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ABSTRACT

Absolute emission coefficients of nitrngen atomic lines, of a wave-
length increment of the N§(1-)(o, 0) band system, of the electron continuum
and of several atomic lines of the seed material have been measured in
atmospheric pressure nitrogen and air plasma jets seeded with K9COj3
powder. Radial temperature distributions determined from measured
emission coefficients have been compared as the mean temperature of
the plasma was reduced from 6000°K to 3000°K. In the lower range,
which is most characteristic of the AEDC seeded air accelerator, temper-
atures determined from both absolute and relative intensities of atomic
lines of the seed material agree well with those obtained from the elec-
tron continuum. The best species of radiation for temperature measure-
ments in the range of 2500°K to 4000°K has, as the result of this investi-
gation, been selected to be the continuous radiation emitted by the seed
material itself. Errors in temperature determined from the measured
continuum and resulting from averaged variations in seed concentration
and its uniformity of distribution are shown to be less than 5% in the
lower temperature range,
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I. INTRODUCTION

The purpose of this investigation was to establish diagnostic
methods for measuring temperature distributions within atmospheric
pressure nitrogen and air plasmas when seeded with potassium
carbonate powder. Since the exact amount and uniformity of the
seed material is seldom known to any degree of accuracy in flowing
plasma systems, the aim was to develop methods which are relatively
insensitive to these parameters. To avoid perturbations of the
plasma the methods developed have been purely spectroscopic,

employing only external optical probes,

The one year program involved both analytical and experimental
methods., Externally measured lateral distributions of atomic
spectral lines and molecular bands of the parent gases and atomic
lines and the contimuum of the seed material were converted.to radial
distributions of the emission coefficients by means of the usual
inversion of the Abel integral equation. Number demnsities of each
species of particles were computed for assumed concentrations of
potassium seed on the assumption of local thermal equilibrium.

The temperature dependence of the emission coefficients computed
from these number demsities were then used to convert the measured

emission coefficients to radial temperature distributions.

The analytical methods developed in Section III were used to
convert the spectral intensities measured by means of the apparatus
described in Section II to emission coefficients. The experimental
results in the form of radial temperature distributions obtained
from measured emission coefficients are given and disqusesed in

Seetion IV and conglusions and recormendatiens are given in Section V.,
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II. EXPERIMENTAL METHODS

A, APPARATUS

The experimental apparatus used throughout this investigation
is shown schematically in Fig. 1, The auxiliary arc chamber
shown was used only for secondary ocalibrations of the common
spectral diagnostic system. Its primary function was in association
with an independent experimental investigation. The physical
arrangement of the apparatus is shown in the photograph of Fig. 2,
The chemical bottles observable in the foreground of the photo
are part of the scrubbing system required when operating with air
to remove the NO after exhausting from the quench chamber. The
spectrograph and central console which are physically located in
the foreground, out of view in Fig. 2, are shown in the separate
view of Fig. 3. Details of each major component of the experimental

apparatus are given in the following sub—sections.

1, Plasma Jet
The initial configuration of the plasma jet designed specifically

for this program is shown schematically in the full scale drawing
of Fig, 4. This design was chosen because of the inherently stable
plasma it can produce. The stability results from the proportion-
ately small variation in arc length that can occur in this design.
The jet was designed to operate in the range of 180 to 230 volts
with current in the range of 50 to 175 amp. The volume flow rate
with nitrogen and air ranged from 80 to 150 SCFH providing an
appreciable range of average enthalpies. Initially the constrictor
section consisted of six 1/4" thick water cooled copper plates up-
stream of the seed feeder plate and two similar constrictor plates
between the feeder plate and the anode, The inside diameter of the

entire constrictor was 1/4 in,

The average enthalpy of the first oonfiguration, obtained from a
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calorimetric energy balance, was much higher than that which
corresponds with the 2500°K to 4000°K temperature range required
to simulate the AEDC accelerator conditions. In order to reduce
the enthalpy the inside diameter of the constrictor was increased
to 0.34% inch so as to increase the wall losses. With this change
the‘plasma became too unstable. In order to re—establish the
stability the anode diameter was changed back to 1/k inch., This

second jet configuration is shown in Fig, 5.

