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Plasma Study on Ionization of Flowing Gases
by Direct Current Electric Discharge

Stelu Deaconu,¤ Hugh W. Coleman,† and S. T. Wu‡
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A new design of a corona/thermionic-arc discharge ionization device was investigated experimentally. The device
features a hollow (spiral � lament) cathode–plane anode con� guration and creates a negative point to plane corona
discharge,which ionizesa � owing gascolumn.Multipleexperimentalrunshavebeen performed in nitrogen,helium,
and argon. The diagnostics of the plasma consisted of electron temperature, electron density, gas pressure, and
cathode/gas temperature. The measurements show that the discharge plasma and the plume are in local thermal
nonequilibrium,with typical electron temperatures being one order of magnitudehigher than the gas temperature.
The experimental plasma data and the analysis of the experimental results are presented. The analysis focuses
on the comparison of the experimental data with the charge-drift theory of the corona discharge and on identifying
the stabilizing factors of the discharge. Finally, an approximate predictive model for the electron density in the
plume is proposed.

Nomenclature
c = sound speed, (° RT)1=2

ce = electron mean thermal speed, (8kbTe=¼me/
1=2

cp = heat capacity
EN , E = vector electric � eld
e = electron charge
I = current
j = current density
kb = Boltzmann’s constant
M = Mach number, u=c
me = electron mass
m i = ion mass
ms = mass of gas particle
ne = electron density
ns = gas density
p = pressure
Qes = electron collision cross section
R = gas constant
T , Ti = gas/ion temperature
Te = electron temperature
u = gas speed
V = voltage
Nv, v = particle velocity
W = electric power
® = Townsend ionization coef� cient
° = gas speci� c heat ratio
"0 = electrical permittivity of vacuum
¸D = debye shielding length
¹e , ¹i = electron/ion mobility
º = collision frequency
½ = charge density
½1, ½2 = gas density
Á = electric potential
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Â = compression ratio
ÂM = thermionic emission coef� cient

Introduction

H YPERSONIC airbreathingpropulsionsystems with magneto-
hydrodynamic(MHD) bypass,for example,AJAX, are raising

the problemof ef� ciently generatingsteady-stateplasma � ows with
high ionizationlevels while minimizing the enthalpyaddition to the
� ow. Theoretical investigations of electron beam1 and nanosecond
dcand rf pulse2 ionizationshowthat thesemethodsarepotentialcan-
didates for ionizationof supersonicand hypersonic� ows. However,
electronbeam ionizationis disadvantagedby elaboratehardware re-
quirements and the pulsed � eld ionization is in its incipient stages.
An alternate ionization method proposed and investigated experi-
mentallyby theauthorsis theuseof a dc-� eldcorona/thermionic-arc
discharge. In Ref. 3, the authors documented their initial � ndings
and conclusions,and in Ref. 4 they presented a detailed description
of the device and an ef� ciency study. This paper concentrateson the
analysis of the data and the stability and theoretical modeling of
the discharge. An approximate electron density model, scaled with
the external electrical discharge parameters, is obtained.

For clarity, a brief description of the experimental setup is given
here. The tests were carried out in a 0.75-m-long by 0.5-m-diam
cylindrical glass vacuum chamber at pressures ranging from 200 to
700 mtorr. At its top, the vacuum chamber has an aluminum plate.
Fitted through the top plate is a cylindrical microwave (MW) res-
onating chamber. The corona/thermionic discharge ionization de-
vice (CDID) was grafted onto the bottom of the MW resonating
chamber (see Fig. 1a). The CDID has a radial–axial symmetry and
consists of two electrodes. The aluminum end plate of the MW
resonating chamber forms the anode of the ionization device. The
cathode is made of a 0.8-mm tungsten–rhenium (95%W–5%Re)
wire spiraled in the shape of a � lament with an exterior diameter
of 8 mm and having 20 turns. The cathode is 30 mm long and is
mounted 40 mm below the anode plate on the axis of symmetry. An
openingof 24 mm was machinedin the centerof theanodeplate,and
the upper side was � tted with a 75-mm-long, smooth stainless-steel
pipe, as illustratedin Fig. 1b. The pipe is � ared at the top and acts as
a � ow guide for the gas exiting the MW resonatingchamber (which
is used just as a gas reservoir). In this con� guration, the modi� ca-
tions to the original MW system are minimal, and the CDID shares
the gas feed system with the MW plasma generator.

