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Abstract
The objectives are (a) to develop a methodology for
examining quantitatively the plasma-cathode interactive
processes in a MPD arcjet within a distance of the order
of a recombination length from the surface and (b) to
identify limiting operating .conditions based on such
processes. A simple model has been developed based on
three characteristic lengths in the non-equilibrium, twotemperature plasma and thermionic emission from the
cathode under the local electrical field. It is found that
the largest changes occur in the sheath region and critical
conditions can arise both in the sheath and the outer
collisional non-recombining regions.

charge separation, (b) absence of particle interactions
through
collisions
and
(c)
absence
of particle
13
.
recombinations while particle collisions are admitted
The corresponding length scales are (a) the Debye length,
referred to commonly as the sheath, (b) the mean free
path length and (c) the mean recombination length.
Generally, (a) < (b) < (c), considering in particular the
mean free path length f.,i which is less than ei,..
It may be pointed out that the time scales associated
with the species interactions are smaller than the
macroscopic time scales of the plasma in a MPD arcjet
and hence, the plasma is treated as a continuum. At the
same time it is necessary to take into account the
of both thermal and charge non-equilibrium, for
which sufficient experimental evidence can be found. On
the other hand, it is assumed that the plasma is fully
ionized so that the presence of neutrals may be assumed
to be negligibly small adjacent to the cathode surface.
Joule heating is an important feature in arcjets and
affects the species temperatures and other properties.

INTRODUCTIexistence
INTRODUCTION
A major uncertainity in establishing heat transfer,
material wear and instabilities in a magneto-plasmadynamic (MPD) thruster is the nature of interaction
between plasma and electrodes 1 . The interaction between
a gaseous plasma and a material boundary surface is, in
general, a function of plasma and material surface
properties and of the polarity of the material surface. The
interaction is of interest in a number of other applications
also, such as electronic tubes, are weldin,
re-entry
vehicles, electrical probes and MHD devices -.
In all
cases, the interactive processes occur over small length
and time scales. In global analysis of so-called thermal
boundary layer at a material surface adjacent to plasma,
it has often been the practice to neglect the processes

Sheath Region
The sheath region may be further subdivided into two
or three layers based on various considerations. While
such division may indeed be necessary, as shown under
Discussion, a single region is postulated here with three
species of particles, namely plasma electrons and ions and
electrons that are thermionically emitted from the
cathode. It is clear that the plasma electrons fall into two

occurring on the micro-scale -12. In some approaches to
establishing electrode surface deterioration including

classes: those that are repelled by the cathode and a
fraction that reaches and interacts with the cathode.
7 <I
Region
- *, In the region extending over a distance bounded by
the mean free path and the recombination lengths
measured from the cathode surface, two species are
considered namely ions and electrons, the thermionic
electrons being considered small both in number density
and energy. Both the species are treated as ideal gases
including only electron-ion collisions. Since collisions are
included, various transport properties become of interest.

wear, plasma or material jets and diffusional processes
have been included specifically but again, it seems,
without consideration of the processes that are
significantly large on the small scales. It is the objective
here to develop a model for examining such process and
to illustrate the nature of changes in plasma state in the
case of a cathode of a MPD thruster. In particular it is of
interest to establish limiting operating conditions as a
means to the eventual development of a control system
for the thruster.
Figure 1 illustrates schematically a MPD thruster
configuration. No applied magnetic field is shown therein.
In fact, in the following, the induced magnetic field is alsoe
considered to be small, mainly in order to concentrate on
plasma kinetic processes in this first attempt on the
2
problem. A small area of the order of 1 mm , designated
a spot, is chosen on the cathode surface for analysis. It is
assumed that all of the plasma and the material
properties and processes,
including local current
attachment, are quasi-stationary at the spot.

