considerable errors in the determinationof E0 and x1.

Determination of Plasma Density from Probe
Voltage–Current Characteristic

A typical voltage–current characteristic of the double probe in
the dc plasma discharge in supersonic air� ow is presented in Fig. 9.
No smoothing of the experimental signal shown in Fig. 3 has been
done. The high dispersion of the experimental points manifests a
very high level of � uctuation of the discharge voltage and a lack
of homogeneity in the plasma jet parameters. The probe signal can
be smoothed either by a special improvement of the scheme, or by
the correspondingdata processingwith the computer.The measured
voltage–current probe characteristics show two typical parts of ion
current saturation and a very narrow transition region.

The value of 1Vp0 in the current experiment was too small, and
the level of noise was very high. Therefore, the accuracy of de� ni-
tion of 1Vp0 in this speci� c case was poor. Thus, the simultaneous
de� nition of ni1 and E0 from the probe characteristic was impos-
sible.

The dischargeelectric � eld E0 was measured independentlyfrom
the probe characteristic,as the value of the differenceof � oating po-
tentials of two independent probes in longitudinal and transversal
directions to a � ow. These signals were � xed on the storageoscillo-
scope and averaged on the period of oscillations.The resulting � eld
was determined as the vector sum of longitudinal and transversal
componens of electric � eld.

The values of gas temperature and gas density are necessary for
de� nitionof ion densitybased on Eq. (24). The gas temperaturewas
measuredby spectralmethodsover relative intensitiesof lines of the

Fig. 9 Voltage–current characteristic of the double probe in the super-
sonic plasma of dc discharge: probe R = 0:2 mm, p = 40 torr, I = 0:2 A,
M = 2, and cathode plasma channel.
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rotational structureof the band (0; 2) with the quantum wave length
¸ D 380:5 nm of the second positive system of nitrogen molecule
and of the band (0; 0) with quantum wave length ¸ D 388:3 nm of
the CN molecule.

As the average gas temperature as a function of the longitudinal
coordinate of the discharge was measured, the average gas density
was determined from the equation of state of the ideal perfect gas.
The discharge pressurewas taken to be equal to the nearby gas � ow
pressure; the latter results from our numerical simulation9;10 of the
discharge.

Spectral Method of Measurement of Electron Density
The electron density in the discharge plasma in the supersonic

air� ow was also determined by the spectral method based on the
Stark broadening of a spectral line with by use of

ne D C.ne; Te/.1¸/
3
2 (25)

where 1¸ is the linewidthand C .ne; Te/ is the Stark constant,which
is weakly dependenton ne and Te. This expressioncan be presented
graphically as ne D f . 1¸/. The H¯ line with ¸ D 4861 ÊA has
proved to be the most convenient for plasma density diagnostics.
That is due to a numberof factors.Actually, this line is located in the
spectral area, where usual radiation sensors have a high sensitivity.
At plasma densityne ¸ 1013 cm¡3 , the H¯ line’s broadeningis large,
and it is possible to measure its width with the help of the usual
spectral devices. The accuracy of theoretical determination of the
H¯ linewidth is better than 5%, whereas it is about10% for the other
lines of hydrogen.The H¯ line correspondsto the transitionbetween
rather low energy levels. Therefore, as a rule, it is suf� ciently bright
in the plasma, even if the hydrogen is present as a small impurity.

To make such a type of diagnosticspossible,hydrogenwas added
in a small amount into a supersonic air� ow. The Doppler effect and
the apparatus function of the spectral device bring an appreciable
contribution in the pro� le of the registered line. Under the condi-
tionsof the experiments,the gas temperatureis about1000K, which
correspondsto the H¯ line broadening1¸ D 0:1 ÊA. The dependence
of the apparatus function of the spectral device on the width of an
entrance slot was determined with registration of the width of an
He–Ne laser line (¸ D 6328 ÊA). At electron density ne ¸ 1013 cm¡3,
the Stark broadening of hydrogen lines is the most effective mech-
anism of line broadening.

