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Abstract 

Experimentally determined values of elec
trical conductivity and electron temperature have 
been measured in a non-equilibrium seeded plas
m,a. These results are in good agreement over a 
w1de range of parameters with values calculated 
from a two-tempe rature model of the plasma. 
!here. is no doubt that the two-temperature model 
1S vahd over a ~ide range of gas temperatures, 
seed concentratlons, and current densities for the 
argon-potassium and helium-potassium plasmas. 
However, the model does not give an accurate de
scription of the plasma when the current density is 
b~low about. 0.4 amp/cm2

; in this range the omis
Sion of the lnflu~nce of atom-atom excitation and 
the ~nfiuence of hon-equilibrium excited state pop
ula~lons may explain the discrepancy between ex
per1ment and theory. In addition, the electron
elec~ron-ion collisional recombination rate for po
tasslum has been measured in the argon-potassium 
system. The range of electron temperatures in
vestigated was between 1900° K to 30000 K with 
electron densities between 3XI013 and 4xI014/cm3 • 

The measured values show a scatter of 60 per cent 
about th.eor~tical values calculated from present 
recomblnatlon-rate theory employing the Gryzin
ski classical collision cross sections. 

Introduction 

The work reported in this paper is the re
sult of an investigation of certain properties of 
p~asmas made up of a noble gas seeded with potas
Slum vapor. The primary purpose of this work 
has been the experimental determination of the 
electric conductivity of the gas and the verification 
of the two-tempe rature model for the calculation of 
the conductivity as a function of electric field or 
current density. The key assumption of the two
temperature model is that in the presence of an 
!:-lectr}C fiield,electrons and excited states of :r~: 
~anrsfls are in thermal es~u~ at an ele-
vated temperature and that the W 6pfR~le6 
are in translational equilibrium at a lower temper
ature. As a result of the elevated electron tem
perature, the electron density and hence the con
ductivity will be much greater thankat existing in 
the equilibrium state at the ~ ~tempera
ture. In the model, the temperature difference 
b.etween the two systems composing the plasma is 
flxed by the balance between the energy input to 
the electrons and the excited states from the elec
tric field, and the energy loss from t~~.~ystem 
due to elastic energy transfer to the ~ls~ 
~ and radiant energy transfer from the excited 
states. 

I 
. 1 n a prevlous paper , the authors have pre-

sented a theoretical treatment of this problem 
which was Cizdevelopme~t.pf the original work of 
Kerrebrock and others ' . This treatment allows 
the dete rmination of electrical conductivity, the 
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electron temperature, and electron density of the 
plasma as a function of the current density, the 
plasma composition and temperature, and the 
elastic electron momentum transfer cross sections 
for the species present in the plasma. 

An experimental program has been carried 
out to obtain value s of the conductivity and to de
termine the validity of the proposed model and the 
calculations. The most easily measured charac
teristic of the plasma is the electrical conductivity, 
and this is the quantity which has been studied 
most thoroughly. However, under the conditions 
studied here, the electrical conductivity is very 
roughly proportional to the current density, and 
hence the agreement of calculated and measured 
values does not give a precise check on the model. 
For example, if one calculates conductivity as a 
function of current density and assumes that the 
electron density is only half that obtained in the 
two-temperature model, no measurable difference 
in the curve of conductivity versus current density 
is obtained. The only measurable difference is 
that the calculation would predict a 10 per cent 
higher electron temperature for a given current 
density. Hence to check the validity of the pro
posed model, direct measurements of electron 
temperature and number density are necessary. 

In the present paper, the results of the 
previously reported conductivity measurements 
are briefly reviewed, and new data extending the 
measurements to the very low current-density 
range are presented. A discussion is then given 
of electron temperature measurements, and these 
results are compared with the calculated values. 

In the final section of the paper, experi
mental measurements and calculations of the 
electron - electron-ion collisional recombination 
rates for potas sium are presented and are com
pared with each other. 

Experimental Apparatus 

The basic apparatus used in the experi
ments has been described in detail elsewhere 
and only a brief description is given here. An 
?-rc-jet heater, shown schematically in Figure 1, 
lS used to heat the larger portion of a noble gas 
flow. This main flow is then combined with a 
smaller, secondary flow of the noble gas which 
has been saturated with potassium vapor bypas
sing it through a potassium boiler with a minimum. 
residence time of 2 sec. The combined flow pas
ses through a mixing chamber with a length-to
diameter ratio of 16 before entering the test sec
tion. Measurements of recombination rates in the 
plasma indicate that this length is more than 
enough to allow complete relaxation of the plasma 
to steady conditions. The concentration of potas
sium in the flow, which results from the combi
nation of these two streams, is fixed by control
ling the boiler temperature and secondary gas 
rate. Measurements indicate that the potassium 
concentration in the resulting stream is within 
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10 per cent of the calculated flow rates. 

A typical test section is shown in Figure 2. 
Electrons are emitted the rmionically from a spi
ral tungsten electrode immersed in the flow at the 
downstream end of the cylindrical test chamber 
and flow axially to the anode that is a staiIiless 
steel cylinder imbedded in the insulating wall. 
The test section inside diameter was O. 460 in. ; 
typical dimensions of the othe r elements are shown 
in Figure 2 in units of inches. Tungsten-wire 
voltage probes of O. 040-in. diameter were insert
ed as shown. It was established that the voltage 
gradient along the duct was constant by placing as 
many as 6 probes in the flow. 

The insulating cylinder used as the test
section wall was made of boron nitride, and it was 
thermally shielded so that the inner wall tempera
ture was above 1250° K. The two sets of ports 
shown in Figures 1 and 2 were used in making 
spectral intensity measurements. The upstream 
set was equipped with a cell which could be purged 
with an auxiliary flow of argon gas. This prevent
ed the condensation of potassium on the quartz 
windows as well as preventing the flow of the test 
gas through the port. Without this port, a cloud of 
cool potassium vapor was formed in the optical 
path which gave absorption effects. Previous dif
diculties in temperature measurements 1 were 
traced to the presence of this cloud which lead to 
measured temperatures below the true value. The 
auxiliary argon flow rate used to purge the ports 
was kept below 1 i per cent of the flow rate of the 
test gas and had no observable effect on measured 
value s of the conductivity. In the recombination 
experiments, the port through which the plasma 
was viewed was shielded in a similar manner by 
the light pipe which connected the port and the 
photomultiplier tubes. 

The physical arrangement of the photomul
tiplier tubes and the spectroscope used in the tem
perature determination experiments is shown in 
Figure 1. This spectroscopic equipment and asso
ciated electric circuits are conventional. The rise 
time for pulses observed with the photomultiplier 
tubes was less than a microsecond. The tubes 
were cooled to dry ice temperatures to decrease 
the noise level, and condensation in the optical 
system was prevented by purging witp. dry, high
purity nitrogen. 

