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A reaction-rate analysis is used to determine the relative importance of the predominant ionization and
loss mechanisms in a neon low-voltage arc. Experimental data are derived from various experiments to deter-
mine density, cross section, etc. It is found that the resonance and metastable state atoms are primarily
generated in a region near the cathode which corresponds to the “cathode ball-of-fire”” region of the low-
voltage arc. The predominant ion-generation process is found to be a result of collisions between excited
atoms which cause the formation of a molecular ion. Direct ionization of ground-state atoms is of secondary
but non-negligible, importance. Consideration of quasi-equilibrium multistage ionization shows that,
unlike the cesium low-voltage arc, it is unimportant in the neon low-voltage arc. The escape of resonance
radiation accounts for approximately one-fifth of the total power loss while ionization accounts for ap-
proximately one-eighth. Most of the remaining power loss appears as power dissipation at the anode.

I. INTRODUCTION

Much effort has been devoted in recent years to
studies of the ionization and loss mechanisms in cesium-
filled plasma diodes and thermionic converters,'® and
a fairly clear picture of the predominant mechanisms in
the ignited, or low-voltage arc, mode has begun to
emerge. It has fairly conclusively been shown that the
plasma in an ignited-mode cesium thermionic converter
is in a state of Saha equilibrium so that the predominant
ionization mechanism is multiple-step ionization via the
many possible excited states of cesium.~® It also has
been shown that the cross section for the formation of
molecular ions from excited atoms in cesium is too small
for this mechanism to account for an appreciable
fraction of the ionization in ignited-mode thermionic
converters.’

Much less work has been done on the ionization and
loss mechanisms of the low-voltage arc mode in noble-
gas plasma diodes. The results available®!! are based
upon work performed prior to the recent advances in
atomic collision physics and cesium thermionic con-
verters. As with the early work on cesium diodes, the
early studies on noble-gas low-voltage arcs have pro-
posed both direct and two-stage ionization as being
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predominant. These investigations have also attributed
a wide variety of importances to the various loss
mechanisms possible in this type of discharge including
excitation, ionization, radiation, recombination and
diffusion. In view of the recent evidence which has
forced modification of the earlier theories of the cesium
low-voltage arc, it seems desirable to reexamine the
behavior of noble-gas low-voltage arcs to determine
whether the same ionization and loss mechanisms are
responsible for their behavior as govern the behavior
of thelow-voltage arc mode in cesium diodes. The present
study is directed toward answering this question.

In this analysis reliable Langmuir-probe data are
combined with detailed atomic-physics data to obtain
information not available solely from either an experi-
mental or theoretical analysis on reaction rates for the
processes in question. A low-voltage arc in neon is
analyzed because complete atomic-physics data for
neon is available. Also, it is then possible to make use of
the extensive experimental data of Martin and Rowe?
for the spatial variation of the plasma potential,
electron density, and electron temperature in a neon-
filled plasma diode operating in the low-voltage arc
mode.

II. EXPERIMENTAL DATA BASE

The experimental configuration used by Martin and

- Rowe consisted of a parallel-plane diode with an 0.75-in.

diam impregnated-matrix-type cathode and a 4-in.-
diam molybdenum anode. The cathode was surrounded
by a 4-in. diam planar stainless steel guard ring at
cathode potential. The electrode spacing was variable
from about 0.5 to 5 cm. The cathode temperature was
generally held at 1100°C, which produced a saturated
cathode emission of 10 A/cm? The diode was contained
in a stainless steel ultrahigh vacuum chamber of
8-in. i.d. which was baked and pumped to 1X10~8 Torr
prior to admission of the working gas. Research-grade
inert gases were used throughout. All plasma measure-

2 R. J. Martin and J. E. Rowe, J. Appl. Phys. (to be published).
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Fic. 1. Experimental behavior of the plasma diode being
analyzed. Axial profiles of plasma potential, electron density and
electron temperature. (Neon at p=2 Torr, I=4 A, d=2.37 cm)
(from Martin and Rowe."?)

ments were taken using pulsed and shielded Langmuir
probes. Care was taken in all areas to insure stable and
reproducible performance. The results obtained are
considered to be highly reliable.