The diagnostics of the discharge consist of measurements of
1) electricalparameters (voltage,current), 2) � ow parameters(pres-
sure, temperature), and 3) plasma electron density and electron
temperature:
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a)

b)

Fig. 1 Corona discharge ionization device: a) photograph and
b) diagram.

1) A high-voltagepower supply drives the discharge in a voltage-
controlled mode. The corona current is determined by the local
plasma parameters through Ohm’s law. Figure 2 illustrates the elec-
trical circuit. The BC 1 power supply is an in-house designed, vari-
able high-voltage recti� er capable of supplying a sustained power
level of 1.5 kW. Two voltage-divider circuits (R3–R5 and R4–R6/
are connected to the cathode line. They provide the cathodevoltage
and the current in the circuit. R1 and R2 are placed in series with the
corona discharge,and they prevent the short circuiting of the power
supply in case of discharge breakdown.

2) The pressures measured are the reservoirpressure pI (the MW
resonatingchamber) and the vacuum chamber pressure p2 . The gas
and cathode temperature was measured by thermocouple and by
infrared (IR) pyrometry.

3) Electron density and electron temperature radial distributions
were obtained in a diametral plane of the plume, at a location ap-
proximately 30 mm below the cathode � lament. These measure-
ments were performed with a four-prongelectric probe. For a more

Fig. 2 CDID electrical circuit (R1 = 80 ­ /125 W, R2 = 50 ­ /50 W,
R3 = R4 = 8 M ­ /5 W, and R5 = R6 = 5 k ­ /1 W); BNC 1 and BNC 2 are
high-voltage probes.

Fig. 3 CDID corona.

detailed description of the experimental procedures, the reader is
referred to Ref. 4.

Corona Physics and CDID Ionization
Rigorously, the corona can be de� ned5 as a self-sustained elec-

trical gas discharge where the primary ionization processes take
place in regions of high electric � eld. The two most common types
of corona are the point-to-plane (rod-to-plane) and the concentric
cylinder (wire–cylinder). In both of these geometries, one electrode
has a much smaller area than the other and is the high-� eld or active
electrode. The larger area electrode is the passive or low-� eld sur-
face and usually acts as charge collector. Geometrically, the CDID
corona belongs to the point-to-plane category with the cathode � l-
ament being the high-� eld electrode. The hollow cathode, the gas
� ow, and the thermionicemission of electronsat the cathode are the
only notable departures from a typical corona discharge. From this
standpoint, the CDID resembles a hollow cathode ion source6 with
the gas � owing in the opposite direction, that is, from the low-� eld
to the high-� eld region.

Generally, a corona discharge can be divided into three inter-
related regions. As illustrated in Fig. 3, the three regions are the
ionization or active region, the drift region, and the charge-free
region. Characteristic to the CDID corona is the existence of an
additional fourth region, the plasma plume. The existence of these
regions is dependent on the corona parameters: geometry, generat-
ing voltage, and gas properties.A typical CDID corona exhibits all
of these regions, although the real extent of each can be estimated
only approximately.

In the followingsection, the authors are aiming at an approximate
theoreticaltreatmentof thedischarge.The goalsof theanalysisare to
provide an explanation for the enhanced stability of the discharge
and to obtaina relationshipbetweentheelectrondensityin theplume
and the electrical parameters of the discharge.

Starting at the boundary, the charge-free region is the interface
of the discharge with its surroundings and is the simplest part of
the corona. The only � eld variable of interest7 is the Laplacian po-
tential Á0 from which the electric � eld E can be obtained. Inside
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the Laplacian boundary is the drift region, which � lls most of the
anode–cathode space. The drift region is the de� ning characteristic
of the corona discharge.The electrical equivalentof the drift region
is a passive resistance placed in series with the discharge.8 In this
region, the electric potential is modi� ed by space charge contribu-
tions Á D Á0 C 6i .Ái / and the charge carriers will drift along � eld
lines with velocitiesproportionalto their mobility v D ¹ ¢ E. For the
general case of a time-dependentdischarge, the Poisson’s equation
r NE D ½="0 , E D ¡rÁ can be combined with the charge continuity
equation @½=@t C r. Nv ¢ ½/ D 0 to obtain the unipolar charge drift
formula

@½

@t
C Nv ¢ r½ D ¡½¹ ¢ r NE D ¡

¹½2

"0
(1)

