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NEAR-ELECTRODE LAYERS AT "HOT" ELECTRODES
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References [1, 2] present a definite approach to the problem of theo-
retically describing the near-electrode layers for a change of poten-
tial at "hot" electrodes located in a weakly-ionized gas stream. There
it was assumed that the degree of gas ionization near the electrode and
its temperature are such that the Debye length computed from param-
eter values near the surface of the electrode is smaller than the mean
free path of the charged particles (d £ 7). In this case, the problem of
the near-electrode layer is separate from the problem of the distribu-
tion of quantities in the gas stream and its solution is used to formu-
late the boundary condition. Moreover, in solving the problem of the
near-electrode layer, we can assume collision-free motion of the
charged particles throughout this layer,

In the indicated references the near-electrode layer problem was
not solved. The quantities necessary for formulating the corresponding
boundary conditions were assigned on the basis of physical considera-
tions,

In this article, some of the assumptions of [1, 2] are refined on the
basis of the solution of model problems and a more detailed analysis
of the effects in question. It is shown, in particular, that the theory is
inadequate for describing near-electrode layers at electrodes made
from a material that is a poor neutralizer for ions.

On the basis of an analysis of solutions of model problems of the
near-electrode layer for both "ion-absorbing” and "ion-reflecting”
surfaces, an attempt is made to construct a semi-empirical theory of
the near-electrode layer. For certain cases, .experimental data are
compared with calculated data and, in particular, the experimental
constants needed to construct the theory are determined.

Although the experimental and calculated data seem to agree,
one should remember that the amount of data is still insufficient to
make a final decision on the quality of the proposed theory. It is
necessary to perform special carefully organized experiments to study
near-electrode layers under different conditions. On the basis of an
analysis of such experiments the experimental constants of the theory
must be determined and then substituted in the calculation formulas.
The results of such experiments may considerably modify our ideas
about the phenomena taking place in near~electrode layers and may
possibly require improvements in the theory.

1. One of the most important assumptions in [1, 2]
was that the electric field at the electrode surface has
the form

E=¢/d, (1.1)

where ¢ is the change of potential in the near-elec-
trode layer and d is the Debye radius computed from
the parameters near the electrode, This assumption
is equivalent to ignoring the space-charge distribution
in the layer and to fixing the thickness of the layer ac-
cording to the Debye length. ,

To estimate the effect of the near-electrode layer
structure on the magnitude of E and the layer thick-
ness, let us consider an idealized problem, Let the
gas parameters near the electrode be such that d <!
(I is the mean free path of the charged particles). If
the gas in question consists of the basic gas and an
easily ionized additive (< 1%) for T > 2000°K, p~ 1
atm, and equilibrium conditions, then the number of
charged particles is not large and their mean free

path for collision with neutral particles proves to be
less than the mean free path for collisions with each
other, Here, [ > 10~° cm, and the Debye length for
these conditions is d < 10™* cm. Consequently, if the
layer thickness is of the order of d, within the layer
the charged particles move without collisions under
the conditions in question,

Let the electrode surface be such that all the ions
incident on it are neutralized ("absorbing" surface).
The coefficient for reflection of ions from the surface
depends on the type of ion and the surface material;
however, for neutralization, it is necessary that & <
< Uj (® is the electrode work function, Uj is the ioni-
zation potential of the ionized atoms) [3].

Let us take the diode problem as a model. Assume
that the cathode emits an electron current of density
je and absorbs all ions incident on it. The anode is at
the same temperature and emits an electron current
je and ion current jj equal to the flow of charged par-
ticles from the plasma. If we assume that equilibrium
conditions exist at the outer boundary of the layer,
then S

o= e (gme) = ne () (L)

where n is determined from the Saha formula,

We assume that the particles begin their movement
from the cathode and the anode at zero velocity (we
can show that allowance for finite particle velocities
does not significantly change the magnitude of E at the
cathode surface if T ~ 2000° K and the potential dif -
ference across the diode is greater than 1 V), Then
the charged particle distribution in the layer is given
by the expressions (see, for example, [4])

_]—1< n; )1/2
=\ =y

1 /2am, \ ' (v —qe je m, (1.3)
"e:T<'7{T_> [jeexpt 5T }+ 2V,?(W> ]

Here V is the potential at the point in question, ¢
is the anode potential, and the cathode potential is
taken to be zero.