Martin has investigated the low-voltage arc mode in
neon, argon, and xenon, and has found that in each case
there is a minimum value of the pressure-electrode
spacing product for which the discharge can exist in this
mode. For neon, the low-voltage arc mode could not be
sustained below about pd=2 Torr-cm, nor would it
operate at spacings of less than 1 cm. In every instance,
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Fic. 2. Experimental behavior of the plasma diode being
analyzed. Radial profiles of the plasma potential electron density
and electron temperature. (Neon at p=2 Torr, I=4 A, d=2.37
cm) (from Martin and Rowe.'?)
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the high-density portion of the discharge was smaller in
diameter than the cathode, and could not be made to
expand to the full cathode diameter. Thus, the low-
voltage arc mode in noble gases is decidedly fwo-dimen-
sional, in contrast to cesium where the lower pd products
required lead to one-dimensional plasma distributions.

The data of Martin and Rowe to which the present
analysis was applied are shown in Figs. 1 and 2, while the
appearance of the discharge is indicated in Fig. 3. The
operating conditions of the discharge were pressure
p=2 Torr, discharge current /=4 A, diode spacing d=
2.37 cm, space-charge-limited cathode emission, and
neutral gas temperature 7=300°C.

III. THE QUASI-EQUILIBRIUM HYPOTHESIS

In view of the recent results on ignited-mode cesium
plasma diodes, the first hypothesis to check in relation
to the jonization and loss mechanisms in the neon low-
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F1c. 3. Visual appearance of the low-voltage arc mode in a
planar neon-filled plasma diode.

voltage arc is that of quasi-equilibrium, leading to
multistage ionization and three-body recombination.
Under quasi-equilibrium there is a local balance between
the ionization and loss rates at each point in the plasma
and this leads to a local relation between the electron
density #, and temperature 7. This relation is*

ne? =0i/Br=V2(T0) (28:/ gu) (2rmokT./H2) 32N
X eXp(——SI/kTe) . (1)

Here, v; is the multistage ionization rate, 3, is the three-
body recombination rate, V is the neutral gas density,
&r is the ground-state ionization energy of the gas and
g: and g, are the statistical weights of the ground-state
ion and atom, respectively. (This factor has a value of 4
for inert gases.) ¥.(T.) is a function of the electron
temperature, and of the jonization potentials, cross
sections, densities, and statistical weights of all the
excited states of the gas, which provides a measure of
the nearness with which the plasma approaches a state
of local thermodynamic equilibrium. If the plasma is in
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local thermodynamic equilibrium with the temperature
T,, then ¥,(T.) =1, and Eq. (1) is identical with the
Saha equation. If some excited states are depleted, then
Ve(T,) <1 and the quasi-equilibrium density is smaller
than that given by the Saha equation. If, on the other
hand, ¥,(T.)<1, then the plasma is not in a state of
quasi-equilibrium, and the hypothesis of multistage
ionization and three-body recombination is not valid.

To assess the importance of quasi-equilibrium multi-
stage ionization in the neon low-voltage arc under
analysis, the measured electron temperatures and
densities of Fig. 1 were substituted into Eq. (1), and
the result solved for .. At distances of 0.5, 1.0, and
2.0 cm away from the cathode this led to values of ¥, of
2.25X107%, 1.25X107% and 1.9X19% respectively.
Similarly, for a low-voltage arc in xenon studied by
Martin the maximum value of ¥, was found to be 2.7X
1073, The results are in direct contrast to similar com-
putations made by Wilkins and Gyftopoulost on a
cesium ignited-mode thermionic converter for which
values of Ysx1 were observed for several cases.

The above results indicate that the assumption of
quasi-equilibrium in noble-gas low-voltage arcs is com-
pletely invalid, so that multistage ionization involving
all excited states cannot possibly be of great significance
in noble-gas low-voltage arcs. The factors that account

for the difference in behavior of cesium and the noble
gases in this respect, as seen from Eq. (1), are that
cesium low-voltage arcs attain much higher electron
densities and much lower electron temperatures than do
noble-gas low-voltage arcs. The lower ionization poten-
tial of cesium is also significant.

IV. DERIVATION OF THE EXCITED
ATOM DENSITY

The failure of the quasi-equilibrium multistage
ionization hypothesis for the neon low-voltage arc
forces a detailed reexamination of those ionization and
loss mechanisms involving the ground state and the
lowest excited states. An energy-level diagram for neon,
indicating those transitions involving the lowest excited
states, is shown in Fig. 4. The first excited configuration
of neon (the 2p53s levels) consists of two metastable
states (3P, and 3P;) and two resonance states (3P; and
1P;). All downward transitions to the 3s configyration
come from the ten 2p53p levels in the next configuration.
These transitions produce the red light that is charac-
teristic of neon. The extreme intensity of the -spectral
lines corresponding to these transitions in the neon
low-voltage arc suggests that the 3s and 3p states play
a major role in governing the behavior of the discharge.
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Frisch and Revald® have shown that the 3p states are
primarily populated by stepwise excitation from the 3s
states and that direct excitation from the ground state is
negligible by comparison. Photoexcitation of atoms
from the 3s states to the 3p states may also be important,
but its effect on any atom is the same as stepwise
excitation. The primary loss mechanism for the 3p states
is spontaneous transition back down to the 3s states.
Taking all of the 3s states as a unit in a rate equation
for these states, transition rates to and from the 3p
states will therefore nearly cancel. Consequently, these
processes may be omitted from the rate equation in a
first-order determination of the 3s state densities.