Photomultiplier tubes and optical filters 
were selected to isolate various regions of the 
spectrum containing three spectral transitions of 
potassium and one in sodium. The tubes and fil
ters used to monitor each transition are shown in 
the following table: 

Table I. 

Transition Bausch and Kodak RCA 
Lomb 2nd Wratten Phototube 
Order Inter- Filter Number 
ference Fil- Number 
ter Number 

~ 4P-..4S 33-79-76 89B 7102 

~ 5P-..4S 33-79-40 0 7102 

~ 6S-t4P 33-78-69 29(F) 6655-A 

Na
I

3P ... 3S 33-79-58 22 7102 
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In order to make as precise light intensity 
measurements as possible for the steady state 
measurements of temperature, it was found nec
essary to use electronic filters to eliminate high 
frequency noise from the photomultiplier tube out
put. The use of these filters enabled relative in
tensity comparisons to be made with an estimated 
error of less than 2 per cent. Con.ventional 
shielding arrangements were used throughout the 
experimental work to eliminate possible spurious 
pick-up of electric signals. 

The optical equipment was arranged so 
that it was possible to make as many as three si
multaneous spectral observations. By rotation of 
a mirror, it was also possible to use the same 
port to make steady state measurements of the 
SLR temperature. The SLR apparatus was cali
brated with an optical pyrometer which in turn 
was calibrated against a NBS standard lamp. 
Calibration of the apparatus was carried out with 
great care and followed the standard procedures 
described in Ref. 5. 

The distribution of neutral gas tempera
ture in the test gas was determined by observing 
the temperature of a graded series of fine tung
sten wires inserted at various radii in the 'test 
duct. The diameters of the se wires ranged in 
size from 0.012 to 0.003 inches. The wire tem
peratures were determined by use of an optical 
pyrometer and were corrected to the true wire 
tempe rature through use of the standard emissiv
ities for tungsten. The gas temperature was de
duced from the wire temperatures through the 
standard techniques discussed in Ref. 6. Typical 
data and a calculated gas temperature profile are 
given in Figure 4. The dashed line gives the bulk 
or mean temperature of the gas, averaged over 
the cros s section of the duct. This is the temper
ature referred to as the gas temperature, T a • 

Electrical Conductivity 

Measurements of conductivity of an argon
potassium seeded plasma have been made over a 
wide range of parameters 1,7. The measure
ments were made at a pres sure of one atmosphere 
and at neutral gas tempe ratures between 1250° K 
and 2000° K, current densities between O. 4 and 90 
amp/cm2

, and at potassium concentrations be
tween O. 1 and 1.0 mole per cent. In addition, 
measurements were made at a single test condi
tion with a helium-potassium seeded plasma. 

In addition to this experimental work, 
values of the conductivity for these systems were 
calculated from a two-temperature modell, 7. 
Included in this model were the energy dependence 
of the electron-atom momentum transfer cross 
sections, the effects of electron-ion encounters 
on the electrical conductivity and on the energy 
transfer from the electron gas, and also the ef
fects of radiant energy loss from the whole sys
tem. Although the model is based on the assump
tion that the electron distribution function is Max
wellian to the first approximation, no undeter
mined constants appear in the model, and once 
the cross sections of the plasma species are 
given, the conductivity and the electron density 
and temperature can be directly calculated as a 
function of current density. 

The agreement between the calculated and 
measured values is illustrated by the data pre-



sented in Figures 5 and 6. For both figures, the 
data are in excellent agreement with the calculated 
values when the effects of radiant energy loss are 
properly included in the calculations and when cur
rent densities greater than t amp/ cm2 are con
sidered. This agreement is typical of that obtain
ed over the whole range of parameters for which 
data were previously reported l , 7. The fact that 
good agreement is obtained for gases with elec
tron - atom momentum transfer cross sections as 
different as argon and helium indicates that the 
general computational scheme is correct. In ad
dition, note that a wide range of current densities 
i~ ~overed in these eXf~riments. At current den
sltles near 1 amp/cm 1n the argon-potassium 
system, electron-ion interactions are negligible 
compared to electron-atom encounters; in contrast, 
at current densities near 80 amp/cm2

, the Cou
lomb encounters are predominant. Thus, the good 
agreement between experiments and theory indi
cates that the use of the Spitzer conductivity ex
pression and the inclusion of electron-ion energy 
exchange in the theoretical calculations of Ref. 1 
appears to be substantially correct. 

In previous papers 2,7, Kerrebrock and the 
present authors have reported that at very low 
current densities the conductivity values reached a 
plateau and remained constant with decreasing 
current. In most cases, the constant value was 
considerably above the equilibrium value of the 
conductivity. This anomalous behavior has been 
investigated by the authors, who have found that in 
their apparatus, at least, it is a result of a thin, 
poorly-conducting film which builds up on the 
walls of the test section and which apparently 
shunts the voltage probes. This film appears to 
the eye to be a shiny surface which covers the en
tire test-section wall. If tests are carried out 
with new boron nitride test sections before this 
film appears, low current-density measurements 
can be made which do not show the plateau. Val
ues obtained with a "dry" wall are shown in Figure 
5; the new data correspond to the range. 025 s: J s: 
0.40 amp/cm2

• In earlier work7, during which 
the wall was apparently slightly conducting, the 
plateau conductivity was about O. 2 mho/ cm. and it 
began at about 0.4 amp/ cm2

• In contrast, the 
conductivities shown in Figure 5 decrease in a 
smooth way toward the equilibrium value. The 
authors feel that the data presented here are cor
rect and that the previous results were the result 
of the shunting effect.· 

These data are of interest from another 
point of view. Note that in the neighborhood 01 
o. 2 amp/ cm2 the experimental values break away 
rather sharply from the theoretical curve which 
includes the effect of radiant energy loss from the 
whole system. There are a number of possible -
reasons for this deviation. The most plausible 
explanation, to the authors, is connected with the 
energy balance for the first few excited states 
which account for the majority of the radiant ener
gy loss. For high electron density, the excitation 
of these states by electron-atom interactions and 
the self-absorption of the radiation is sufficient to 
keep the population density of these states in ther
mal equilibrium with the free electrons. Howev
er, as the electron density falls, the rate of exci
tation by electron-atom interactions will fall, and 
at low enough electron density the population levels 
will no longer be kept in thermal equilibrium with 
the free electrons. Under these conditions, cal-

culated values of radiant energy loss will be too 
large. 

A second and perhaps more important ef
fect is that there is an essentially constant rate of 
excitation of these low-lying states by atom-atom 
interactions. Hence, at low enough electron den
sity, the atom-atom interaction will become the 
dominant excitation mechanism and the population 
levels of the excited states will be more nearly in 
thermal equilibrium with the neutral particles 
than with the electrons. 