Fr

Fall Region
on
The region 4i < < ei is intended primarily to
serve as a "bridge' Tetween the other two regions. The
species taken into account are the plasma electrons and
ions and the thermionic electrons.
It is of some importance to recognize that the
association of specific characteristic lengths with the
different regions is largely notional and a means of
providing orders of magnitude for the lengths. In fact, in
the case of multi-temperature, non-equilibrium plasma, as
in the current problem, the various lengths can only be
obtained as a part of the solution. However, some
guidance is useful in estimating initial values of lengths.

and
Characteristic Length
haracteristiceng
an Time Scales
The plasma stream in the vicinity of an electrode
surface may be considered in terms of a "free stream" part
and a part that is adjacent to the surface. The plasma
particles move randomly while, in general,
the
convective-diffusive motion is three-dimensional. The
motions become simpler when convection and ambipolar
diffusion are considered as negligible, and can be treated
as one-dimensional coincident in direction with the
normal to the spot. Then, considering a cathode surface,
several characteristic lengths can be identified as shown in
figure 2. The length scales in plasma are based on (a)

Cathode Surface
The cathode is characterized by (a) the material, (b)
the surface finish and (c) the temperature. Each of those
parameters influences the interactions with the incident
particles and the thermionic emission 14-1s. Convective
and radiative heat transfers ar also inuenced by those
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parameters, although they are left out of account in the
current model.

Bt -

All of the incident particles are assumed to be
The region
absorbed
by the cathode material.
O 5 y < -yl, is considered a thin slice of material that is
held at a constant temperature by means of regulated
cooling. No phase change is permitted currently, although
the material can be expected in practice to undergo such
a change prior to and during formation of craters and
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1
2 kTb,c,
be

(3)

calculated

2 m,(v,.,.) 2

jets.
T. Tr

The thermionic emission of electrons is a major
consideration
but its estimation
is also greatly
controversial. However, the Richardson equation for
thermionic emission and the Shottky electric field effect
equation for acceleration of emitted electrons.away from
the surface have been utilized here as adequate for
obtaining relative values of various quantities.

(4)

k

The emitted thermionic electrons are assumed to be at
the cathode surface temperature.
Sheath Subregion
The sheath subregion is assumed to contain a
collisionless plasma with the total energy of all particles
remaining constant over the subregion. Three species of
particles are considered namely, positive ions, plasma
electrons, and thermionic (or beam) electrons. The total
energy of electrons produced by thermionic emission,
Wb , is composed of two parts, the particle kinetic energy
and the potential energy, as seen in the following equation
for energy balance.

Problem Formulation
An arcjet type of thruster is considered with specified
(a) geometry, (b) electrode materials, (c) working fluid at
a given pressure, (d) current input and (e) electrode
temperature. The device is expected to be in quasi-steady
state operation and not in a pulsed mode of very short
cyclic duration. For a spot on the cathode, it is then the
objective to establish in a distance approximately equal to
the recombination length from the cathode surface the
state of plasma as a function of the pressure of the
working fluid, the current input and the boundary (nonequilibrium) conditions at the surface and the inner edge
of the free stream.
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It may be noted that this equation may be obtained by
considering the collisionless form of the Boltzmann
equation subject only to electro-magnetic body forces (the
so-called Vlasov equation) 17. A one-dimensional steady
form of this equation may then be integrated to deduce
an equation of the form given by Eq. (5). The flux of
particles within the subregion is conserved since no
ionization or recombination occurs. The thermionic
current is given by the equation:

In particular, the cathode shown in Fig. 1 is assumed
to be made of thoriated tungsten carbide. The working
fluid is monatonic argon gas. It is taken to be fully and
singly ionized. The ranges of various parameters related
to the system are discussed later under Results. Details
regarding analysis, solution procedure and computed
cases and results may be found in Ref. 16.
LUTION PROCEDURE
ANALYSIS AND SOLUTION PROCEDURE
The analysis of each of the four regions, A through D
in figure 2, is summarized in the following.

jb - enbvb - constant.

Cathode Subreion (D)
Cathode
Subregion (D)
The three main processes to be accounted for are (i)
the thermionic emission, (ii) the acceleration of emitted
electrons by the surrounding field and (iii) the heat input
to the cathode. It is currently assumed that the
thermionic electrons are emitted at the-cathode surface
temperature.