The rate balance equation for the density of atoms in
the 3s configuration at steady state is

Ha+Ho+ Ho+ Ho+ Hy-+ Hr =0. 2)

Here H, is the rate of electron-impact excitation of
ground-state atoms, given by

Hy(x)=N [ [(& x)00.5:(8)v(8)d8, (3)
aex
where f(&, x) is the electron energy density function, N
is the neutral gas atom density, 0q.3,(8) is the total
excitation cross section from the ground state to the 3s
states, v(8) = (29(8)"?, and & is the threshold energy
for excitation.
Hp(x) is the net rate of loss of resonance state atoms
from a volume element about point X by the escape of
imprisoned resonance radiation, given by

ng*(x)

TR

HB(X) =— L / nR*(X') G(X', X)dXI

=— vmng*(x) . (4)

Here nz*(x) is the density of resonance state atoms at
point X, 7z is the spontaneous emission lifetime of the
resonance state, G(X', X) is the probability that a
quantum emitted at X’ is absorbed in a unit volume
element around point x’, and »z is the decay constant
for the decay of imprisoned resonance radiation. The
approximation Hp=~—vgng* follows from assuming
that the distribution of excited atoms is close to the
fundamental mode for the imprisonment problem and is
made to simplify the analysis.

H¢(x) is the reaction rate for deexcitation of meta-
stable atoms in three-body collisions. Phelps! has found
this to be a probable process and by contrast has found
deexcitation through two-body collisions to be highly
improbable. Ho(x) is given by He(X) = —vuN*m*(%),
where 13 is the three-body collision coefficient and
mr*(x) is the density of metastable atoms.

1S, E. Frisch and V. F. Revald, Opt. Spectrosc. 15, 395

(1963).
14 A" V. Phelps, Phys. Rev. 114, 1011 (1959).
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Hp(x) is the combined diffusion loss rate for both
metastable states, given by

HD(X) =DMV27LM*(X)_E— (DM/A12)nM*(x)- (5)

Here again, the solution to the diffusion problem is
approximated by the fundamental mode. Dy is the
diffusion coefficient and A, is the characteristic diffusion
length for the first mode of diffusion. Next, Hg(x) =
— Zg(x)n*(x) is the rate of ionization of 3s state atoms
by electron impact, with Zg(x) being the corresponding
rate coefficient. Finally, the loss rate due to inelastic
collisions between pairs of 3s excited atoms is Hp(x) =
—ag[ N*(x) |, where ag is the rate coefficient.

Now, let b be the fraction of those atoms in the 3s
configuration which are in the two metastable states.
Thus #*(x) =bn*(x) and ng*(x) = (1—b)n*(x). Then,
substituting the various rates into Eq. (2) and solving
for n*(x) yields

w*(X) = — (B/2as) +{(B/2as)*+[Ha(x)/as]}?, (6)
where

B=Zg(X)+b[ (Da/AD) F+vuN* ]+ (1=0)vzr. (7)

V. DETERMINATION OF REACTION RATES

Next it is necessary to determine numerical values for
the various terms in Egs. (6) and (7). First consider
H,(x), as given by Eq. (3). The excitation cross section
for neon metastables is determined by normalizing the
high-resolution, but unnormalized data of Qlmsted® to
the values obtained from the low-resolution absolute
data of Maier—Liebnitz.’® The results are shown in
Fig. 5. The excitation cross section for the resonance
states is assumed to be equal to that of the metastable
states, so that ¢.3:(8) =203 (8). To simplify the com-
putation, it is assumed that f(§,x) is Maxwellian.
Then, considering only the variation along the z axis,
data on #.(z) and T.(z) are taken from the Martin and
Rowe® results in Fig. 1 to determine f(§, z); for the
conditions p=2 Torr and 7=300°C, N is 3.37X10*
atoms/cm?. To integrate Eq. (3), 00.3,(8) is approxi-
mated by a series of ramp functions and the result is
shown in Fig. 6.