Both of these processes lead to a situation 
in which too large a radiant energy loss is calcu
lated; for this situation, the calculated conductivi
ties should be less than the measured values. 
This simple picture of the energy balance also in
dicates that, in the limit of zero current density, 
the excited states may have population levels cor
responding to temperatures somewhat lower than 
the neutral gas temperature due to radiant loss 
effects. 

The low current results also throw some 
light on a practical problem. Examination of the 
data of Figure 1 indicate s that the field strength 
increases monotonically with current density but 
that between O. 4 and 1. 5 amp/ cm2 the field 
strength is almost constant at about 2 volts. In 
this range, the current density and conductivity 
are very sensitive to small changes in field 
strength. Similar unstable regions were observed 
at other potassium concentrations in argon- and 
helium-potassium experiments. Th~ unstable re
gion is produced by the large influence of the ra
diation correction in this low current range. 

In the unstable range, d tna /d tn J is ap
proximately unity, and consequently the field 
strength is almost constant. However, if the ra
diation correction had been larger, as it would be 
in a smaller apparatus, the value of d(tna)/d(tnJ) 
would in:::rease above unity and consequently the 
field strength would have a local maximum in this 
region. Such a maximum in the local field 
strengthis indeed observed by Kerrebrock and 
Hoffman , who worked in' an apparatus with a di-
ameter about 60 per cent of that used in the pres
ent experiments. If the foregoing explanation is 
correct, this maximum is a result of the more 
important radiation loss in their smaller system 
and will not exist in a larger device in which radi
ation effects will be much less important. 

An interesting phenomenon has been re
ported by other authors 8, 9 in connection with sim
ilar experiments both in argon-potassium and 
helium-cesium plasmas. Two modes of current 
conduction have been observed. The first of these 
is encountered at low current densities, and under 
this condition the plasma emits a uniform diffuse 
glow from the entire volume. However, at a 
higher current density. a transition is observed to 
a second mode of conduction in which the dis
charge constricts to a relatively narrow, arc-like 
discharge. The critical value of the current ap
parently depends on the temperature of the plasma 
and the seed concentration. The authors have 
never observed the second type of behavior in 
their experiments. Visual observation indicates 
that the discharge always gives rise to a diffuse 
uniform glow which fills the entire cross section 
of the duct and which increases in intensity with 
current density. 
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In summary, the agreement between the 
calculated and measured values of electrical con
ductivity appears to be excellent over a wide range 
of parameters for argon-potassium and helium
potas sium plasmas as lonp as the current density 
is above a value of about '"i amp/cm2

• Below this 
current density, the calculated radiation loss is 
too large and the calculated conductivity is too low. 
The principal error in the calculations appears to 
be the neglect of the atom-atom mode of excitation 
of the low-lying electronic states. 

Electron Tempe rature Measurements 

The good agreement between calculated and 
measured values of the electrical conductivity 
shows that the two-temperature model is useful 
for making conductivity estimates but does not 
provide a very precise check of the key assump
tions made in the model. It was felt that a good 
check could only be obtained by making a more di
rect measure of electron temperature or density. 
In this section, a description is given of the ex
periments used to obtain a measure of the electron 
temperature. The recombination experiments de
scribed in the following section were used to ob
tain estimates of electron density. 

Two spectroscopic techniques were used to 
determine population "temperatures" of electronic 
states of neutral sodium and potassium atoms. In 
order to obtain the electron temperature from 
these data, it is necessary to show that these 
states are in thermal equilibrium with the electron 
gas. Calculations for the argon-potassium system 
of the total probability of electronic collisional de
excitation and also the total probability of radia
tive decay, including the effects of absorption. 
were made for the low-lying levels of potas sium 
up to and including the 4F level at an electron 
temperature of 2600° K and an electron density of 
1014/cm3

• The results showed that the probabil
ity of radiative decay is always less than one hun
dredth of that for collisional de-excitation byelec
trons. Hence it seems reasonable to expect that 
for this electron density the excited state and the 
electron gas are in equilibrium. For higher ex
cited states, equilibrium is even more likel~. 
Note that for a current density of 2 amp/cm the· 
calculated value of electron density in the plasma 

• under study is greater than 10 14• For current 
densities below 2 amp/cm2 the electron density 
drops off, and calculations indicate that the equi
librium. assumption becomes questionable for cur
rent densities around i amp/ cm2

• In summary, 
it appears to be reasonable to assume that thermal 
equilibrium does exist between the electronic ex
cited states and the electron gas when current 
densities above 2 amp/cm2 or electron densities 
above 1014 are used. Hence, in this range it is 
also reasonable to equate population temperatures 
and electron temperature. 

The first spectroscopic technique used to 
determine a ·population temperature was the sodi
um line reversal or SLR method which utilizes the 
} ....... 3S transition of neutral sodium. This tech
nique is well known, e. g., Ref. 5, and provides 
an absolute measure of the population of the 3P 
level and hence an absolute measure of the popu
lation temperature. However, since the light 
source used in the experiments was a tungsten 
strip lamp, the measured values were limited to 
temperatures below 29500 K. 
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The second technique was a relative meth
od based on the use of the change in light intensity 
resulting from a given transition in response to a 
change in the applied electric field. The intensi
ties of the 3P .... 3S transitions of neutral sodium, 
and the 4P .... 4S and SP .... 4S transitions of neutral po
tassium were measured before and after an elec
tric field was applied to the plasma. 

Since the intensity of a transition is pro
portional to the population density of the upper 
state, one can determine the population tempera
ture of the upper state by measuring this intensity. 
The absolute intensity observed depends in detail 
on absorption of the plasma and the apparatus 
used to measure the intensity. However, relative 
changes in intensity can be used to infer rera.tive 
changes in population temperature, provided the 
absorption of the line does not change. 

For the conditions of the present test, the 
line spreading is due to Stark and collision broad
ening as well as Doppler broadening. However, 
calculated values of the Stark broadening are neg
ligible compared to the other two effects, and 
thus changes in electron density should have no 
effect on absorption. In addition, resonance lines 
were employed, and thus slight changes in number 
density of atoms in the ground state have a negli
gible effect for the conditions discussed here. 
Consequently, the absorption does not change as a 
function of current or electron density. In the ab
sence of changes in absorption, the intensity ratio 
for a given line can be written as 

I[T2 } [~Ei ~Ei] 
~ = exp "FI': - U:' (1) 
~t~IJ 1 2 

Here, I is the intensity of the ith transition, T is 
the temperature, k is Boltzmann's constant, and 
~E. is the energy difference of the ith transition. 
Th~ subscript 1 refers to conditions when the 
electric field is zero, and 2 to conditions when a 
field is applied. This equation can be solved for 
the temperature ratio to give: 

Tl (kT I ) 12 
~ = 1 - ~i tn (II) (2 ) 

Equation (2) was used to obtain tempera
tures from intensity data for the 3P--3S transition 
in neutral sodium. The measurements were 
made up to temperatures of about 3000° K, and for 
these calculations the value used for Tl was ob
tained from the SLR measurements. These data 
and that obtained from the SLR technique are 
shown as the solid points in Figure 7. The two 
sets of data agree reasonably well in the region 
between 6 and 8 amp/ cm2 where they overlap. 
This indicates that the relative method and the use 
of equation (2) is consistent with the SLR method 
and gives confidence in the relative method as it 
is used here. 