From Eqs. (5) and (6), the number density, nb, is given
by the following.
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The action of the surrounding electric field in
accelerating the emitted electrons, the Shottky effect,
causes an increase in the emission current given by the
following.

b,o exP

c

they enter the collisionless region at y - t. The ion
energy balance equation can then be written as follows:
-mivi

Jb -

+

-

The ions are assumed to be monoenergetic with an
initial kinetic energy of - mivi,o2 at the plane where

S)
kT, r"

"

mb2

It may be recalled that the thermionic emission current is
given by Eq. (2) for the cathode subregion.

The electron thermionic emission current at the
cathode surface is dependent upon the cathode
temperature and material and is given by the (empirical)
Richardson's equation:
2
A T'
jb,o -=Ao
Jb,o
Tc eexp--

(6)

(8)

2

where Wi isthe initial ion energy at y and e o is
the equivalent potential drop for the ions. The ion current
density then becomes the following.
Ji - enivi - eni,ovio - constant,

(2)

(9)

where nio and vi, represent ion number density and
velocity at the plane y - is. Solving Eqs. (8) and (9)for
ni yields the relation,

The heat input to the cathode may be estimated by
considering the amount of energy change due to particle
collisions with the surface. The net energy change, the
difference between the energy flux from the incident ions
and electrons, and the energy out flux due to the emitted
electrons, neglecting neutrals as small in number, is given
by:

ni
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The plasma electrons are assumed to be approximately
in a homogeneous random state. Accordingly, the plasma
electron gas is treated as governed by the statistics of
Maxwellian particles. For the cases of interest, there are a
large number of electrons repelled by the cathode
potential. The number density is given by:
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where Al is an integration constant as follows.
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where iW.. is the electron kinetic energy at the free-fall
edge y - f, eO, the potential energy, and n, 2 , the
number density. At y - z,

A

- 4Ji( 71 + 7) 2 + 4Jb(i7c - 73 +

b,c) 2

+ exp(i7 - 773) .
8.,0- e

= 0,

(12)

S n,

n, 2 exp

Free Fall Region
The model for the free-fall subregion may be looked
upon as a means of matching the solutions for the
collision-dominated subregion and the collisionless sheath
subregion. Based upon that consideration and a review of
various other models, it is felt that setting a charge
distribution within the subregion provides a natural entry
point to the analysis. A charge parameter, , is defined as
follows.

(13)
(13)

-2
kT*

2

The plasma electrons may be examined in two parts
based on whether their kinetic energy is larger or smaller
than the retarding potential. The electrons that move
towards the cathode with initial energies,
,o <
e(c - 2), are repelled and return to the collision
dominated
subregion.
The
electrons
with
.,o> e(ec - 02) cross the collisionless region and strike
the cathode. The latter high energy electrons make up the
electron current, j,, given by

jen
-

(19)

Equation (18) can then be numerically integrated to
determine the electric potential distribution within the
sheath.

and it follows that
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The ion number density may also be written as a function
of f, nb, and n,:

(14)

ni "' nb +

(21)

l

and the charge density may be expressed in the following
form.
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A set of nondimensional variables is introduced and Eq.
(16) is rewritten as follows.
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and upon integration once more, it follows that

Ji and Jb represent a set of constant values.
Integrating once using the integrating factor - l and thet
3 and

1

Eo

where

given boundary conditions 77 yields the following relation.
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The electric field and the electric potential distributions
are determined by directly integrating the Poisson charge
equation as follows.

V
-

(22)

A linear charge distribution is assumed between the
end point values specified, namely (0) at y - t,)and (4
at y - £3); and, it follows that

The Poisson charge equation is utilized to describe the
electric field distribution, E, and the electric potential
distribution, 0.
dy
dy 2

e(ni + nb + n.)
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Collisional Non-Recombining Subregion

1 rc

I

4- El

A set of simultaneous ordinary differential equations is
established that can be solved given the "free" plasma
boundary conditions at y - 0i, the charge parameter at
y = I and an assumed linear charge distribution.
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(26)
The transport properties, /,, A, eh,X,, Xi, c,, and
ai7, that appear in the equations are calculated using a
computer code developed by Bose [1988] 17. the transport
properties are assumed to be functions of plasma type,
electron temperature, electron-to-ion temperature ratio,

dFi
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Continuity equations:

-dy

-

(27)

and pressure.