An identical approach is used for calculating Zg(2),
taking the cross-section data of Vriens."” The result is
shown in Fig. 7.

The value of b will be determined next. Since the
mean thermal energy of the neutral gas is of the order
of magnitude of the energy separation between the
various 3s levels, collisions of 3s atoms with ground-state
atoms will be effective in causing radiationless transi-
tions between the various 3s states. Collisions of thermal
electrons with 3s atoms will also be effective in trans-
ferring atoms between 3s states since the amount of

55 J. Olmsted, III, ¢t al., J. Chem. Phys. 42, 2321 (1965).
16 H, Maier-Liebnitz, Z. Physik 95, 499 (1935).
7L, Vriens, Phys. Letters 8, 260 (1964).
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energy that must be converted from kinetic to potential,
or vice versa, is small. Using rate coefficients measured
by Phelps! for the various processes, it was found that
in the neon low-voltage arc thermal electrons are far
more efficient than ground-state atoms in producing
collision-induced transitions between the various 3s
states. The 3s states will therefore be in approximate
thermal equilibrium at the electron temperature. Using
Boltzmann’s law and the energies and quantum statis-
tical weights of the 3s states, the relative populations of
these states may be estimated. For k7.=3.3 eV,
corresponding to the location of the peak in Fig. 6, the
fraction of 3s atoms in the metastable states is found to
be =0.6, while the fraction in the resonance states is
1—-86=04.

The diffusion coefficient for neon metastables under
the conditions p=1 Torr and T'=300°K, as determined
from Phelps’s® data, is Dy =136.3 cm?/sec, while the
three-body collision coefficient is estimated as yy=210~%
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F1c 5. Cross section for the excitation of neon atoms to the
4P, and 3P, metastable states by electron impact (adapted from
Olmsted ef al.® and Maier-Liebnitz!6).

cmé/sec. The diffusion length A, for the particular
discharge under study is estimated to be 0.38 ¢cm and
this leads to a diffusion rate per metastable atom of
D/ A?=943 sec’. The loss rate per metastable atom
due to three-body collisions is estimated as vy N?=11.4
sec™X. Thus, the loss of metastable atoms due to three-
body collisions is negligible compared with the loss due to
diffusion.

Next, it is necessary to estimate the decay constant
vig for the imprisoned resonance radiation. vz is taken
as the weighted average of the values for the two
resonance states. Holstein®® has shown that vz, is of the
form vrg; =g/7r,. Here g is the “escape factor” which may
be regarded as the reciprocal of the average number of
emissions and absorptions of an individual quantum of
excitation energy prior to its escape from the discharge.
7r, is the spontaneous-emission lifetime of the jth
resonance state. The quantity g depends on the ab-
sorptivity of the resonance radiation by the gas, the
spontaneous-emission lifetime 7z;, the geometry of the

15T, Holstein, Phys. Rev. 83, 1159 (1951).
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Fic. 6. Axial variation of the rate of generation of 35 metastable
and resonance state atoms.

enclosure, and the type of spectral line broadening that
is predominant.

For the gas pressures, electron densities, and electron
temperatures occurring in the low-voltage arc mode,
Doppler broadening will be the predominant broadening
mechanism. Pressure broadening is relatively unim-
portant at gas pressures significantly below atmospheric
pressure, while for a neon plasma in the range of
7102 cm™3, T,2X10°K  Stark broadening™ is
expected to be small compared with Doppler broad-
ening.”® For Doppler broadening in a parallel-plane

Z¢, RATE COEFFICIENT, 10° sec™

| 1

]
20 237

1
¢} 05 10 1.5
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F1c. 7. Rate coefficient for the ionization of 3s state atoms as a
function of axial position.

®W. L. Weise, in Plasma Diagnostic Techniques, R. H, Huddle-
stone and S. L. Leonard, Eds. (Academic Press Inc., New York,
1965), p. 265.
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geometry, g is given by

g =1.875/kyL[w In(kL) ]2, (8)
while for a cylindrical geometry
g’ =1.60/kR[m In(kR) ]2 9)

Here k, is the absorption coefficient at the center of the
resonance line and is given by

ko= (>\j3L’V/81r) (7.08,-/100) (7!'1/27)07'}?,,-) _1, ( 10)

where A; is the wavelength of the radiation, w,, and w,
are, respectively, the quantum-statistical weights
of the resonance state and the ground state, and
no=(2kT/M,)V? is the mean thermal speed of the gas
atoms. L and R are the dimensions of a cylindrical
region containing most of the excited atoms, here taken
as that region over which the rate of generation of
atoms in the 3s configuration is at least 10% of its peak
value, as determined from Figs. 2 and 6.