IAlthough the second configuration reduced the average

enthalpy it was not sufficient to reach the desired temperature
range. A modification to the third and final configuration shown
in fié. 6 was made by removing one of the upstream constrictor
plates and extending the anode section so as to eliminate the two
constriétor.plaﬁes downstream of the seed feeder section. With R
thesé changes the axis temperature was reduced to about 5000°K.

The addition of seed carrier gas and the seeder fluidizing gas
reduced the operating temperature in the third configuration to

the desired level.

2. Observation and Quench Chamber

The jet head was designed to exit into the observation section
and quench chamber shown schematically in Fig. 7. In order t&
preéent the viewing windowfrom fogging, a stream of auxiliary
gas was directed over the inside surface and into the the water
cooled cylindrical chamber through a 1/8 in. by 3/8 in. viewing
slot. The exit gas was first cooled by a nested-tube heat exchanger
before being vented, or, in the case of air operation, passed through
the chemical scrubbing system., No attempt was made to determine
the quantity of heat transferred to the quench chamber or that
which remained in the vented gases. Only the losses in the jet
héad were determined calorimetrically by means of electrode and

constrictor section cooling water systems.

j. Seeding System

The seed material in the form of powdered K2003 was first fed

3
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into the feeder constrictor plate through a Metco powder feed
hopper using as carrier gas nitrogen in the case of the nitrogen
plasma and oxygen in the case of the air plasma. With this simple
feed system the radial distribution of continuous radiation emitted
by the jet was found to have a strong oscillatory characteristic,
as shown on the sample trace of Fig. 8, which was found to be
synchronized with the dumping of the seed buckets of the powder

feeder.

In order to improve the uniformity of the seeding process, the
fluidizing system shown in Fig. 9 was installed. With this system,
the powdered and dried KQCO3 was dropped from the upper center tube
of the fluidizing chamber by means of the powder feeder. A
swirling gas fed from the bottom caused the powder to be supported
ih a vortex near the exit of the feed tube with a much more uniform
stream being carried up to the outlet at the top of the fluidizing
chamber and into the feeder section of the plasma jet. Flowmeters
were provided to properly meter the two flows into the fluidizer.

The improvement brought about by the fluidizing system is demonstrated
by the continuum trace of Fig. 8 which was measured after installation
of the fluidizing system. In order to demonstrate the basic

stability of the jet, a trace measured with the unseeded jet is

also shown in Fig. 8.

4. Traversing Table and Calibration Arc

The transport table which supports the combined jet head and
quench chamber also supports the low current calibration type carbon
arc. This is a Bausch and Lomb, Fuler type arc whose positive carbon
crater is used as a calibration source. The table is constructed
such that a single lens system is used for observing both the jet
and the carbon crater. The displacement of the transport table in
a direction normal to the spectral probe defined by the spectrograph
and focussing lens as a combined optical system is translated by
means of a precisipn linear potentiometer to the X axis of a Moseley

X~Y recorder. With this apparatus, lateral distributions such as
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those shown in Fig. 8 can be recorded while maintaining their proper

relationship with respect to the jet axis.