In addition to the sodium measurements, 
data were obtained with two transitions in potas
sium. However, in order to use equation (2) with 
t~is data, it is neces sary to determine the values 
of the temperatures ih the zero field case. This 
is a non-trivial problem, because radiation losses 
keep the various excited states out of ther~al 
equilibrium and because no absolute techmque 
such as the SLR method was readily available. 
The method used to obtain the initial tempera
tures was as follows. Relative intensity data 
were obtained simultaneously for the 3P-+3S 



sodium transition and the 4P~4S potassium transi
tion. The value of Tl for the potassium transi
tion was picked to minimize the squared deviations 
between T2 v.alues calculated from equation (2) 
for the two transitions. (This calculation is based 
on the assumption that the various lines will be in 
thermal equilibrium when the electron density is 
high.) In another set of experiments, simultane
ous measurements of the 4P .... 4S and 5P~4S potas
sium transition intensities were made. The value 
of T 1 for the 5P~4S war, picked to minimize the 
squared deviations between the two sets of data. 

The zero field te~eratures calculated by 
this technique for an 1800 K temperature of the 
3P .... 3S sodium transition were 1790° K for the 4P .... 
4S potassium transition and 1865° K for the 5P .... 4S 
potas sium transition. 

Use of these values of zero field population 
temperatures for the two potassium lines gives the 
values of population temperature shown in Figure 
7 as the open points. The data agree very well 
with each other and with the values obtained from 
the sodium data for the whole range of current 
densities investigated. ThIs good agreement indi
cates that the equilibrium assumption made in in
terpreting the intensity data is justified. 

In Figure 7, brackets have been placed on 
some of the SLR data and on some of the potassi
um data to indicate the maximum errors. The 
maximum uncertainty in the SLR data is about 
+ 40° K, and this uncertainty is due to errors in 
technique and drift in operating conditions for the 
arc-jet heater. The larger uncertainty for rela
tive measurements reflects this + 40° K maximum 
uncertainty in the zero-field SLRtemperature for 
these data. 

The 10° K diffe rence between the population 
temperatures of the sodium and 4P .... 4S potassium 
transition is well within the accuracy of the tech
niques, and the close agreement in these temper
atures is to be expected from the similarity of the 
transitions in the two atoms. The higher temper
ature obtained for the 5P~4S line is significant, 
since detection of a 65° difference is within the 
capabilities of the technique. This diffe rence in
dicates that the system is not in thermal equilib
rium in the zero-field case and suggests that the 
electron temperature is somewhat higher than the 
temperature of the lowest excited state. Note that 
the mean temperature for the neutral gas, for the 
conditions under which these data were obtained, 
was about 200cf K. (Gas temperature measure
ments are discussed in a previous section.) If 
these measurements are correct, the zero-field 
temperatures of the low-lying states of potassium 
are about 200° K (4P .... 4S) and 1350 K (5P .... 4S) below 
the mean tempe rature of the neutral gas. 

The solid curve shown on Figure 7 repre
sents the calculated value of electron temperature 
for the experimental conditions used in these ex
periments. Although the data are somewhat scat
tered, they clearly fall along the curve and hence 
are in excellent agreement with the calculated val
ues. As was pointed out earlier, there is good 
reason to expect that for currents of 2 amps/cm2 

or higher, all of the excited states studied were in 
equilibrium with the electron gas. Hence, the 
comparison of measured and calculated tempera
tures, shown in Figure 7, does constitute a check 

on the electron tempe rature calculation. It is evi
dent that the calculation gives a satisfactory esti
mate of electron temperature except at very low 
current densities. 

Recombination Rates 

The remainder of this paper deals with 
measurements which were made of electron
electron-ion recombination rates and with their 
comparison with values calculated from a model 
utilizing the classical inelastic collision cross 
section expressions of Gryzinski. Following a 
discus sion of the measurements, the energy bal
ance and recombination rate calculations are pre
sented. After establishing this theoretical back
ground, the data reduction technique is given and 
the results are discus sed. 

Recombination Measurements 
The apparatus and electric circuit used to 

measure recombination rates are shown in Fig
ures 1 through 3. The measurement technique 
consisted of first establishing a steady initial dis
charge in the argon-potassium plasma. The field 
strength was then abruptly reduced to a very low 
value, and during the relaxation period immediate
ly following the reduction of the electric field, 
me asurements were made of the electrical con
ductivity and the relative populations of several 
of the excited states of potassium. In a later sec
tion it is shown that it is po ssible to deduce the 
electron recombination rates from these measure
ments. 

The range of current densities used in the 
initial discharge was between 2 and 17 amp/ cm2 

, 

which corresponds to field strengths of about 2. 5 
and 5 volts / cm and to initial electron densities of 
about 1.5 and 8Xl014/cm3

• The electric field 
strength was kept above zero during the relaxation 
period so that the conductivity of the gas could be 
monitored. The final field strengths used were 
between O. 3 to O. 8 volt/ cm. 

A typical set of experimental data is re
produced in Figure 8. Here, light intensity data 
from two consecutive tests are presented as a 
function of time. Also shown on the figure are the 
probe voltages used in obtaining the conductivity 
value s and the value s of the electron density cal
culated from the conductivity values. The transi
ent in the applied field dies out wi thin two micro
seconds and the p-robe voltage difference remains 
essentially constant thereafter. . 

Light intensity data are shown for the 5P .... 
4S and 4P~4S transitions in Kr. The 5P .... 4S light 
intensity initially decays sligh1:ly more rapidly 
than the electron del).sity and the 4P .... 4S light inten
sity, reaching a relatively low value by about 20 
f-.lsecs, and changes more s~owly thereafter. A 
similar behavior was noted for the non-resonance 
6S .... 4P transition of Kr (not shown). Interpretation 
of data for the latter transition must include con
sideration of the effect on absorption due to chang
es in the populations of the 4P level with time. 