For ¢ 21V and T ~ 2000° K, the electron density
is basically determined by the emitted electrons j,;
therefore, the potential distribution in the layer is
described by

g\ e
= 4ne (n, —Am) = 4stj <T) (TE}: - 71%7)’(1.4)
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the current in the gas, are much smaller than the
electric fields at the electrode surface which, as will
be seen below, are of an order greater than 10° V/cm,
Here the boundary condition for equation (1.4) has the
form

av

E,=—9 —0

= forv=g, (1.5)

The electric field at the electrode surface corre~
sponding to the solution of equation (1.4) for condition
(1.5) has the form [5]

£- (3] ) i
while the layer thickness is given by
VAR an

Relationships (1.6), and (1.7) show that for our
case of an ideally absorbing electrode surface, the
electric field at the electrode surface is less than
(1.1), since kT/e¢ « 1 and the layer thickness is
much greater than the Debye length. Here we must
take L £, and not d £, as the condition of applica-
bility of the given model.

Fig. 1

If the electrode surface partially reflects the inci-
dent ions, the conditions are created for the accumu-~
lation of ions in a "potential well" near the cathode,
In these conditions the electric field at the surface of
the electrode depends upon the number of "trapped"
ions and their distribution and will, in general, be
greater than the field determined by (1.6). The proc-
esses occurring at the electrode surface when ions
are neutralized and reflected have received neither
much theoretical nor much experimental attention [3].
These problems have gone almost unstudied as far as
the conditions of electrode operation in MHD devices
are concerned, Moreover, the distribution of quanti-
ties in the layer is evidently determined by the reflec-
tion coefficient and the type of reflection of the ions
from the electrode surface, which depend upon the
surface material and the nature of the ions, ;

In this connection, it is still not possible to solve
the problem of the near-electrode layer with allow-
ance for these effects. (Similar problems were con-
sidered in [6, 7] for conditions characteristic of plas-
ma thermoelements under some constraints.) Never-
theless, it is of interest to examine the other limiting
case, the opposite of that considered above.

Consider the problem of a diode when the cathode
completely reflects incident ions and assume that the
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particle distribution near the electrode, including
"rapped" particles, is the equilibrium distribution.
(The solution of a similar problem without allowance
for trapped particles is given in [4].) In this case, the
electron and ion densities are given bythe expressions

Mg == Nex] {ﬂ%} , Mg = nexp {7 ”_(,V_I:; ) 3,’(1‘8)

where n is the particle density at the outer boundary
of the layer. The electron density associated with
particles emitted from the cathode can be ignored for
the same reasons (8 « 1) as in the previous example,
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In this case the potential distribution is described

by
e S:ne sh [fi (- q) ] . (1.9)

da? T

The solution of equation (1.9) with boundary condi-
tion (1.5) yields the following expression for the elec-
tric field at the electrode surface and the thickness of
the charged layer:

E =2 \/—/\ (ch lim,

e — 1" L ~d. (1.10)

The solution of (1.10) shows that small changes in
potential in the near-electrode layer (¢ ~ 1V) produce
an increase in the fields at the electrode surface so
great that a considerable increase in emission cur~
rent becomes possible due to the Schottky effect and
field emission.,

These limiting cases and an analysis of relations
(1.8) and (1,10) suggests that a semi-empirical rela~-
tionship of the form

E:@WHW

AT (1.11)

should be used as the first approximation for E in
calculating the effect of the near-electrode layers on
the characteristics of MHD devices,

Here the quantities « and 3, which apparently de-
pend only upon the properties of the electrode materi-
al and the nature of the ions, must be determined ex-
perimentally from an analysis of the current-voltage
characteristics of the MHD devices,

Note that if we assume that the electric field at the
electrode surface is not explicitly dependent upon cur-
rent density, then by dimensional analysis we can ob-
tain a relationship of the form E = wd'lf (e¢/KT),
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Equation (1.11) corresponds to approximation of the
function f by a power series,

It is clear that the quantities o and B are not equiv-
alent. The quantity o determines the rate of growth of
the electric field with increase in the change of poten-
tial in the near-electrode layer. The quantity 8 has
only a slight effect on the electric field and an even
slighter effect on the final results of calculating the
function ¢, = ¢, (§, T, ..) [1,2]. In this connection, it
isxclearly desirable to set B = 1 initially.
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Functions (1.10) may be approximated satisfactorily
enough for calculation purposes inthe 1-2 V inter-
val by the expression E = 0.25<pd"1(ecp/ kT)3. There-
fore, the change in « is limited, evidently, to the
interval —3/4 < @ < 3, The theory of [1, 2] corresponds
to a value a = 0, .