When Eq. (1) was derived, ion diffusion was neglected and the
charge density 6i ni qi was replaced by a unipolar ½ by considering
charge carriers (here electrons) of one sign and constant mobility
¹. Charge source terms are not present in the continuity equation,
stemming from the assumption that an equilibrium is established
between the production (impact by high-energy electrons) and the
loss of charge (reattachment,recombination)in the drift region, that
is, most free charges are neutralized at the electrodes. Equation (1)
can also be written in terms of individual charge carriers if the aim
is to reduce the error introduced by � eld averaging.7;9 We assume
for now that the unipolar treatment is fairly adequate for obtaining
estimated charge mobility values in the drift region. A justi� ca-
tion of this assumption will be given later in a subsequent section.
During operation, the CDID reaches steady-state continuous glow
and Eq. (1) becomes Nv ¢ r½ D ¡½¹r NE D ¡¹½2="0. Further trans-
formation of Eq. (1) using r »D 1=L and Poisson’s equation gives
v ¢ ½ D ¹ ¢ "0 E 2=L2 D js , which is the space charge current density.
A more useful formula for the current density requires knowledge
of the electric � eld distribution.Exact space charge saturated solu-
tions for the electric � eld are summarized in Ref. 5. These are given
in terms of the distance r from the ion source for plane geometry
E » r 1=2 (Laplacian E D const) and cylindricalgeometry E D const
(Laplacian E » r¡1/, respectively. The � eld line geometry in
the CDID corona starts out cylindrical and ends as a plane. Given
the separation of the drift region from the cathode, a fair choice
for the electric � eld is E D constD V0=L , where V0 is the applied
external potential and L is the � eld line length. The space charge
current density is, therefore,

js D v ¢ ½ D ¹"0

¡
V 2

0

¯
L3

¢
(2)

If a hyperboloidal � eld geometry is assumed, the � eld lines are
ellipses8 of length L D d[2 tan2.µ/ C 1]1=2, with µ D tan¡1.R=d/.
The current distribution within the drift region is given by the em-
pirical Warburg distribution (see Refs. 5 and 8), j .µ/ D j0 cos5.µ/,
where j0 D ¹"0V 2

0 =d3, and all other parameters are shown in
Fig. 3. When the experimentally observed span of the drift region
µ 2 .0; 60 deg) is integrated over, the total current is obtained:

I D 2¼

Z Re

0

j0 cos5.µ/ dr

D 2¼d2 j0

Z
µmax D 60 deg

µmin D 0 deg

cos2.µ/ ¢ sin.µ/ dµ

»D 2d2 j0 (3)

Finally, replacing j0, the current is I »D 2¹"0V 2
0 =d , or

I=V0 D 2 ¢ .¹"0=d/V0 (4)

Both I and V0 are measurable quantities in the external electrical
circuit, and d »D 40 mm. Equation (4) can be used to estimate the
unipolar mobility of the charge carriers from the experimental data.
However, it has beenargued5 that, becauseof theassumptionsmade,
that is, linearpotentialand unipolarchargecarriers,the useof Eq. (4)
may (dependingonexperimentalconditions)overestimatetheactual
mobility values. Thus, Eq. (4) will be employedmainly to show the

coronalike behavior of the discharge, or the departure from this
behavior,when the thermionicemission at the cathode becomes the
predominantmechanism sustaining the discharge.

The physics of the ionization region are somewhat complicated
because this is the volume where most of the energy transfer takes
place. Only a short, qualitative description is given here. Ions drift-
ing along the � eld lines that enter the sheathsurroundingthe cathode
must have velocities greater than the Bohm velocity (see Ref. 10)
vi ¸ .kbTe=m i /

1=2 . The discharge is a non-local-thermodynamic-
equilibrium process with an electron temperature of about one or-
der of magnitude higher than the ion (gas) temperature.As a result,
a large amount of energy is transferred from ions to the cathode
surface through collisions. There are two relevant consequences:
1) The cathode reaches temperatures that cannot be attained solely
by ohmic heating. 2) Free electrons are produced by ion impact and
thermionic emission at the cathode. The equilibrium thermionic
current in the presence of an accelerating � eld is exponentially
dependent on the cathode temperature6;11;12 and is given by the
Richardson–Dushman equation

jth D AM T 2 ¢ exp

Á
¡ÂM ¡ 2ea ¢ E

1
2

w

kbT

!
(5)