Momentum balance equation:

dn

1

dy

T,

Solution Procedure
The describing equations for the three regions may be
solved, in principle, by using asymptotic methods.
However, in the case of a non-equilibrium, twotemperature plasma, it would lead to the use of multiple
small parameters. for that reason and others, the solution
procedure adopted is one for solving each of the
subregions separately.
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.

(28)

The solution is obtained separately over a range of
operating parameters and designated lengths for the
individual subregions. The results for each subregion may
then be "patched" together, when needed, to determine
the effect of the various input parameters on the property
distributions in the entire near-cathode region.

1+

It may be pointed out that no momentum balance
equation is included for the ions explicitly.

Sheath and Free-FallSubregions
In view of the fact that the sheath and the free-fall
regions are collisionless, the solution procedure is similar
for them except for calculating the electric field, electric
potential, charge and ion number density distributions. In
detail, the solution procedure for the sheath subregion is
as follows for a specified length of the subregion and
given conditions (n., 6, Ti, T,/Ti, E, and 4) at y - f
and T. at y - 0. The distribution of current density is
assumed to be constant over the entire collisionless region,
and the magnitude is specified by the selection of

Energy balance equations:
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Again, in detail, the solution procedure for the freefall subregion involves the following: A value for the
thermionic current density is estimated at each end of the
free-fall subregion as also a value for the electron number
density at the sheath edge, y - t3. The ion number
density is then determined at each end of the free-fall
subregion utilizing Eq. 21 and the known or estimated
values of n, and nb . The charge density at each end of
the free-fall subregion and the charge density distribution
are then calculated utilizing Eqs. 22 and 23. The potential
distribution and the electric field are calculated directly
using Eqs. 25 and 24. Then the plasma electron number
density and the thermionic electron number density
distributions are determined using Eqs. 11 and 7. Finally,
the ion number density distribution is established
utilizing Eqs. 16, 11, and 7 respectively. The value of 3
at y - t3, corresponding to the calculated values of

potential
field and the electric
The electric
distributions are determined by directly integrating the
Poisson charge equation for the given charge density
distribution. The Poisson equation, integrated once can
be shown to yield the relation:

(
d
dy

1
o

(Pf - Pie)
2
t -

+ PIc(

1

(f

Y) ,(34)

/Ti,

at y - t and Te. Equation 18 is numerically integrated
to determine the electric potential distribution, r]( or 0).
Initially the value of the electric potential at the cathode
surface, 77, is guessed, as well as a value for the electric
field in order to establish the thermionic emission current
enhancement due to Shottky effect. The solution is
carried out from the initial point at the sheath edge
towards the cathode surface, where the guessed value of
potential and, subsequently, the electric field are
compared with the calculated values. The entire
calculation is repeated until the calculated values for both
the voltage and the electric field at the cathode surface
are within their specified respective tolerances. Then the
number densities of each species, the electric field and the
space charge are determined using Eqs. (7), (10), (13), (18)
and (16), respectively.

dvi
dy

ni

,Ti T,

- y)
2
)

which, upon a second integration, yields:
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the sheath subregion.

ni, nb at n, is compared with the prescribed value at this

boundary. If the difference between the two is not within
a prescribed tolerance, new values for the charge density
(4 and 0'3) are determined and the entire calculation is

The current densities for the collisionless regions and

the estimated cathode heat loads are presented in Table

repeated starting again from the outer boundary, y - e2.
It may be pointed out that the values of n b and n, do not
change much within this subregion and the solution
converges within a few iterations.