For surfaces which are good ion absorbers, « is
small and the change in potential ¢4 at the positive
electrode (electrode from which electrons enter the
stream) is high for j > j% (j¥ is the thermoemission
current). In these conditions, impact ionization at the
outer boundary of the layer is important, for it in-
creases the ion current. The basic relations for cal-
culating the change in potential have the form given in
[2]. In this case, a characteristic saturation interval
will be present on the current-voltage characteristic
of the MHD device (see below).

When the surface is a good ion reflector (o > 1),
the electric fields grow very rapidly; in this case,
even at high currents, the change in potential in the
near-electrode layer is small, In these conditions,
impact ionization is not important and the ion current
can be ignored, The relation for calculating the
change in potential in the near-electrode layers now
has the form (compare with [2]):

i exp 43972 VI j,oxp (—epe/ KT} g 4
1= (1 —p{ V2eq, [kT})

Owing to the strong growth of current due to the
electric field, there is no saturation interval on the
current-voltage characteristic.

Figure 1 shows the gualitative form of the current-
voltage characteristics on absorbing (curve 1) and re-
flecting (curve 2) surfaces.

Analysis of the scanty available experimental data
(see below) shows that potassium ions are apparently
neutralized strongly on graphite and weakly on tung-
sten,

2. One result of the formation of near-electrode
layers is that the change in potential in the gas stream

j=

differs from the potential difference across the elec-
trodes [1], Therefore, in studying the over-all char-
acteristics of MHD devices, it is convenient to treat
the near-electrode layers as a certain resistance

PO = CP+7‘~P» (2.1)
depending upon the current density. For example, the
equation of the current~voltage characteristic in the
problem of the passage of a ¢urrent through anionized
gas will have the form '

jet+r)y=ir+e,—e¢. =7, (2.2)

where r is the internal resistivity of the gas space,
The slope of the characteristic at the origin is [8]

Tl @23)

We may draw some conclusions from this relation-
ship with respect to the measurement of electrical
conductivity by the electrode method, I the measuring
electrodes are good ion absorbers (graphite), they
have a relatively small work function (2 < U;) and i~
~ j;. Under these conditions, the second term in (2.3)
is not large for T > 2000° K and the angle of inclination
of the characteristic at the origin will not differ greatly
from r for a suitable distance between electrodes
[8,9] (Fig. 1).

On the other hand, if the electrodes are good ion
reflectors (tungsten), they have a high work function
(® > U;) and the ion current at the surface is small (in
the limiting case all ions are reflected and j; = 0).
Under these conditions, the second term in (2.3) may
be quite large, so that for-a device of reasonable di-
mengions r < 2kT/ejg (for example, 2kT/ejg = 300
ohms for tungsten at T = 2000° K). Clearly, it is now
impossible to measure the electrical conductivity
from the slope of the current-voltage characteristic
at the origin (Fig. 1). :

However, since the electric field increases very
radpily at the reflecting surface with increase in the
change of potential in the near-electrode layer, r° de-
creases rapidly with increase in current. For exam-
ple, when the calculations are based on (1.10) and I ~
~ 2000-2500°K, ¢, — ¢_increases quite rapidly fo a
value of ~2 V and remains practically constant with
current increase. A similar pattern is also observed
when (1.11) is used for the calculation with o < 3 (see
below); but, of course, the value of ¢, — ¢_increases
and becomes more temperature-sensgitive than at o =
= 8, Since the value of p, — ¢_ increases rapidly at the
beginning and then changes only slightly with increase
in current, it is clear that r°— 0 as the current in-
creases, In this case the angle of inclination of the
current-voltage characteristic at large currents must
correspond to the internal resistance r, while the seg-
ment cut off by the line rj + ¢, — ¢_ = V onh the V axis
gives the change of potential in the near-electrode
layers at high currents.
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3. Reference [2] gave a formula for calculating the
change of potential in near-electrode layers at ion-
absorbing surfaces with allowance for impact ioniza-
tion of atoms at the outer boundary of the layer. The
structure of the impact ionization term in this formula
ig

oy Q e r
oA

ey ==0 for .<U;. (8.1)

Here ny, n, are the particle concentrations in the
additive and the basic gas, Qi and Q, are their cross
sections for collision with beam electrons emitted by
the electrode and accelerated in the near-electrode
layer, ci is the experimental constant of impact ioni-
zation, Uy is the ionization potential of the additive,
and ¢4 is the change of potential in the near-electrode
layer at the positive electrode.