where a D 1:89 £ 10¡5 (V ¢ m)1=2 and Ew is the electric � eld at the
cathode.The two coef� cients AM and ÂM are speci� c to the cathode
material and can be found in literature. See, for instance, Refs. 11
and 13. For the tungsten � lament we take AM D 70 A/(cm2 ¢ K2/
and ÂM D 4:5 eV. Additional ionization in this region is generated
by electron avalanche (Townsend mechanism) due to impact by en-
ergeticprimary (thermionic)electrons.Other processestaking place
within the ionization region are reattachment, recombination, and
the excitationof molecular vibrationalmodes and metastable states.
The deexcitation of these metastable states results in the emission
of quanta and is partially responsible for the bright appearance of
the ionization region. The maximum electron density in the dis-
charge is found in the ionization region and can be estimated from
the condition6 that the ion � ux, ni ¢ vi (n i D ne/ across the cathode
sheath must be equal to the � ux of thermionic electrons emitted by
the cathode, multiplied by the number of electrons, ® ¢ le created in
the ionizationregion ne ¢ vi D ® ¢ le ¢ . jth=e/. The term in parenthesis
is the � ux of primary (thermionic) electrons in the cathode sheath,
and le is some characteristic length of the ionization region. Recall-
ing that the average ion velocity in the sheath is .kbTe=m i /

1=2, the
density of the plasma in the ionization region is

ne
»D .m i =kbTe/

1
2 ¢ .® ¢ le/ ¢ . jth=e/ (6)

Clearly, Eq. (6) is derived by assuming that the electric � eld is high
enough to maintain an ionizationcoef� cient greater than the attach-
ment coef� cient. Also note that the charge density in the ioniza-
tion region is exponentially dependent on the cathode temperature
through jth. Therefore, Eq. (6) is, at best, an averageestimate of the
overall electron density in the ionization region.

Finally, the plume is the region of interest for the experimenters
and is formedby the � owing gas, which sweeps the ionizedparticles
downstreamof the ionizationregion.The � eld intensityin the plume
is minimal and little additional energy is added to the plasma. Thus,
the ionization fraction in the plume is determined mainly by the
recombination rate.

The second important aspect of the CDID operation is the gas
� ow. The solution to the corona � ow is obtained from the basic
conservation laws, mass, momentum, and energy, written such that
the only unknowns are the experimentally measured parameters.
For simplicity, consider the plume quasi one dimensional. Written
with the standard notation between two successive states, the one-
dimensionalmass, momentum,and energyconservationequations14

for � ow with heat addition are

½1u1 D ½2u2; p1 C ½1u2
1 D p2 C ½2u2

2

cpT1 C u2
1

¯
2 C q D cpT2 C u2

2

¯
2 (7)
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Fig. 4 CDID � ow pattern.

where q is the added heat per unit mass, pI is the total (stagnation)
upstream pressure, and TI is the total upstream temperature. Addi-
tionally, we can write the ideal equation of state, p D ½RT, and the
isentropic pressure and adiabatic temperature relations

pI D p1

©
1 C [.° ¡ 1/=2]M 2

1

ª° =.° ¡ 1/

TI D T1

©
1 C [.° ¡ 1/=2]M2

1

ª
(8)

Heat addition to the � ow is the primary effect of the discharge. A
secondary effect of the ionization process is the decrease15 of the
effective adiabatic coef� cient ° of the gas. A noticeable ° change
in the CDID � ow can only be expected in regions with a signif-
icant ionization fraction (i.e., the immediate neighborhood of the
cathode), and, thus, ° is assumed constant throughout the � ow.

In a quasi-one-dimensional isentropic � ow approximation, the
velocityof the jet at the reservoirexit is a functionof the p2=pI pres-
sure ratio. The experimental pressure data indicate that argon and
nitrogen reach sonic speed in the � ow guide, whereas helium � ow
remains subsonic. The two situations corresponding to the down-
stream � ow are 1) supersonic expansion, normal shock at cathode
(Ar, N2/ and 2) subsonic recompression(He). The supersonic solu-
tion is the case of interest and is discussed further.