DISCUSSION
Plasma-material
wall interaction involves very
substantial changes in plasma state over very small
distances of the order of several mean free paths. The
material also displays strong gradients in properties over

Collision-Dominated Subregion

In solving the describing equations in the free-fall and

distances, that can be considered as major deterioration.

collision-dominated subregions, it is found that it is not
possible to proceed in the same manner as in the sheath
region. That is because a specific charge distribution
determines the manner in which the number densities of
charged particles vary without a stipulation on how the
energies of the particles may vary. The latter are
dependent upon local temperatures of the particles and
therefore on the current distribution over the regions. The
strategy adopted, therefore, is as follows: both the charge
and the current distributions are assumed, for example a
linear variation of charge and a constancy of current. The
temperature
the
and
density
number
particle
distributions are determined, and the resulting current
distribution is established. If that distribution matches
with the imposed current distribution, the distributions of
plasma properties obtained are acceptable for the given
set of initial conditions and subregion lengths. When the
resulting current distribution does not match with the
assumed distribution, the charge distribution is reset until
the assumed and resulting current distributions become
equal within an acceptable tolerance.

Such interaction is related to several factors: (a) plasma
state and presence of fields, (b) material state and surface
characteristics, (c) existence of collisional but nonrecombining region with transport processes and (d)
occurrance of a collisionless region which may, at least in
part, be a charge-separated sheath. In the case of a
cathode of a plasma enerator and accelerator, one has to
account further for (a) the influence of heat input from
the plasma, (b) the action of the field on both plasma and
emitted particles and (c) the Joule heating.
In the current formulation, two-temperature, nonneutral plasma is assumed in all the three subregions.
However the transport properties determined depend
upon the accuracy with which collision-cross sections are
known, especially at lower number densities. A second
ambiguity pertains to thermionic emission characteristics.
The values utilized for emission should be considered only
as representative since structural changes in the cathode
material due to temperature and particle impact have not
been fully accounted for. Finally, radiative transfer has
been neglected as being small.

For the solution of the collision-dominated subregion,
the boundary conditions are established and the length
for the subregion is selected in terms of I and f I . The
distributions of charge density, electric field and electric
potential are calculated using Eqs. (33), (34) and (35),
The set of simultaneous differential
respectively.
equations, (28) through (32), is then solved numerically
utilizing the
previously
calculated
electric
field
distribution. The solution is obtained at the boundary y
- f' and extended towards the cathode surface up to the
collisionless boundary, y - l
. As in the free-fall
subregion calculation, the value of corresponding to the
calculated values of n. and ni is compared to the selected
value at this boundary. If their difference is not within a
specified tolerance new values of pl and p2 are selected
and the calculation is repeated. The current distribution
is then calculated to verify if the original assumption of a
constant current distribution is satisfied. It may be
pointed out that a number of charge distributions have
been tried to examine their effect on the resulting current
distributions while keeping all other conditions identical.
It is found that a linear charge distribution does yield the
best results. The gradient of the charge distribution also
needs to be sufficiently small.

Ambi-polar diffusion and the action of the magnetic
field, although omitted from consideration here, may be
included with only minor complexities. However, the
gradients in properties determined normal to a cathode
spot may not be under-estimated.
The simplified describing equations are in principle
not difficult to solve. However, it has been necessary to
adopt slightly different iterative schemes in the three
regions because of the influence on the solution of (a) the
sub-region length, (b) the boundary conditions related to
the potential and the field and (c) the current
distribution. They may not be chosen
entirely
independent of one another, especially since many of the
solutions can be simply impractical. These matters are
also of significance in evolving asymptotic methods as
stated earlier.
Specific Results
In regard to quantitative predictions, several features
to be noted are: (a) the largest changes in plasma
properties occur within the sheath region; (b) there is a
possibility of the sheath region length becoming
comparable to the mean free path; (c) the collisional
length without recombination can become very small; (d)
the cathode temperature is the principal means of
ting the
conditions as
as the
the
limiting conditions
occurrance oof limiting
the occurance

Method of Using the Solutions in the Three Subregions
Each subregion is evaluated over a wide range of
parameters. The solution for each of the three plasma
subregions may then be "patched" together as required to
determine
property
of ther
the plasa
plasma property
set of
a consistent
consistent set
determine a

regulating
current input is increased at a given value of gas pressure.
on cathode temperature arizes before that
limitation
The
input under given conditions of electron to ion
on current
temperature ratio, thus indicating the desirability of using
high cathode temperature values.