At the wavelengths of neon resonance radiation
(~740 &) the wall reflectivities of the electrodes are
under 109%,.% Cayless* has considered the effect of wall
reflectivity upon the imprisonment of resonance radia-
tion and has found that for reflectivities of up to 50%,
reflection has a negligible effect upon the distribution of
resonance atoms. Consequently, it will be assumed that
all resonance radiation reaching the electrodes is
absorbed and has no further effect on the discharge.
The escape factor g will then be taken, to a first approxi-
mation, as the sum of the axial and radial escape factors,
g ____gl+gll.

Use of the above equations and approximations,
together with published values for the lifetimes of the
two resonance states,?2? leads to imprisonment decay
constants for the given discharge of 10.43X10* sec™! for
the 1P; state and 3.72X10* sec! for the 3P, state.
Weighting of these values in proportion to the relative
computed densities of the two states at the position of
maximum excited atom generation in the discharge
leads to a net decay constant for both resonance states
of yig=5.33X10¢ sec™L.

Next consider collisions between pairs of excited
atoms. Since the combined excitation energy of the two
interactants in this type of collision is much larger than
the ionization potential of either one, there is an over-
whelming probability that the system will seek to
reduce its potential energy by undergoing an ionization.

First consider collisions between pairs of metastable
atoms. There are two possible mechanisms for this type
of interaction:

Xmx XX+ X+e, (11)

20T, R. Koller, Ultraviolet Radiation (John Wiley & Sons, Inc.,
New York, 1965), 2nd ed., pp. 199-215.

2t M. A. Cayless, Proceedings of the 6ih International Conference
on lonization Phenomena in Gases (SERMA, Paris, 1963), Vol. 2,

. 155,
P 22 A, V. Phelps, Phys. Rev. 100, 1230 (1955).

# F. A. Korolev et al., Opt. Spectrosc. 16, 304 (1964).
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and

X4 X" ( Xo*) unstable—> Xt e. (12)
Myers* has argued that process (12) will occur in
preference to process (11) because the ionization
potential of the molecule is less than that of the atom
by the value of the binding energy of the molecule. This
conclusion is supported by experimental evidence.

Ferguson® has developed a classical collision model
for the calculation of cross sections for atomic reactions
requiring zero activation energy and has obtained good
agreement with experiment. Such reactions include
collisions between excited atoms in a gas. Ferguson’s
method has been used here to calculate the cross section
for collisions between pairs of neon metastable atoms.
To apply Ferguson’s method it is necessary to calculate
the coefficients for the van der Waals potentials between
the possible combinations of interactants. Using the
latest available data on neon line strength,? the van der
Waals coefficients for the possible combinations of
colliding neon metastables are found to be asp, 3p,=
11.48X107%® erg-cm®, a3p,2p,=12.96X10% erg:-cm®,
and a%p,3p,=12.55X 10738 erg-cm®.

Using these values, the cross sections for metastable-
metastable collisions in neon at 573°K are found to be
0%p,-3p, = 1.11 X107 cm?, o3p,3p,=1.16X 107" cm?, and
o%p,3p, = 1.14 X 107" cm?. These compare favorably with
measurements of Phelps and Molnar¥ in helium at
300°K of 107 cm? for two colliding He(2%S5) metas-
tables. This is in sharp contrast with the measured value
of 7X107® cm? obtained by Kniazzeh’ for cesium mo-
lecular ion formation by the collision of two resonance-
state cesium atoms, and accounts for the great increase
in importance of excited atom collisions in noble-gas
low-voltage arcs relative to cesium low-voltage arcs.

No attention has been given in the literature to
collisions between pairs of noble-gas resonance-state
atoms or to collisions between resonance-state atoms
and metastable-state atoms. However, if the rate of
generation of resonance-state atoms is high, and the
resonance radiation is strongly imprisoned, then the
density of resonance-state atoms will also be high, and
collisions of these types will be very likely. Again, such
collisions will most likely result in the formation of
molecular ions as in Eq. (12), but with one or both of
the metastable atoms replaced by resonance-state
atoms. The energy differences and oscillator strengths
of the 3p—3s transitions terminating on the 3P, and P,
resonance states are very similar to those of the transi-
tions terminating on the #P; and 3P, metastable states.
Therefore, it may reasonably be assumed that the cross
section for any combination of colliding 3s state atoms
is nearly equal to the average of the cross sections for

% H, Myers, Phys. Rev. 130, 1639 (1963).