Plasma Density Measurement by a
Microwave Interferometer

Independent measurements of the electron density by a mi-
crowave(MW) interferometerwith dielectricantennas11 weremade.
The wavelength ¸ was 8 mm, which corresponds to an angu-
lar frequency ! D 2:3 £ 1011 s¡1 and to critical electron density
ne D 1:65£ 1013 cm¡3. The model of a plane layer in an approx-
imation of geometric optics was used. Then, the simple relation
between electron density, the thickness of the plasma layer d, and
phase shift 1’ can be applied:

1’ D .2¼d=¸/
¡
1 ¡

p
1 ¡ n=ne

¢
(26)

if the following conditions are realized:º < ! and D=¸ ¸ 3. Here º
is the frequency of collisions of electrons with heavy particles and
D is the plasma size in the direction perpendicular to the propa-
gation of the MW probing wave. These conditions are realized in
our experiments. The accuracy of MW measurements is not very
high because of a strong inhomogeneity of the plasma in the di-
rection perpendicular to propagation of the MW sounding wave.
Application of the cutoff method seems to be more effective. It can
be applied at high discharge currents at the distance from the nozzle
where the mixing of plasma with the air is essential. This situation
is realized in the PP discharge.

Some results of a comparison of the three diagnosticmethods for
the dc and the PP dischargeplasmas in supersonicair� ow are shown
in Fig. 10. The probe and spectral signals are received from an area
of oneof thedischargechannelsat a distancez D 30–40mm from the
electrodes,whereas the MW signal is obtained for z D 40–50 mm.

Fig. 10 Electron density measured by different methods over the dis-
charge current at p = 40 torr: 1, probe R = 0:2 mm; 2, probe R = 0:5 mm;
3, microwave interferometer; 4, spectral method; 5, microwave inter-
ferometer in the pulsed periodic discharge; and 6, cutoff level.

The accuracyof ion density de� nition based on the probe charac-
teristic is determined mainly by the accuracy of determinations of
gas density and discharge electric � eld. It was of the order of 50%
in our experiments. The error of spectral measurement of electron
density was about 20%.

One can see that the three independentmethods yield reasonably
close values of the electron density ne » 1013 cm¡3 . Note that the
MW method shows lower limits and the spectroscopicmethodupper
limits of ne . This result con� rms the validity of the developedprobe
method.

Probe Measurements in Plasma
Aerodynamic Experiments

The developedautomatic probe systems were applied to measure
electrondensityat dischargesin a wind tunnel.These experiments12

were carried out in the TsAGI (Central Aerohydrodynamic Insti-
tute, Zhukovsky, Russia) wind tunnel (M D 2) with a conic model
168 mm in diam at static pressure P D 200 torr. A PP longitudinal
discharge was formed around the model between its spike and eight
sectioned electrodes situated on its lateral surface. The discharge
parameters were the power supply frequency 40 Hz, the discharge
current amplitude 100 A, and the average input power 1.6 kW. A
very high level of noise is characteristic of such a discharge. The
double probe was positioned between the anode and the cathode
with a 4-mm separation from the model’s surface. The probe mea-
surement cycles were synchronizedwith the discharge pulses. The
ion saturation current measured by the circuit with optical waveg-
uide did not exceed 1 mA, which corresponds to the plasma density
no more than 1013 cm¡3 .

At the same time, the use of the circuit with the optocoupler, in
which the exchange of signals with the computer was carried out
through a standard computer cable, results in a halt of the computer
because of the high level of noise. This phenomenonoccurs despite
of its feeding through a uninterrupted power supply (back-UPS).
Thus, only an optical transfer of the signal to and from the computer
is ef� cient. In addition, it is necessary to use the power supply of
the computer through a back-UPS and to screen all of the cables
including those for keyboard and mouse.

Conclusions
In thispaper, themethodof doubleelectrostaticcontinuumprobes

was used for the measurement of plasma density in a transversal dc
discharge in a supersonic air� ow.

A very high and oscillating plasma � oating potential relative to
the groundpotential(about some kilovolts) requiredapplicationof a
PC-controlled probe circuit with an optogalvanic isolation between
a probe and recording equipment.
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A very high electric � eld in the discharge plasma required also
the study of a new case of the probe voltage–current characteristic
when probe current collection is determined not only by the probe
bias but also by the discharge electric � eld.

We have considered a limiting case, when the drift of ions in the
electric � eld is the main mechanism of probe current collection.
The saturation of the probe current appears on the voltage–current
characteristic of the double probe in this limiting case. Analytical
expressionsfor the magnitudeof ion saturationcurrentand potential
of saturation have been obtained.

The probe disturbs both the distribution of the dc discharge elec-
trical � eld and the gasdynamical structure of the supersonic � ow.
Our numerical simulation has shown the possibility of a combined
effect of these disturbances,which limits the area of application of
the probe method.

The values of the plasma density as derived from probe voltage–

current characteristics based on the developed theory differ from
plasma density measurements by a microwave interferometer and
the method based on the Stark broadening of a spectral line within
the factor of 2.
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