Note in Figure 8 that the measurements 
of the decay of the light intensities have been made 
for nearly identical initial conditions, but for final 
conditions both with and without a small applied 
electric field. The values for the 4P .... 4S transition 
appear slightly displaced in the vertical direction. 
This refleets the small random fluctuation in initial 

-126-



light intensity commonly observed and is of no im
portance in interpreting the results. The import
ant thing to note is that the relative changes in 
population for the 4P and 5P levels appear to be 
nearly identical with or without an applied field. 
The effect on the decay rates due to the presence 
of the small field (0.39 volt/cm for this case) is 
negligible and shows that the relatively small en
ergy input to the free electrons by this field dur
ing the relaxation process probably has no im
portant effect on the free-electron recombination 
rate. 

Als 0 note the initial lag in the decay of the 
first excited state population (4P ... 4S light intensi
ty) which is probably due to the initial downward 
cascading from higher states to the 4P level, as 
will be discussed at the end of the following sec
tions. 

Energy Balance 
In order to analyze the recombination data, 

one must have some means of determining the 
electron tempe rature during the relaxation pro
cess. The electron temperature and electron den
sity are not independent quantities since an energy 
balance on the free electrons defines their instan
taneous temperature for a given instantaneous 
electron density. During the initial steady state 
before the drop in electric field has been initiated, 
the electron temperature is defined by a balance 
between energy input from the electric field and 
energy loss due to elastic collisions as well as 
inelastic collisions. As has been discussed in 
Ref. I, inelastic energy losses are accounted for 
in the steady case by calculating the radiant en
ergy loss from the excited states. This calcula
tion.gives the amount by which losses due to 
electronic collisional excitations and ionizations 
are not completely balanced by the energy input 
due to electronic de-excitations and recombina
tions, provided that radiative recombination is 
negligible. 

After the abrupt reduction of the electric 
field, the electron energy loss terms temporarily 
exceed inputs to the free electrons: and cause the 
electron temperature to decrease. As the elec
tron temperature falls, the rates of recombination 
and de-excitation exceed those of ionization and 
excitation. For the electron densities of interest 
here, the electrons can exchange energy with the 
heavy species by elastic and inelastic collisions 
in times much shorter than those associated with 
changes in the population of the free electrons. 
This results in the rapid establishment of a 
quasi-steady condition in which the instantaneous 
electron temperature is given by an energy bal
ance. The important energy inputs are a result 
of electronic collision~ r~~o~biPca~ns and ~e
excitations and th~~rn 'r'eIiraTncrng ~p'Yr-e& c. 

field. The important energy losses are due to ~ 
aeee18;Fatisft ef-eleetl"8fls a.y electronic excitations 
and ionizations, and to elastic collisions with the 
neutral and ionized heavy species. 

During this quasi-steady relaxation period 
it is meaningful to ascribe a temperature to the 
free electrons, provided that the density of elec
trons is high enough to provide mutual electronic 
interactions sufficient to keep the electron energy 
distribution Maxwellian. The general criteria for 
the existence of a Maxwellian distribution of free 
electron energies are probably satisfied for the 

conditions of these experiments 9, lOi however, its 
existence will be postulated rather than complete
ly justified. 

The quasi-steady energy balance may be 
written for the conditions of the relaxation experi-

ments described h:~e as( L dN ) 

:3 3 e 1·· 
erE - (Vo+ZkTe)cn: - 1 Vi CIt+ R = o. (3 ) 

In equation (3), the net rates of energy input per 
unit volume to the free electrons have been written 
on the left hand side of the equation; these balance 
the elastic energy losses on the right hand side. 
OE2 is the rate of energy gain by the free electrons 
from the small remaining applied field. The re
maining terms on the left hand side represent the 
net energy gain by the free electrons as the result 
of collisional recombination and de-excitation, and 
the collisional decay of the populations of the vari
ous excited states (all d/dt terms are negative dur
ing decay). The ionization potential of potassium 
is given by. V and is 4. 34 eVe The quantity 
-2: V. {dN. )/dt 'ts the net rate at which energy is 
tlan~ferl-ed to free electrons due to changes in the 
populations, N., of the excited states, i. Here, V. 
is the energy 6f the ith level as measured relativl 
to the ground state. If the populations of the ex
cited states are also quasi-steady in addition to 
the electron energy, then the (dN. )/dt ~ O. :i{, rep
resents the total rate per unit volume at which ra
diation from bound-bound transitions is lost from 
the system. The (i term represents the rate at 
which free electrons lose energy due to elastic 
collisions with both neutral and ionized species, 
and has been presented in Ref. 1. Note that the 
formulas in Ref. 1 can be easily modified to in
clude other systems with atomic species of widely 
differing masses. 

Equation (3) neglects the pos sibility of di
rect radiative recombination as will be justified in 
the following sections. 

Calculation of Recombination Rates 
With the recent development of the classi

cal collision cross-section expressions of Gry
zinski 11, it has been possible to formulate expres
sions for the rate constants for the electronic col
lisional proces ses occurring in high-density plas
mas similar to the ones studied here. These rate 
expressions have led to theoretical electron-ion 
recombination formulations utilizing a model which 
includes recombination to excited levels by elec
tron-electron-ion collisions, electronic collisi"on
ally-induced transitions between excited levels, as 
well as the radiative transitions between bound 
states. Careful experimental work has established 
a remarkably good agreement between experiment
al results and theory for such differing atomic 
species as hydrogen, helium, and cesium. 12-14 In 
addition, detailed theoretical calculations have 
been performed giviny recombination rates for 
argon and potas sium. 5 

There is no need to discuss here the de
tails of the theoretical calculations performed by 
these several authors and others, but the physical 
model for the recombination process deserves 
brief comment with regard to the principal as
sumptions and approximations used in order to re
late experiments and theory. 
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As mentioned in the previous section, the 
electron temperature in high-density plasmas 
quickly reaches a quasi-steady value given by an 
instantaneous energy balance on the free elec
trons. A similar, and in fact directly coupled, 
phenomenon exists with regard to the population 
densities of highly excited states in the recom
bining plasma. The detailed classical formulation 
of electronic inelastic collisions indicates that the 
probability of a collisionally-induced transition 
between two neighboring atomic levels is inversely 
proportional to the square of the energy gap sepa
rating them. Thus, the number densities of those 
states most closely spaced adjust rapidly with the 
changes in electron temperature. In the recom
bining plasma, this means that the populations of 
those upper states nearest the continuum tend to 
come into a mutual quasi-steady collisional equi
librium with the free electrons; and in addition, 
closely spaced lower levels reach a mutual quasi
steady equilibrium in times that are small com
pared to the time scale for changes in the popula
tions of the free electrons and the ground state. 
This fact has resulted in an enormous simplifica-

arbitrary energy level structures which are not 
necessarily hydrogenic. The authors have here 
used this calculation technique to obtain recombi
nation rates for potassium in the range of interest 
of these experiments which occur at slightly high
er electron temperatures than the maximum tem
peratures in the published results of Bryon, et 
al. 15 As justified in Ref. 15, the rate of cross
ings in the upward direction acros s an ene rgy gap 
U located above a level of binding ene rgy E 1 and 
coming from all initial energy levels with binding 
energies E. , (E. ~ E ), to all possible final 
bound ener~y states al well as the continuum can 
be written as 

dN _ BNi 
CIT I - <It I 

u u 
1 

= 
U+ECEl 

~ 
(j B. 