It was assumed in [2] that for the purposes of spe-
cific calculations Q, = 2'10"3Qk [10] (basic gas is ar-
gon, additive is potassium). We know [3] that the
cross section for electron-neutral collision depends
on the electron energy. The foregoing relationship
between cross sections holds at low electron energies
{less than 1 eV). At high energies (35 eV), the cross
sections for argon, and other basic gases are close to
the gas~kinetic value and are of the order of 10" % em?
For potassium at energies of ~5 eV, Qg ~ 0.3+1071—
~107* cm? and it decreases fairly slowly with in-
crease in energy.

Upon comparing the cross sections for collision of
basic gas atoms and additive, we see that in the con-
ditions under consideration at an additive concentra-
tion £ 1%, the total collision cross section is princi-
pally determined by the basic gas atoms (ny Qg +
+ 1y Qg ~ g Qq). Therefore, the effectiveness of im-
pact ionization is directly proportional to the additive
concentration,

The quantity (8.1) is the ratio of the additive ioni~
zation cross section to the total collision cross sec-
tion for emitted electrons. If for the constant ¢ we
take the value obtained in electronics for measure-
ments in alkali metal vapors at low temperatures,
then ck ~ 1072, On the other hand, the value of ck ob-
tained from analysis of the experimental current-
voltage characteristics using the formulas of [2] is of
the order cy ~ 0.4, i.e., roughlytwoordersgreater.*®
If, however, the experimental data are reduced with
allowance for (1.6), then a still greater value of ¢ is
obhtained (see below),

The increase in ¢y for alkali metal atoms when al-
kali metal vapors are present in small quantities in a

* Thig value is different from the one given in [2].
The difference is due to the fact that the expression
given in [10] for the relation between the collision
cross sections for atoms of the additive and the basic
gas was used in [2] for determining cy. The above-
mentioned value is obtained if ¢y is determined from
an analysis of the same experiments [2, 8] taking for
the cross sections the orders of magnitude indicated
ahove,
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gas with a higher ionization potential (operating con-
ditions for MHD devices) may be due to the following
circumstance, In the conditions under consideration
for additive concentrations £1% and pressure p ~ 1
atm, the mean free path for ionizing electrons (elec-
trons accelerated in the near-electrode layer) col-
liding with basic gas atoms is roughly n, Q,/ny Q¢ ~
~ 10 times less than the mean free path for collision
with additive atoms. In this case, the beam of accel-
erated electrons is strongly scattered at atoms of the
bhasic gas, the electron energy changing only slightly
on collision, It is clear that the probability of ioniza-
tion of the additive may increase due to the impact of
electrons scattered by basic gas atoms and fo step-
wise ionization.
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The problem of the increase in ionization probabil-
ity under these conditions must be solved experimen-
tally. An indirect possibility of determining the con-
stant ck is to study the current-voltage characteristics
of the gas space obtained in special experiments. The
experimental data available [8, 9] still do not enable us
to obtain a final value for ¢, as will be seen below.

4. Reference {2] gives a comparison of calculated
and experimental [8] current-voltage characteristics
for the problem of passage of a current through an
ionized gas. Experimental points [8] corresponding to
the following conditions are plotted in Fig, 2: the
working gas is argon with 0.4% potassium additive;

T = 2200 £ 200° K, p ~ 1 atm; the electrodes are
graphite, The calculated curve 1 [2] plotted on this
figure corresponds to the following values of the pa-
rameters:

(4.1)

jo == 0,095 A/em? » == 24.10hms

=04, a=0, T - 2200°Kk.

Here « is the exponent in (1,11). The values in
(4.1) were determined by analyzing the oscillogram
[8] corresponding to a 0.2% potassium additive [2]
(curve 1 in Fig. 3).

Since in [8] graphite is used for the electrodes
(there is no mention of the emission properties in this
article), i.e., an ion~absorbing surface, the formulas
for calculating the chamge of potential in the near-
electrode layer at such a surface contain two experi-
mental constants: « and ¢y. It is clear, therefore,
that the analysis of the experimental data (particulariy
when the electrode work function is not known) with
the aim of determining the experimental constants
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may be done in more than one way. For example, Fig.
3 gives the calculated curve 2 corresponding to the
following values of the parameters:

jo=0.125 A/em?, r = 24 1ohms,  (4:2)

=12, a=—3, T=220°K.