RESULTS

Collision-Dominated Subregion
In general, the electron number density decreases
towards the cathode, primarily due to the electric field.
The charge parameter increases monosonically. There is
an increase in the temperature of both electrons and ions
due to Joule heating, though the latter rise is
comparatively small.

In order to determine the variations of plasma
properties and heat load at the cathode, the following
procedure has been adopted: A base case has been chosen
with parameters utilized and measured in experimental
MPD thrusters '0-"
. Then a series of other cases has
been identified with variations in each of the parameters,
one at a time and of reasonable magnitude to yield
observable changes. The range of parameters in various
cases investigated can be seen in Table I
s h
b
e ds of v
s p
The distributions o various parameters have been
determined with respect to distance over the length of
each of the three subregions: n ,,
, E and
in all cases
and in addition 3, T. and Ti in the collision-dominated
subregion, 0 in the free-fall subregion and n i and n b in

Changes in electric field and voltage drop across the
subregion are primarily related to the charge density
distribution. Increases in charge density are observed for
increases in Ti, T./Ti, n , and 3. In some cases, for
example wher n is varied at the outer boundary, it may
be observed in Fig. 3 that the electric field first increases
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and then decreases between y - e, and y - t2, an effect
caused by increase in electron conductivity. Thus at y /l, where the charge separation is small, the electric field
associated with the applied current dominates over that
arising from charge separation. Similar trends are
observed with respect to changes in electric field and
voltage distributions due to T i and T,/T i variations. As
the current density increases so does the resulting electric
field, resulting in (a) a larger decrease in electron number
density and (b) an increase in Joule heating and therefore,
electron and ion temperatures,

the resulting increase in velocity according to the relation:
ni -ji/evi.
(iii) The magnitude of the thermionic electron number
density decreases rapidly as one moves away from the
surface. Although the distribution depends upon the
cathode temperature, the voltage drop and the local
electric field, the main parameter of influence is the
cathode temperature. Based on the assumed emission
characteristics, the thermionic current, density is not
significant in the range 1,600 K - 1,800 K. At 2,800 K the
cathode electric field is of the order of 108 N/C; it is
interesting to observe that the thermionic current density
with the Shottky effect included is nearly eight times that
when neglecting that effect.

The effect of increasing the subregion thickness on
various plasma properties can be seen in Fig. 4.
Free-Fall and Sheath Subregions
As stated earlier, the two subregions have been treated
as a single region for purposes of predictions. However,
results are presented separately for the two regions in
order to permit evaluation of the larger changes in the
sheath subregion.

(iv) A number of calculations have been performed by
varying the charge parameter, 0, at y f3 while
retaining its value fixed at y - 0. There are no significant
changes in plasma properties due to changes in 0 in the
sheath subregion; in fact, they are less than the changes
in the free fall region and the largest changes occur at
y- .

Free-FallSubregion
In general the charge parameter increases towards the
cathode surface as a function of rit as indicated by Eq.
(20), noting that the magnitude of charge density
increases is small compared to the magnitude of the
plasma electron density change. The thermionic electron
number density is typically two or three orders of
magnitude smaller than the plasma electron number
density change.
A linear charge density variation is assumed in this
subregion. One can therefore expect the electric field to
vary quadratically and the voltage cubically with respect
to distance from the outer edge of the subregion. If a
change in a particular parameter tends to increase the
charge density, it will also increase the strength of the
electric field and the voltage drop across the subregion.
The result is a decrease in the plasma electron number
density. However, when electron or ion temperature is
raised, the resulting changes depend upon the balance
between the effects of increased voltage drop and
increased species energy; this is especially significant in
the case of electrons for which, in the current predictions
increasing the temperature causes an increase in number
density.