Even with the simplifyingassumptions,an exact one-dimensional
shock solution of Eq. (7) is dif� cult to obtain. The dif� culty stems
from 1) the inability to model the shock–heat interaction properly
with only the available data and 2) the downstream � ow not be-
ing adiabatic. Speci� cally, the stagnation pressure and temperature
ahead of the shock, as well as the aft shock pressure, cannot be es-
timated, and, thus, the location of the shock cannot be anchored.To
circumvent this dif� culty, we disregard the shock and assume that
the heat is added to the entire downstream region (Fig. 4). Solving
Eqs. (7) and (8) for upstream (� ow-guide) and downstream (inter-
electrode space) Mach numbers, one obtains

M 2
1

©
1 C [.° ¡ 1/=2]M2

2

ª

M2
2

©
1 C [.° ¡ 1/=2]M2

1

ª.° C 1/=.° ¡ 1/
D . p2=pI/

2

TII=TI

1 C ° ¢ M2
1

1 C ° ¢ M2
2

¢ 1
©
1 C [.° ¡ 1/=2]M 2

1

ª° =.° ¡ 1/
D

p2

pI
(9)

When Eq. (9) was obtained, the temperature downstream, T2,
was approximated using the adiabatic stagnation temperature TII,
although the adiabatic condition is violated. In doing this, it is as-
sumed that the error introduced is acceptable for this approximate
one-dimensional model. Also note that a shock solution of Eq. (7)
with pII D pI and TII D TI and p3 D Â ¢ p2 and TIII D TI C q=cp (i.e.,
heat addition only aft shock) is not mathematically possible for
any compression ratio Â > 1. This substantiatesthe assumption that
heat is actually added in the entire downstream region and, there-
fore, justi� es the use of Eq. (9). The solution of Eqs. (9) yields the
� ow Mach number ahead of the shock, M2 and, consequently, the
shock strength.

Experimental Results
There were 19 successful experimental runs performed. The test

names are given by the attempted test pressure p2 in the vacuum
chamber, and the test matrix is given in Table 1.

The CDID testing was performed in two phases: 1) plasma � ow
and electric property measurements and 2) pyrometric temperature
measurements with similar test conditions.To increase the lifetime
of the cathode, the power levels in these tests were kept below
1 kW. The relevant test results for argon and nitrogen are displayed
in Table 2. W0 is the total power supplied to the CDID, and T is the
average gas temperature in the ionization region. We note that
the actual pressure in the vacuum chamber does not exactly match
the test name pressure (see Table 2, column 2).

Plasma parameters are characteristic to the plume region down-
stream of the cathode. Characteristic to both the argon and the
nitrogen plumes is the exponential decay of the electron density
with radius. Results from a typical probe scan are presented in
Fig. 5. Electron temperature pro� les in these tests show little ra-
dial change, which suggests rapid thermalization of the electrons
leaving the ionization region.

The nitrogen coronas exhibited good stability, as is illustratedby
the data in Fig. 5, which show little scattering. A more signi� cant
amount of scatter was observed in the argon density pro� les, and it
was attributed to the occasional spark breakdown in the discharge
gap during the four-prong probe scan.

In terms of electron density, helium yielded the poorest results.
Densities measured are in the mid-1015 m¡3 range, and the average
electron temperature is 4–4.5 eV. This situation was due to constant
onset of breakdown instabilities. Although the helium plasma is
of little practical use, the helium tests provided insight into the
stabilizationmechanism of the CDID discharge.

A large portion of the experimental data consists of cathode and
gas temperaturemeasurements.In the CDID the cathodeis the main
source of ion heating, whereas heating by electron collision is only
secondaryor marginal. Cathode radiation/convectionis responsible
for dissipating more than 60% of the total power input. Generally,
the cathode heating is nonuniform due to � eld concentration and
convection cooling (Fig. 6).

Table 1 CDID test matrix

No. of testsTest pressure,
mtorr Ar He N2

200 N/A N/A 1
300 2 2 2
400 2 N/A 2
500 N/A 1 3
600 N/A 1 3

Fig. 5 Electron density and temperature (test N2, 300 2, radial probe
scan 30 mm below the cathode).
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Table 2 Argon and nitrogen data

p2, pI, ne £ 10¡17 ne £ 10¡18

Test mtorr mtorr V0 , V I , A W0, W average, m¡3 maximum, m¡3 T , K Te , eV

Argon
300 1 247 668 857 0.65 530 2.4 1.0 604 0.39
300 2 255 670 888 1.07 906 8.1 2.1 773 0.31
400 1 355 1360 657 0.78 493 4.2 2.0 673 0.27
400 2 350 1350 634 1.03 600 7.0 2.9 763 0.23