Both curves in Fig. 3 lie within the spread of the
experimental points (the dispersion is indicated in the
figure). The calculated curve for 0.4% potassium is
given in Fig. 2 (curve 2) for the values of the param-
eters (4.2).
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Clearly, both calculated curves describe the ex-
perimental data equally well [8]. The final selection
of values for @ and ¢ will be possible only after a
great number of special experiments have been ana-
lyzed.

Unfortunately, we cannot make a final selection of
the values of the constants even after analyzing the
experimental data of [9] for =0, ¢y =0.4and a =
= —3/4, ¢ = 1.2 (Fig. 4). Curve 1 in Fig, 4 corre-
sponds to the theory according to which the near-elec~
trode layer is replaced by a potential discontinuity
surface; curve 2 corresponds to the values ¢ =0,
ck = 0.4 and curve 3 to the values a = —=3/4, ck = 1.2,
Under the experimental conditions in question (low
temperature, small additive concentration, poor emit-
ter), both the potential discontinuity theory and the
theory developed above yield values that give a good
description of the experimental data.

Let us now consider the current-voltage charac-
teristic obtained by passing a current through argon
containing about 0.5% potassium with tungsten used as
the electrode material, i.e., a good ion reflector.

Figure 5 gives the experimental points obtained for
various electrode and gas temperatures.* Unfortun-
ately, these data correspond to a random set of gas
and electrode temperatures and the resistance of the
gap was not measured independently.

An approximate estimate of the gap resistance from
the measured values (T * = 2300° K, T,*=2200°K,
Ts* = 2400° K) of the flow core temperature (measured
by the heat balance method and corresponding quite

accurately to the mean gas temperature at the working -

section inlet) shows that the resistances corresponding

* These data were obtained by N, M, Maslennikov
who courteously allowed us to publish them.,

to the series of points 2 and 3 differ by a factor of
two. The resistance corresponding to the series of
points 1 must be somewhat greater, since in this case
the flow is cooled near the electrode, If, in accord-
ance with the foregoing considerations, we estimate
the resistance from the angle of inclination of the
characteristic at large currents, we obtain

ry~ 6 ohms, r, =~ 4 ohms, r; ~2ohms , (43)

These values are found to agree with rough esti-
mates from the temperature and are used in the sub-
sequent calculations.

If the angle of inclination of the characteristic at
the origin for the temperature values measured ex-
perimentally (T,°= 1750° C, T;°= 2000°C, T;°=
= 2300° C) is computed, at j; = 0, from (2.3) we ob-
tain values for points 2 and 3 which are much lower
than their experimental counterparts. We may assume
that the cathode temperatures were inaccurately mea-
sured (by an ordinary pyrometer, which is not too ac-
curate, particularly at high temperatures). In this
connection, (2.3) was used to determine the cathode
temperature. The following results were obtained:

Ts =~ 2200°K,

T, ~ 2100°K, Ty ~ 2300° K(4.4)

One series of points was used to determine the
constant o in (1,11), We obtained the value

a~1.2, (4.5)

Using (4.3)—(4.5), two other characteristics were
computed from (1,12) and (2.2). The resulis are
represented by the curves in Fig. 5.

Figure 5 shows that the curves thus computed are
in good with the experimental data when the cathode
temperatures are equal to (4.4).

An analysis of the formulas shows that it is im-
possible to make all three characteristics coincide
with the experimental data by varying « if the cathode
temperatures are taken equal to the measured values.
Moreover, if the experimentally measured cathode
temperatyres are used, then characteristics 2 and 3
are almost straight lines and do not have the bend at
the origin characteristic for the experimental curves.
Thus it seems probable that the cathode temperatures
were not measured accurately.

The above comparison of the experimental and cal-
culated current-voltage characteristics and the values
of the experimental constants is preliminary in na~-
ture. Future experiments will show how well the de~
veloped theory corresponds to the physical content of
the problem. These experiments may change and re-
fine our ideas about the effects taking place in the
near-electrode layer and require an improvement in
the theory. Nevertheless, it is possible to use the
theory in its present stage as a working method for
analyzing experimental data and performing prelim-
inary calculations.
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