3 E. E. Ferguson, Phys. Rev. 128, 210 (1962).

2. W. Koopman, J. Opt. Soc. Am. 54, 1354 (1964).

27 A. V. Phelps and J. P. Molnar, Phys. Rev. 89, 1202 (1953).
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the various types of metastable-metastable collisions.
This leads to g3,—3,=1.14X 10~ cm?

The rate coefficient for collisions between pairs of 3s
state atoms is given by oig =03,..3,7r, where 7z is the mean

relative velocity of the two colliding particles. For neon

at 573°K, this leads to ag=1.248X 10 cm3/sec.

VI. DETERMINATION OF THE PREDOMINANT
IONIZATION MECHANISM

With numerical estimates for the various reaction
rates, it is now possible to determine the excited atom
density using Egs. (6) and (7). Evaluation of the terms
in Eq. (7) vields &[ (Dy/A2)+vuN?]=575 sec! and
(1—58)pir=2.11X10* sec’l. The peak value of Zg(z)
attained in Fig. 7 is 375 sec™.. Thus, it is seen that the
decay of imprisoned resonance radiation far surpasses
both diffusion of metastable atoms and electron-impact
ionization of excited atoms in importance as a loss
mechanism. Substitution of the derived values of the
various reaction rates into Eq. (6) then leads to the
spatial variation along the z axis of #*(z) shown in
Fig, 8.

Knowing #*(2), it is possible to determine the rates of
generation of ions by various mechanisms involving the
3s states. The rate of ionization of 3s state atoms by
electron impact is given by Hg(2) =Zg(z)n*(z) using
the data from Figs. 7 and 8. The rate of generation of
ions by collisions between pairs of 3s state-excited atoms
isgiven by H¢(2) = — Hp(2) =as[ #*(z) I. The results of
these computations are shown in Fig. 9, where the rate
of ionization of ground-state atoms by electron impact,
H;(z), is also presented. Hr(z) was computed using the
Martin and Rowe? data (Fig. 1) for »~(z) and T (z)
and the latest published data for the ionization cross
section.?® The relative importance of the various pro-
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F1c. 8. Axial variation of the density of excited atoms in the 3s
configuration.

#D. Rapp and P. Englander-Golden, J. Chem. Phys. 43,
1464 (1965).
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Fi1c. 9. Axial variation of the ionization rates for the ionization
mechanisms under consideration.

cesses may be determined by comparing the areas under
the curves in Fig. 9. It is found that 769, of the ions in
the discharge are produced in collisions between pairs of
excited atoms, while 239, of the ions are produced by
direct ionization of ground-state atoms. At most, 1%,
is due to two-stage electron-impact ionization. The
curves for H; and H ¢ in Fig. 9 are therefore nearly equal
to the spatial rates of generation of atomic and molecular
lons, respectively.

With a knowledge of the relative rates of generation
of atomic and molecular ions, their relative concentra-
tions in the discharge can be determined. Extrapolation
of published data® indicates that at 573°K the mobilities
of atomic and molecular ions in neon are nearly equal,
and since their spatial rates of generation and mobilities
are very similar, the spatial distributions of the densities
of the two species will aso be very similar. Molecular
ions are also subject to loss by dissociative recombina-
tion, and this will tend to decrease the molecular ion-
density somewhat. Consequently, based upon the
relative rates of generation of the two species, it is
estimated that the density of molecular ions in the neon
low-voltage arc dominates the density of atomic ions by
a factor of between 2:1 and 3:1.

VII. RELATIVE IMPORTANCE OF THE VARIOUS
LOSS MECHANISMS

By conservation of energy, the sum of the power
inputs to the discharge must equal the sum of the power
losses. Thus,

[VuI I+ [®cI+ (2kT o/ e) I1=[®al+ (2kT(d) /€) I ]
V +Wion+ Wex+ Wrad+ Wrec-

Here, V, is the applied voltage, . and &, are cathode
# L. M. Chanin and M. A. Biondi, Phys. Rev. 106, 473 (1957).

(13)



4306 S. N.

and anode work functions, 7. is the cathode tempera-
ture, and T.(d) is the electron temperature just outside
the anode. The first term on the left is the electrical
input power from the dc supply, while the second term
on the left is the electron emission cooling of the
cathode, which must be supplied by the cathode heater
supply. The first term on the right is the power delivered
to the anode by the plasma electrons. The remaining
power losses are: W o, due to direct ionization of ground
state atoms; W due to excitation of atoms to the 3s
configuration and the subsequent losses from this con-
figuration by various mechanisms; W4, due to the
escape of radiation from 3p—3s transitions; and Wy,
due to recombination.