Nitrogen
200 1 200 406 1489 0.557 830 0.45 0.10 873 1.04
300 1 274 639 1369 0.560 768 0.30 0.08 860 1.00
300 2 237 609 1337 0.663 887 0.52 0.13 961 0.80
400 1 368 887 1239 0.710 884 0.25 0.10 1016 1.08
400 2 376 929 1183 0.719 850 0.44 0.12 1009 1.09
500 2 515 1214 1032 0.808 834 0.80 0.20 811 0.74
500 3 575 1192 1057 0.556 589 0.47 0.14 800 0.89
500 5 602 1105 1097 0.760 834 0.86 0.24 827 1.28
600 2 699 1519 959 0.813 777 0.88 0.25 895 0.73
600 3 699 1519 952 0.776 739 0.86 0.24 884 0.69
600 4 692 1526 950 0.774 736 0.83 0.26 883 0.70

a) b)

c)

Fig. 6 Convection effects on cathode temperature: a) nitrogen,
b) argon, and c) helium (IR cathode imaging).

The IR camera shows regions of the � lament being heated to
temperatures10–15% higher than the average.The coolingpatterns
in Fig. 6 are consistent with the convective properties of the three
gases used. In argon (cp D 0:51 kJ/kgK) the cathode exhibits a hot
spot near the top (Fig. 6b), whereas in helium (cp D 5:2 kJ/kgK) the
cathode is cooled most at the top (Fig. 6c). Figure 7 illustrates the
overall effect of convection and radiation on the average cathode
temperature.

Two regions are distinguishable in Fig. 7, a convection region
for power levels lower than 300 W and a saturation region above
400 W where the radiation loss is signi� cant. The higher tempera-
ture gradient in the low-power region is a direct consequenceof an
inadequate dissipation mechanism (radiation is less effective). An
increased cooling effect due to convection is evident in the high-
pressure tests.

The exact distributionof the thermionic current density along the
cathode is inferred from the spatially resolved cathode temperature

Fig. 7 Average cathode temperature (N2 tests, from average pixel
intensity of IR cathode images).

pro� le. Figure 8a presents the graph of the cathode temperature
pro� le in a 500 mtorr/642 W nitrogen temperaturetest (not included
in Table 2), obtained by plotting the IR image of the cathode as a
� at (two-dimensional) surface.

The current density is given by Eq. (5). The electric � eld at
the cathode is Ew

»D Áw=¸D , where the cathode fall is given by16

Áw
»D .kbTe=2e/ ¢ .¼ ¢ me=8 ¢ m i / D 12:6 V. Figure 8b shows the

calculated thermionic current density. The average thermionic cur-
rent is 433 A/m2 when summed over the entire cathode surface.The
difference from the current densitymeasured in the external circuit,
jexp D 505 A/m2, is about 15%. Clearly, for this test, thermionic
emission is the main mechanism of sustaining the discharge current
at the cathode.

Discussion
The emphasisin this sectionis placedon thenitrogendatabecause

they are the most complete. The unipolar mobility of the charge
carriers can be estimated from the experimental data using Eq. (4).
Figure 9 presents a combined I=V0 vs V0 plot of all nitrogen tests.
The linear variation of the data implies that the corona current–
voltage relation is rather insensitive to changes in gas pressure.

The slope of the data is proportional to the average mobility of
the charge carriers. The negative sign of the slope con� rms that the
current is preponderantly sustained by negative charges. With the
data in Table2, the estimatedcarrier, that is, electron,mobility [from
Eq. (4)] in the nitrogendischarge is 560 m2/V ¢ s for the low-current
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a)

b)

Fig. 8 Two-dimensional view of the cathode surface: a) temperature
and b) current distribution (N2, 500 mtorr, and W0 = 642 watt, from IR
cathode images).

tests and 1900 m2/V ¢ s for the high-current tests. For argon, Eq. (4)
yieldsaverageelectronmobilitiesof 2000–4800m2/V ¢ s. Theseval-
ues agree well with mobility estimates from collision cross section
data only for small currents.4 As the discharge current increases,
Eq. (4) overestimates the true mobility values in the discharge, as
predicted by Sigmond and Goldman.5 The explanation for this be-
havior is that at high currents, the discharge changes from corona
(ionization in regionsof high � eld) to thermionicarc (currentmain-
tained mainly by thermionic emission at the cathode).