N N - 0 1 

i i e.
c 

(U+E
i
-E

1
)2 

ZkT - It-,r--
(1 + U+Ei~E1)e e 

and writing 

tion in the SOlution~of the .couPlr\irate ~uations. I . . 
.-t.liii. e:-.fol,LUlons V1f V~O>"'.s <!iCJ .s-t...:tLS ill·......, e!i<>a..+r .. ~ ~sc.V"\.I"~ descrlblngol:ne rat 0 c.lange 0 e num er crensl-

ECEl 

Nlgi ~ 
N. = -- e 

1 gl 
ty of the free electrons as well as the population 
of the infinite number of excited levels. The re
sult has been the reduction of an infinite set of 
coupled differential equations to a finite set of al
gebraic equations describing the rate of change of 
the population of the free electrons and the ground 
state. Further requirements for this simplifica
tion, including that the population of a given level 
be much les s than the free electron density in 
order for that level to be regarded as having a 
quasi-steady pOIi~ation, are discussed in detail 
by Bates, et al. 

The important physical result is that the 
upper levels and the free electrons tend to be in a 
quasi-steady mutual collisional (Saha) equilibrium, 
while the quasi-steady populations of the lower 
levels must be described by including the effects 
of radiative transitions between levels. Bates, et 
al. have performed detailed calculations for hy
drogen and helium using this method, and the re
sulting rates and population densities have been 
confirmed experimentally be several authors. 

Byron, et al. 15 have shown that good 
results can be obtained with fairly simple calcu
lations by treating the collisional recombination 
process as a chain of reactions in which the net 
rate of recombination can be described in terms 
of the slowest step in the chain. The physical pic
ture consists of a reservoir of upper excited states 
in quasi-steady collisional equilibrium with the 
free electrons above a critical energy gap across 
which recombining atoms must pass to reach 
the ground state. The critical energy gap will be 
the one of all possible energy gaps across which 
the total de-excitation rate is a minimum. A 
minimum occurs since thep:obability of de-exci
tation of a given level will increase with increas
ing principal quantum number of the level due to 
more closely spaced gaps, while the populations 
of the various levels decrease with increasing 
principal quantum nl~mber. In addition, the total 
probability of radiative decay of a given level de
creases with increasing quantum number. 

The Byron formulation has the powerful 
advantage of being easily applied to atoms with 

dN (Nl -U/kTe) ~ 2: Bigi 
-:r:- I = N - e c (j =--:7 
at u e gl 0 • U+E.-E

l
) 

1 1 

(1 + U:::~El )1. 
where B. = B. [E./(E.-El+ud is the slope of the 

1 1 1 1 

Gryzinski cross section g. as given in Figure Z, 
Ref. 15; (j = 6. 56xlO- 14 tm2 

, and C is ,he mean 
thermal s~eed of electrons, -V(8kT )/;rm • N 1 
and gl are the number density and e dege~eracy, 
respectively, of the energy level with binding en
ergy E 1. Nand T are the free electron den
sity and temp~rature,e respectively. 

The summation is to be taken over all en
ergy levels below the gap (E. ~ E 1) and avoids the 
necessity of assuming the le~els below the gap to 
be continuous, as is done in equation ( Z), Ref. 15 • 

At equilibrium, the total rate of crossing 
the gap in the upward direction must balance the 
total rate of cros sings in the dOl'Iard direction. 
Also, at equilibrium, NZ/N 1 = \g exp(- U/kT ~I gl) 
where NZ and gz are tlie number ensity ana ae
gene racy, respectively, of the energy level with 
binding energy E 1 - U located immediately above 
the gap. Thus, al: equilibrium, 

dN (NZ il) r \' B.g. I - equ N - at L 1 1 

dt d - gz ~ + u:~:;~;rE/ (4) 
The minimum value of the total rate of 

downward crossings, dN/dtl d ' found by calcula
tion from equation (4 ) for each energy gap, can 
be related to the recombination rate. At this 
point, some difficulties are encountered. Equa
tion ( 4) gives the total rate of cros sings of the 
gap in the downward direction at collisional (Saha) 
equilibrium. However, to find the recombination 
rate to the ground state, one must subtract from 
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this rate such downward crossings between bound 
states above and below which are the result of 
atoms that are de-excited to a lower level, but in-
stead of being eventually further de-excited to the 
ground state, are again re-excited to a level above 
the gap. An additional complication is the fact 
that the actual recombination rate may be some
what less than the total de-excitation rate calcu
lated at equilibrium, since N2 may not in general 
be equal to its equilibrium vaIue, N2 .• 

equll 

Byron, et al. IS have investigated these ef
fects and have found that dN Idt = y(dN/dt)/ 
where y lies between l/4a.tfd 1. Thelatte<f.'val
ue applie s when the minimum is ve ry pronounced, 
as at very high temperatures, and decreases to 
l 14 if the minimum is not well defined, as at low
er temperatures. For the temperature range of 
these experiments, y ':!' 1/3 • 

Calculations of dN/dtl d were performed 
for the low-lying levels of potassium to establish 
that for electron temperatures between 2000° K 
and 3000° K, the minimum de-excitation rate oc
~urs for the gap lying below the lumped 6S and 4D 
levels and above the SP level. Resultin§ values of 
t4e recombination rate coefficient, lIN (dN Idt), 
calculated with y = 113 for 20000 K ~ T e ~ 3cfocf K 
ar~ shown in Figure 10. The recombin~tion rate 
coefficient calculated at 2000° K agrees with the 
value at 2000° K in Ref. 15. Also shown in Figure 
10 are the values for cesium as calculated in a 
more 1~act fashion with an extensive program by 
Dugan • Note that the calculated rates for cesi
umand potassium are nearly equal, which would 
be expected, judging from the similarity of their 
energy level structures. 