For the conditions V,=10.7 V, I=4 A, T.=1100°C,
®,=1.6 eV, and ®,=4.2 eV obtained from Martin and
Rowe,® Eq. (13) yields V, /=428 W and (®.+
2kT./e)I=T7.3W. Thus, in the present case, the
thermionic input power is small compared with the
electrical input power.

Also from the data of Martin and Rowe, k7T.(d) is
taken as 1.75 eV. The power delivered to the anode by the
plasma electrons is then ®,J/4-[2kT.(d)/e][=30.8 W.

To estimate Wi.m, assume that the spatial rate of
ionization varies approximately exponentially and at a
uniform rate in the radial direction, so that Hr(z, r)=
H(z) expt—r/F). Since Hr is proportional to the
electron density 7 is taken as the radial distance at
which #,7(z,7) ={1/e)n.(2, 0). Wi is then given by

d
Wion = 211'7281 / H[(Z) dz.
1]

From Fig. 2, it is estimated that #220.8 cm. Graphical
integration of Hz(2) in Fig. 9 then gives Wi, =15 W.

The power expended in exciting atoms to the 3s
configuration may be estimated in the same manner.
Use of the average energy of the 3s states, &, and
graphical integration of Fig. 6 yields Wex=17.9 W. This
power is shared among the various losses from the 3s
configuration. Of these, the losses due to the deexcita-
tion of metastables in three-body collisions and due to
the electron-impact ionization of 3s atoms have been
found negligible. The power expended in collisions
between 3s excited atoms is found by graphical integra-
tion of He(z) in Fig. 9, noting that the total energy of
the colliding atoms is 2&3.. This yields 8.0 W. The energy
required for formation of a molecular ion is & — &ping,
where Eping 18 the binding energy of the molecular ion.
For Nest, & —&pina=20.2 eV and the total potential
energy of the two colliding atoms is 33.4 eV. The net
power expended in producing the molecular ions is then
(20.2/33.4)8.0=4.8 W. The remaining 3.2 W goes into
internal energy of the ions and the kinetic energy of the
ejected electrons. Finally, it is found that 9.6 W are
lost by the escape of resonance radiation and only 0.3 W
is lost by the diffusion of metastable atoms.

SALINGER AND J. E.

ROWE

The power loss due to dissociative recombination of
molecular 1ons is

d [s2]
W rec = EvinaarFu / dz / dr2mr(n.(z,7)
0

0

Here az is the dissociative recombination coefficient and
Fyy is the fraction of ions that are molecular. As before,
ne(z,7) 1s taken to be of the form #,(z, 7) =n.(z, 0) X
exp(—r/F). The latest available data gives® ap=
2.2X1077 cm?® sec™l. Also, &ping=1.4 €V, F is taken as
0.8 cm, and Fyy is taken as 0.75. Graphical integration of
[#.(2,0) %, obtained from Fig. 1, then gives W m=
0.5W.

The power loss due to the escape of radiation from
3p—3s transitions (neon red light) cannot be directly
calculated because of a lack of reliable data for the
excitation cross sections for 3s—3p transitions. In-
stead, W;aq is determined by substituting the computed
values of the other generation and loss mechanisms into
Eq. (13) and solving for Wi.. This yields Wiaa=2
0.3 W. Thus, this loss mechanism is relatively unim-
portant.

VIII. CLOSURE

On the basis of the present analysis several con-
clusions may be drawn concerning the nature of the
excitation, ionization and loss mechanisms in the low-

" voltage arc mode of a neon plasma diode. First, in

contrast to the low-voltage arc mode in cesium plasma
diodes, the neon low-voltage arc is not in a state of
quasi-equilibrium. Consequently, multistage camulative
ionization involving the many excited states of neon is
not of significance in the neon low-voltage arc. Neither
is three-body recombination of importance as a loss
mechanism.

Atoms in the 3s resonance and metastable states are
found to play an important role in governing the
behavior of the discharge. Most of the resonance and
metastable-state atoms are generated in a region near,
but separated from, the cathode. This region corre-
sponds to the intensely illuminated “‘cathodeball-of-fire”
region of the low-voltage arc mode. The results indicate
that the nonuniform excitation arises primarily from the
high-energy tail of a spatially varying quasi-Maxwellian
electron-energy distribution, rather than from primary
electrons accelerated through the cathode double sheath.
Relatively slow rates of metastable atom diffusion and
escape of imprisoned resonance radiation keep the
density of excited atoms quite high in the primary
generation region.