We note that, close to the axis, the � ow� eld is aligned with the
electric � eld and has a net effect of increasing the current due to
the positive ions. This effect is implicitly lost in the unipolar charge
drift formulation.Let us now justify theunipolardrift assumptionby
estimating the magnitudeof the ion current density. The ion current
density is proportional to ion velocity ¹i ¢ E C v. The mobility of
ions is ¹i D e=m i ¢ ºi s , where ºis is the collision frequency of ions
with neutrals. For instance, the average test conditions in the drift
regionof thenitrogencorona(p2 D 300–500mtorr, T D 400–500 K,
and E D 200 V/cm) give the ion collision frequency ºis

»D 10 GHz
and the mobility ¹i D 3 £ 10¡4 m2/V ¢ s. The ion velocity due to
� eld acceleration is ¹i ¢ E »D 6.8 m/s. The � ow in the nitrogen tests
is slightly supersonic and, therefore, v »D c D .° RT)1=2 D 400 m/s.
Thus, the effect of the � ow is a large increase of the ion current,
or, equivalently,a two-order-of-magnitudeeffective increase of the
ion mobility to 0.02 m2/V ¢ s. By comparison, the electron mobil-
ity is � ve orders of magnitude higher, and, thus, the ion current
contribution can be neglected.

Fig. 9 Corona current–voltage plot (N2 tests).

The � ow plays a more signi� cant role in the discharge as a stabi-
lizing factor. The stabilizing mechanism is two sided, so that 1) the
shock recompresses the gas in the ionization region and 2) the � ow
removes heat and charge from the ionizationregion.These two � ow
effects are discussed further.

The stabilizingeffect of the shock recompressionlies with the op-
erating values of the � eld-to-gasdensity ratio E=ns . In general, the
discharge tends to destabilize in regions of high E=ns . The shock
recompression reduces the local value of this ratio by increasing
the gas density.To exemplify the recompressioneffect numerically,
we choose test 400 2 [pI D 929 mtorr (123.5 Pa), p2 D 376 mtorr
(50 Pa), TI D 300 K, and TII D 1009 K]. Solving Eq. (9), we obtain
M1 D 0:21 in the � ow guide and M2 D 1:05 ahead of the shock. The
aft shock static pressure is p3

»D 1:12 ¢ p2, whereas, at the cathode,
the pressure is increased to the stagnation value pIII

»D 2 ¢ p2. The
density of the gas in the ionization region reaches stagnationvalues
½III

»D 1:65½2. The density increase is suf� cient to compensate the
increase in the E=ns ratio due to � eld concentrationat the cathode.
In effect, the shock is a stabilizing boundary. This mechanism sug-
gests that a higher-Mach-number � ow would be a more ef� cient
stabilizing factor due to a higher degree of aft shock recompres-
sion. It also explains the unstable behavior of the helium corona.
The helium � ow is subsonic and the gas density in the ionization
region is low. Consequently,the E=ns ratio is high and the discharge
collapses frequently.

A local increasein gas temperaturetriggersa destabilizingenergy
exchange feedback loop between the discharge and the � ow called
thermal instability.13 The second � ow stabilization mechanism is
the convective heat removal from the ionization region (Fig. 6).
Generally, the � ow cools the region of high electric � eld at the top
of the cathode, inhibiting the onset of thermal instabilities. A sec-
ondarystabilizingeffect of thecoolingprocessis a local reductionof
the cathode thermionic emission. The number of primary electrons
emitted into the ionization region is reduced, and, thus, the local
energy density is lowered. As a result, the feedback temperature
increase loop is removed, and the discharge is stabilized.Argon has
the poorest cooling properties, and the cathode forms a hot spot at
the top (Fig. 6b), whereas the nitrogen realizesa more uniformcool-
ing along the cathode length. Figure 6a shows that, in nitrogen, the
maximum cathode temperaturedoes not coincidewith the region of
highest � eld strength at the cathode top. This stabilizing effect of
the � ow explains the better stability of the nitrogen over the argon
discharge.

The instabilities developed in the three gases are dissimilar, as is
illustrated in Fig. 10. Helium instabilitiesare explosive,symmetric,
and involve a large volume of the drift region (Fig. 10a). Nitrogen
instabilities show asymmetry (Fig. 10c) and are also caused by
gap breakdown in the drift region, whereas in argon, the discharge



DEACONU, COLEMAN, AND WU 639

a)

b)

c)

Fig. 10 CDID corona instabilities: a) helium,b) argon,and c) nitrogen.

breakdown is at random to the lower vacuum chamber walls
(Fig. 10b). The exact breakdown mechanism is unknown. The pat-
terns of light recorded by the camera suggest the development of
anode-directedstreamer channels.13 A probablebreakdownmecha-
nism in argon is the developmentof streamer channels triggered by
runaway electrons, which are accelerated along � eld lines parallel
to the cathode surface.