At no point in the foregoing calculations 
have the effects of radiative transitions upon the 
recOInbination rate appeared explicitly. Such ra
dia~ive transitions can cause non-equilibrium pop
ulations in the levels imm.~diately above the gap. 
This effect should be considered in addition to the 
non-equilibrium effects resulting from the fact 
that quasi-equilibrium may not have been estab
lished because of the relatively long times re
quired for this condition to be established in low
lying states. The factor y could be interpreted to 
include all non-equilibrium effects, including radi
ative de-population; however, one must still in
clude the possibility of direct radiative recombina
tion wh.-en calculating the total rate of recombina
tion. The radiative recombination rate for hydro
genic a,toms can be written 17 as: a. '2! 2. 7x 10-13 I 
(kTe )3/4 cm3 I sec, and the radiativ~ recombination 
rate for potassium should not be substantially dif
ferent. Thus, at T e = 1500° K, kT ~ o. 215 ev 
and we find a. ~ 9x10-l cm3 /sec. eMeasured val
ues of a = -1 fN:2 (dN I dt) from these experiments 
are of the ordelof e 10- 10 cm3 I sec, and hence 
direct radiative recombination appears to be neg
ligible. 

The effects of diffusion of ions to the walls 
as well as recombination by the dissociation reac
tion K + K ~lK2 +)+ e - are assumed negligible for 
the densities ana. temperatures of these experi
mfI?-ts. Estimates of the mobility of K+ in K and 
K In A, the former based on that for Cs+r in Cs,lS 
indicate diffusion losses to be small compared to 
me asured recombination rates. The very small 
concentrations of the molecular ions at these tem
peratures and seed concentrations make dis socia-
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tive recombination improbable. Harris 19 has 
reached similar conclusions based on his calcula
tions and measurements in cesium for conditions 
of temperatures and densities approximating those 
encountered here. Finally, it should be mentioned 
that the inert gas plays no appreciable role in the 
ionization and recombination processes studied 
here,due to its relatively high ionization potential 
and the relative inefficiency of atom-atom excita
tions and ionizations. 

Data Reduction 
T~ect1y measured quantities during 

the relaxation period immediately following the 
abrupt reduction in field strength are the electric 
field and current density as well as the relative 
populations of the various transitions in potassium 
which were observed spectroscopically. From 
these quantities, we compute the electrical con
ductivity as a function of time and the number den
sities in the upper states of the observed transi
tions. The latter are obtained from the measured 
relative changes in population and from the meas
ured initial conditions. 

In order to determine the electron density 
and electron temperature, one must solve the 
equation for the quasi-steady energy balance on 
the free electrons given in equation ( 3 ) simulta
neously with the expression for the non-equilibri
um electrical conductivity. The conductivity ex
pressions have been presented in detail in Ref. 1 
and it is not necessary to repeat them here. 

The calculation was carried out numeri
cally using an iterative scheme. The first step 
was to obtain an initial estimate of the value for 
the electron density from the measured instanta
neous value of the conductivity. In making this 
calculation, it was found that a good first approx
imation could be obtained by using the steady state 
relationship between the non-equilibrium conduc
tivity and the electron density. Given this esti
mate for the electron density and the measured 
values of the relative populations of the excited 
states, it is pos sible to solve the quasi-steady 
electron energy balance equation for the electron 
temperature. This value for the electron temper
ature is then used to obtain a more accurate value 
for the electron density from the conductivity ex
pression, and the process is continued until suit
able convergence is achieved. Usually, one or 
two iterations ar:e sufficient for the accuracy de
sired in these calculations. The various terms in 
quasi-steady energy balance equation must be 
evaluated from the experimental data. The evalu
ation of these terms is discussed in the following 
paragraphs. 

Detailed calculations of the radiant energy 
losses from bound states of potassium at steady 
state for the argon-potassium system have been 
performed by the authors and are discussed in 
Ref. 1, and they are presented in more detail in 
Ref.20. These calculations show that about 70 
per cent of the total radiation los s is accounted 
for by the 4P-4S transition in Kr for temperatures 
of 2000 to 3000° K. Thus, in the quasi-steady re
laxation case, the measurement of the relative 
population of the 4P state in time allows a calcu
lation of the radiation loss from the 4P state, 
since the initial-steady-state intensity and radia
tion loss are known. The remaining, less than 30 
'Per cent. of the radiation loss can be determined 



if the general behavior of the relaxation of the 
various higher contributing transitions is known. 
This is afforded by the observation of the 5P .... 4S 
transition. 

Calculation of the contributions of the vari
ous terms to the sum, ~ V. (dN. /dt) , show that the 
only te rm of appreciable rilagnttude is that of the 
4P level, whose variation in population has been 
determined as stated above. This fact is due to 
the relatively large populations of the 4P level. 
Finally, calculation of aE2 is done directly from 
the instantaneous experimental data. In this man
ner, instantaneous values of all the terms in equa
tion (3), except that for 0, are calculated direct
ly from the experimental data, and thus equation 
( 3) can be:used to determine the variation of 0 
with time during the relaxation period. The first 
approximation to the instantaneous electr.on tem-' 
perature can be obtained from values of (1 by use 
of the equation: 

o = (8/3)(m /m )(e: -€ )N I:V • , e a e a ,e ,m 

Here the v are the energy-averaged collision 
frequencieJ'lbetween the electrons and the neutral 
or ionized atoms in the plasma. Calculation of 
these terms is described i11 full de!ciil in Ref. 1. 
T~<!! terms€ and € represent '2" kT and 
,,2 kT a ,'re~pectivety. e 

The results of calculations for the inter- ' 
mediate set of data given in Figure 9 are shown 
below in Table II. Here, the various terms in 
equation ( 3 ) are evaluated for a number of times 
during the relaxation period. The last three :rows 
of the table give the final values for the electron 
density and temperature, and the recombination 
coefficient, a =(- fiN 2 )dN /dt. Values of the 
collisionalrecombinaflon r~te coefficient, 
(_I/N 3 )dN /dt,are shown in Figure 10 as a func-

'tion of the~lectron temperature. The data taken 
from Table II appear as the solid circles, 'and 
other data obtained from a number of different 
tests are also included hi this figure. 

Discussion , 
The values of 'the recombination cOeffi -

cient calculated for times greater than 20 micro,:" 
seconds ?iter the beginning of the relaxation are' 
shown as the dark data'points in Figure 1.0. 
These data are In fair agreement with the calcu
lated points (open circles ), although they are scat-

_ tered by about 60: per cent for the range investi
gated. 