The cross section for collisions between excited atoms
was found to be quite large (=~10"% cm?) and it was
shown that there is an overwhelming probability that
such a collision results in the formation of a molecular

( ®H. J. Oskam and V. R. Mittelstadt, Phys. Rev. 132, 1445
1963).
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ion. It was found that this process accounts for roughly
three fourths of the ions generated. The remainder are
atomic ions produced by direct ionization of ground-
state atoms by electrons in the high-energy tail of the
thermalized distribution. Two-stage electron-impact
ionization was found to be negligible.

[By considering the various loss mechanisms for the
two ionic species, it was estimated that in the neon
low-voltage arc, molecular ions are more numerous than
atomic ions by a factor of between 2:1 and 3:1.

The authors appreciate the reviewer calling their
attention to the relevant experimental work of Weimar
and PahP-% on the subject. These experimenters

3 M. Pahl and U. Weimer, Z. Naturforsch. 13a, 745 (1958).
2 Ref. 31, p. 753.
3 M. Pahl, Z. Naturforsch. 14a, 239 (1959).
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studied noble-gas discharges in the pressure range of
0.1-5 Torr by effusing ions of the discharge through a
small hole in the chamber and then studying them with
a mass spectrometer. The fraction of molecular ions
was found to increase with increasing pressure, reach-
ing 15% in helium and neon and 40% in argon. These
experimental results reinforce the above conclusions. ]

In considering the power losses in the discharge, it was
found that 629 of the input power was delivered to the
anode by the plasma electrons. The escape of resonance
radiation accounted for 199% of the total power loss,
while ionization by all mechanisms accounted for 139%.
The losses due to the dissociative recombination of
molecular ions, the diffusion of metastable atoms, and
the emission of neon red light were the least important
of the mechanisms considered.
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A number of changes in the 1.370 eV photoluminescence band are observed in Zn-doped GaAs after
heat treatment in molten KCN, Ga, or diffusion with Cu at temperatures ranging from 235° to 1100°C. The
band is replaced by a Cug.” band at 1.356 eV after Cu diffusion under intrinsic conditions and can be
eliminated or preserved, respectively, by heat treating the crystal in molten KCN or Ga above 650°C.
Emission of a broad band near 1.37 eV with a sharp-line structure appears after saturation with Cu at tem-
peratures between 550° and 370°C. The structure has a zero-phonon line at 1.429 eV and additional lines
separated by about 0.011 eV. No change in the shape of the 1.370 eV band is seen for heat treatment below
530°C in the absence of copper. It is proposed that the centers associated with the 1.370 eV band are VasZngs
or DjeZng, pairs, where Va, and Da, denote an As vacancy and a donor impurity occupying an As site,
and that the centers responsible for the band with sharp-line structure are VssCugs or DasCugs pairs. The
sharp-line structure probably involves emission of local-mode phonons resulting from the pair substituting

for a Ga—As pair in the crystal.

I. INTRODUCTION

Broad-band emission at 1.370 eV, in addition to the
near gap emission at 1.485 eV, has been previously
observed in melt-grown Zn-doped GaAs crystals.!
However, the specific defects giving rise to this band
were unknown. It was suggested earlier that this broad
band is caused by transitions involving native defects
since it disappears or diminishes in intensity after heat
treatment above 600°C.1

The present work investigates the nature of the defect
responsible for the 1.370 eV band by studying the effect
of heat treatment. In this study heat treatment is per-
formed over a wide range of temperatures (235° to
1100°C) under several annealing conditions (molten
KCN and Ga treatment, and Cu diffusion). KCN is
used to prevent diffusion of external contaminating im-

1C. J. Hwang, J. Appl. Phys. 38, 4811 (1967).

purities into the crystal.? Saturation with Ga is used to
control the arsenic vacancies. Cu diffusion can reveal
information about the nature of the defect because of its
relative ease of reaction with the defect.

II. EXPERIMENTAL

A Bridgman crystal with hole concentration of about
4X10% cm™2 was chosen for this work, for crystals of this
doping sometimes exhibit stronger emission at 1.370 eV
than at 1.485 eV. A low-doped crystal also avoids the
interference of the second phonon replica of the 1.485 eV
band with the 1.370 eV band.

Heat treatment was carried out in sealed quartz
ampoules evacuated to about 5X10~% Torr. For heat
treatment without copper, the sample was either im-

mersed in moiten KCN? or placed in a high-purity

2J. Blanc and L. R. Weisberg, J. Phys. Chem. Solids 25, 221
(1964).