The electron density distribution along the cathode is similar to
the thermioniccurrentdistributionpro� le (see Fig. 8b), and its max-
imum [Eq. (6)] is attained in the ionization region. The ionization
coef� cient ® for various gases and E=p conditions is tabulated in
Ref. 13. With the average CDID test conditions, the ionization co-
ef� cients are ® »D 0.7 cm¡1 for nitrogenand ® »D 1.1 cm¡1 for argon.
If it is assumed that the characteristiclength of the ionization region
of the order of electron mean free path 1=ns ¢ Qes

»D 1 cm, the max-
imum electron density is in the mid-1018 m¡3 range in nitrogen and
low-1019 m¡3 range in argon.

It is more useful to predict plasma density in the plume based
on electricalparametersmeasured in the dischargecircuit. An exact
relationship between the electron density in the plume and power,
current, or applied voltage is dif� cult to � nd on theoretical grounds
due to discharge complexity. Instead, the authors have attempted to
derive a simple approximation starting from Eq. (6). Rewriting the
current density in terms of electron mobility, we have

ne D .m i =kbTe/
1
2 ¢ [.® ¢ I /=.e ¢ Ac/] ¢ .1=ns Qes/

D .m i =kbTe/
1
2 ¢

£
.® ¢ I /

¯¡
e2 ¢ Ac

¢¤
¢ ¹emece (10)

where Ac is the cathode emission surface area. When Eq. (4) and
ce D .8kbTe=¼ ¢ me/

1=2 areused, theelectrondensityin the ionization
region becomes

ne D [.8=¼/m i me]
1
2 ¢

£
.® ¢ d/

¯¡
1:55 ¢ "0e2 Ac

¢¤
¢ .I=V0/2 (11)

The electron density in the plume is dependent mainly on the re-
combination rate. Recombination describes the process of electron
density decay in time and can only affect the magnitude of the den-
sity pro� le downstream but not its shape. Some distortion of the
electron density pro� le can be expected due to the radial expansion
of the plume as it travels downstream. Accordingly, we estimate
that the maximum electron density in the plume (i.e., the peak of
the electron density curve in Fig. 5) follows an approximate pro� le
given by

ne » .I=V0/
2 (12)

The ne.max/ data in Table2 scaledwith Eq. (12)producethe following
results:

ne £ 10¡18 D 0:09 ¢ .I=V0/2 £ 107 C 0:634 (13)

for argon and

ne £ 10¡18 D 0:03 ¢ .I=V0/2 £ 107 C 0:042 (14)

for nitrogen, where ne is per cubic meter and (I=V0/
2 is in ampere

per volt squared. Graphically, the electron density vs .I=V0/2 is
depicted in Fig. 11.

The different slopes of the nitrogen and argon electron densities,
when scaled with (I=V0/

2 , are easily explainedwhen it is noted [see
Eq. (11)] that theelectrondensity is proportionalto the® ¢ m1=2

i . With
average values of the ionization coef� cient of 0.7 cm¡1 for nitrogen
and 1.1 cm¡1 for argon, and m i (Ar)=m i .N2/ D 1:43, Eq. (11) pre-
dicts that the slope of ne in argon must be twice as large as in nitro-
gen. Experimentally, the ne(Ar)=ne.N2/ »D 3. The difference can be
explainedby the different cathodeheatingpatternsover the emitting
area Ac in the two gases. Equations (13) and (14) can be used to es-
timate electrondensities in the plume of the dischargeby measuring
only two external electrical parameters, voltage and current.
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Fig. 11 Electron density scaling in the plume.

Conclusions
Experiments with a dc corona discharge ionization device have

shown that steadyelectrondensitiesof 1017–1018 part/m3 can be ob-
tained in nitrogenand argon � ows. These ionizationlevels are in the
range necessary for ef� cient MHD energy extraction from ionized
supersonic� ows. It was shown that, in a supersonic� ow, the normal
shock in front of the cathode is an effective stabilizingboundaryfor
the electric discharge. The stabilization mechanism suggests that
higher-Mach-number� ows would increase the stabilizing effect. A
plume electron density model based on the electrical parameters of
the discharge was obtained.
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