The agreement is at least as good as one 
would expect when considering the possible un
certainty in the estimated values of the electron 
temperatures and those uncertainties connected 
with the the ory. In particular, note that the the
oretical rates are directly propor~ional to the Con
stant y, which could easily be 50 perc:ent higher 
or lower than the value used here. ';rhe theory is 
probablygood to within a factor of 2 judging by the 
agreement of experimentat-6measurements ~n cesi'
urn with calculated values ,and the claSSical 
cross' sections \lsed ar~ thought to be valid to 
within about a factor' of 2. The principal uncer-
tainties in the estimated electron temperatures 
are the result of possible errors in the gas tem
peratures as yVell as errors'in, the electron ener
gy balance. These possible errors give a proba
ble uncertainty in the data'the:.;nselves of about a 

factor of two., 

The half-filled data points of Figure 10 are 
those calculated for time s as close to the time 

" origin as possible, and in reducing this data it has 
been assumed that the electron temperature is at 
its initial value. Though these data would not be 
expected to show good agreement with the calcu
lated values, since the quasi- steady populations 
did not have time to develop, it can be seen that 
fair agreement is obtained. At the othe r end of 
the temperature scale lie data obtained some 100 
microseconds after the initiation of the relaxation 
process. Here, the electron temperatures are 
close enough to the gas temperatures to reduce 
substantially the uncertainties in electron temper
ature. Thus, the data for temperatures in the 
1900 to 2300° K ,range are probably relatively more 
accurate. 

Note that the 60 pe r cent scatter in the col
lisional recombination rate coefficients about the 
theoretical values would only correspond to a 30 
per cent variation in electron density, even if all 
the scatter were due to errors in calculated elec
tron density~ Given this good agreement between 
experime nt and theory, one can conclude that the 
electron densities as given by the two-temperature 
model are reasonable estimates of the actual plas
ma electron densities. 'Further, the recombina
tion rates measured here for potassium appear to 
be in good agreement with present electron
electron-ion recombination rate theory. 

The results given in Table II illustrate a 
difficulty encountered in determining the electron 
temperature with the quasi-steady energy balance 
as written in equation ( 3). The calculations have 
been performed starting backward from 140 mi
croseconds after the voltage decrease was initia
ted and seem to give reasonable electron tem
peratures until about 20 microseconds. From 
this point back to the time origin, the calculated 
electron temperatures appear to be unreasonably 
high, and as the origin is approached closely, the 
calculated values exceed the measured initial tem
perature of 3000° K for this example. Thus, it ap
pears that a true quasi-steady condition does not 
exist until after times of about 20 microseconds 
and that the population levels take at least this 

. much time to distribute themselves in a true 
quasi-steady fashion. 

Thus the term -(V +,;. kT )dN /dt is 
probably too high to be a v9tlia: est1mate of the rate 
of energy input to the free electrons during this 
early phase, since m03t of the electrons will re
combine first into the uppermost levels and then 
these levels must be further collisionally de
excited to the ground state. Hence, the average 
rate of energy transfer to the free electrons in 
this phase would be more adequately defined in 
terms o~ an expression of the form 
-(E);~ + ~ kT }dN /dt, wh~re the term in the 
parenthises ~epr~sents the average energy re
leased to the free electrons for each electron re
combination into' the higher states. The value of 
E):~ wO'lid be approximately equal to the binding 
energy of the level immediately above the critical 
gap if de-excitation to lower levels by electron 
collision is negligible. It is interesting to' solve 
for the electron temperature during this short pe
riod at the begiI;ming of the relaxation process by 
sitt?-ply ,equating this expression to the elastic ,en-' 
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Table II. 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

time, t usec 

-1.61 (dN
4P

)/dt 

watts / cm
3 

dN 
3 \ e 

-(Vo + zkTe'dt"" 

watts/cm3 

R watts/cm3 

crE2 watts/cm3 

o watts/cm3 

_(E):C +~kT )dN /dt 
c. e e 

watts/cm3 

T ~c oK 
e 

N 10 14/cm3 

e 
T oK 

e 
a. 10- 10 cm3 /sec 

o 

77.0 

8.4 

• 63 

69. 2 

21.4 

2850 

5.3 

>3500 

3.64 

2 

41.9 

8. 1 

• 55 

34.4 

11.7 

2710 

4.0 

>3500 

3.47 

8 

1. 0 

11.9 

5.4 

.39 

7.9 

3.3 

2480 

2.27 

~3000 

3.05 

16 

.38 

4.78 

3.06 

• 29 

2.39 

1. 33 

2370 

1. 51 

2580 

2.78 

20 

.26 

3.25 

2. 55 

.27 

1.43 

.91 

2330 

1. 28 

2470 

2.60 

30 

.11 

1. 82 

1. 45 

.22 

.70 

1.0 

2370 

2.46 

60 

.03 

.58 

.64 

• 14 

.11 

.59 

2180 

2. 23 

100 

.02 

.24 

.38 

• 12 

o 

.40 

2100 

2.06 

140 

.02 

• 14 

.32 

• 10 

-.02 

.30 

2000 

2.06 

. ~rgy loss term 0. 21 If E* is chosen to be 0.94 
ev, as calculated for the ran~e of electron temper
atures between 2000 and 3000 K, then calculated 
electron temperatures, T *, fall somewhat lower 
than before, as shown i.n fows 8 and 10 in Table II. 
Th~se temperatures look about right, since the 
steady state value before relaxation is about 3000 
° K. This may be regarded as somewhat fortui
tous, since it is not obvious that the remaining 
terms in the energy balance will exactly cancel 
under these conditions. 

sion from the model of the atom-atom excitation 
process and the lack of thermal equilibrium be
tween the electron gas and the populations of the 
excited states. 

Measurements have been made of the 
electron-electron-ion recombination rate coeffi
cients in potassium. The measured values have 
been compared with values calculated from a re
combination rate theory employing the Gryzinski 
classical collision cros s sections. Th~ agreement 
between calculated and measured values is satis
factory. Finally, some speculative evidence that a 

quasi-steady state is not reached until about 20 
microseconds is given by the light intensity data 
given in Figure 8. The 5P .... 4S transition decays 
quite rapidly at first, but reaches a low value by 
about 20 microseconds and decays slowly there
after. Th~ initial rapid decay would be expected 
in response to the initial drop in electron density, 
and the relatively slow. variation indicates that 
after 20 microseconds the quasi-steady state may 
have been reached. The population of the 4P 
state does not begin to decay rapidly until after 
times ranging from 4 to 10 microseconds for 
various initial conditions. This indicates the rel
atively long times necessary for the 4P state to 
reach a quasi-steady state condition. This be
havior is consistent with the fact that for these 
experiments, populations of the first excited state 
are not small compared to the density of free 
electrons, and that calculated de-excitation rates 
for these low-lying levels are not much faster 
than the rate of de-excitation across the critical 
gap. 

Summary 

As a result of the good agreement between 
experimentally determined values of electron 
temperature and electrical conductivity with val
ues calculated from a two-temperature model, it 
can be concluded that the two-temperature model 
gives an accurate description of the plasma over 
a wide range of neutral gas temperatures, seed 
concentrations, and current density. At low cur
rent densities, the model is not adequate, and the 
primary sources of error appear to be the omis-
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