(v) The inluence of the length assigned to the subregion
is evident through the observed shift of the property
distribution profiles. However, the profiles do not appear
to be governed by any rules of similarity.
Formation of Double Sheath
It has been surmised that in a double sheath, a layer
of negative charge is present adjacent to the surface and a
second layer of positive charge next to it. Such a
phenomenon of double sheath occurrance is evident in
Fig. 8, as stated earlier, when the cathode temperature is
assumed to be 2,800 K.
Thus, when the cathode temperature is raised, while
all of the other operating conditions are kept constant,
there arises a value of temperature at which the charge
density at the cathode decreases due to an increased level
of thermionic emission. As the cathode temperature is
further increased, there is a negative charge density at the
cathode surface and a double sheath is formed. It is then
possible to visualize that a further increase in
temperature may cause a switching in the voltage
gradient and hence, an instability. However, the relation
between the plasma state and the voltage drop locally in
the "second" sheath region may be considerably more
complicated than assumed here. Furthermore, the
proceses in the cathode material are not entirely clear at
this stage.

Sheath Subregion
Typical predictions for the sheath subregion are
presented in Figs. 5-9, where selected plasma and field
quantities are given as functions of distance along the
sheath from the cathode surface utilizing Ti, n ,, T./Ti,
T, and the subregion length as parameters. Several
observations are as follows.

Other Limiting Conditions
The relationship between voltage and total current
density for the sheath subregion is shown in Fig. 10
utilizing T, and Ti as parameters under specific operating
conditions.
The
total
current
density
attains
asymptotically a maximum value equal to (ji +jb) with
increasing sheath voltage, while the plasma electron
current
density, j,, decreases exponentially.
The
maximum total current density can be increased by
increasing (a) the ion current density through an increase
in "free" plasma temperature or pressure and/or (b) the
thermionic current density by an increase of cathode
temperature.
Now, one can compare the sheath voltage in the
e r cathode with that corresponding to the case of
tthruster
hr
orrespo^
etodrwith
u
an uncharged electrode, the minimum possible voltage. It
can then be argued that, for sheath voltages below the
minimum value, a current reversal may occur, that is
j, > (ji +b).
In this connection it is interesting to
observe that the sheath voltage is seen to increase with
increasing sheath thickness, decreasing Ti and decreasing
T,/T i.
Another limiting condition is related to the manner in
which Joule heating undergoes a change in the collisional

(i) Considering both the plasma and the thermionic
electrons, the number density first decreases and then
increases as one moves towards the cathode surface, as
can be observed from the predicted charge density
distributions. The charge density undergoes a further
decrease close to the cathode surface as the thermionic
electron number density increases. The value of the
charge near the surface depends upon the relative
magnitudes of the ion and the thermionic electron
number densities. In most of the cases considered, the
charge is positive at the surface except when the cathode
temperature is 2,800 K as shown in Fig. 8.
8 In that case,
0 which is
a double sheath
thereee probably aries
arizes a double sheath
, which is
discussed
later.
further
The electric field and the voltage values both increase
monotonically as one approaches the cathode surface.
This is due to the charge build-up within the subregion.

(ii) The plasma electron number density decreases rapidly
in this subregion for the voltage drops considered that are
typical in experiments. The ion number density also
decreases towards the cathode. Although the ion numberen
region as the current is raised to saturation value. Then
4 with increasing ion
density increases at y e eratu,
idreasesa
with increasing vtae
due
theit voltage
becomes
proportional directly to the plasma
temperature,
current
decres
with
and
increasing
inversely
voltage due
to
to the (electron temperature) 3 .
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This transition involves a characteristic diffusion time. If
the rate of current increase is large, the transfer of
electron energy to ions may lag in time. If the diffusion is
also large, then there can arise an accumulation of
electrons and a disruption in the state of the plasma, as
illustrated in Fig. 11 .
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