5. .Radiation Detection System

The radiation from the plasma was resolved in wavelength by
means of an Ebert type spectrograph designed and constructed at
Plasma Sciences Laboratories. The spectrograph has a first order
dispersion of 8.3 X/mm and is equipped for direct photomultiplier
read-out on an X-Y recorder., The associated instrumentation was
such that either lateral positions or wavelengths could be displayed
on the X axis with integrated spectral intensities on the Y axis.
Two EMI photommltiplier tubes were used, i.e., the 9558 B for work
in the far red region of the spectrum and the 9502 B for work in
the visible and U V regions., The latter was chosen to permit
detection of the continuum down to extremely low radiation levels.
Coupling from the PM tubes to the recorder was through an operational
amplifier which also served as an impedaﬁce matching device., The
lower limit of the detector semsitivity was about 1071 watt/
(cm3-sr—sec_1) for the continuum and 10~/ watt/(cmﬁ-sr) for
potassium lines which represents a lower temperature limit of about
2500°K in the seeded plasma.,

B. INTENSITY MEASUREMENTS

The principal experimental measurements were the lateral
distributions of integrated intensities emitted by the pure and
seeded nitrogen and air plasmas., Intensities of the atomic nitrogen
lines, the first 4.5 A increment, S\,0f the X 3914 N;(1-)(0,0) band
system, the X 3922 and A 5600 electron continuum and A 4965, X\ 5832
and A 6939 KI lines were measured and inverted to true radial
distributions of the emission coefficients as emitted by both
nitrogen and air plasmas with and without seed over a range of
average plasma jet enthalpies. These species of radiation are

identified on the sample spectrum of Fig. 10Q.

In each measurement the background radiation was subtracted,
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except of course in the case of the continuum, before the inversion
process., Fach measurement was calibrated on an absolute intensity
scale by means of the carbon arc standard. To eliminate any possible
errors due to window fogging by the seed material, the transmission

of the window was measured at the beginning and end of each run,.

Only when the transmission remained constant were the data considered
acceptable, The measured transmission was, of course, included in

the final calibrations.

The symmetry of the measured traces was determined by folding
about the best axis of symmetry which in almost all cases was very
well defined. In cases where some asymmetry was observed the two
winge of the distribution were averaged. The straight-forward
Nestor—-Olsen1 method was used with a desk calculator to perform
the necessary numerical integration of the inverted Abel integral

equation., In all cases the plasma was assumed te be optically thin.

C. PLASMA JET OPERATING CHARACTERISTICS

The operating characteristics of the plasma jet that could
be measured directly on external meters were the voltage, current,
gas pressure and flow rates, and inlet and outlet water temperatures
and flow rates. The jet was always operated into an atmospheric
pressure plenum chamber where spectral observations were made at
different defined positions measured from the nozzle exit., The
positive pressure in the plasma never exceeded, at the very most,
10 psi and this only with the most restricted flow through the
scrubbing system, Usually the positive pressure was less than
8 psi.

The operating characteristics of the jet are recorded for all
runs in Table I +where they are identified by the data book
number, page number; and recorder trace number, These identifying
numbers are included for identification on the experimental results
presented in the following section. The volume gas flow rates have

all been converted to mass flow rates of the various feed systems,
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The seed flow by weight was determined by measuring the weight of
material fed during the time of a run, The numbers recorded are

tﬁ; ‘average values obtained by assuming a uniform feed rate. The
average enthalpies were determined from measured cooling water

flow rates, inlet and outlet temperatures and total gas mass flow
rates. The rate of energy input to the gas stream was obtained

by subtracting the calorimetrically measured jet losses from the

total electrical power input. By assuming the total volume of

gas to be uniformly heated, the tabulated static enthalpy was

determined from the calorimetrically measured power into the gas

and the measured mass flow rate, The average temperature is that
obtdined from computed compositions for pure air and nitrogen which
corresponds with the measured average enthalpy. The "measured"
temperature is the average of the axis values measured by spectroscopic
means. Finally,the "position) represents the distance from the

nozzle exit where the spectral probing was made. The jet configuration
refers to the three configurations shown in Figs. 5, 6, and 7

respectively.

Since the emphasis in this investigation was on developing
spectral diagnostic methods, it was considered more important and
significant to compare temperatures measured simultaneously by
several methods in the same volume element than to compare with
the average temperature obtained by calorimetric means. For
this reason, the gross jet thermal and electrical properties were
not measured with nearly the same precision as the spatially and
spectrally resolved optical radiative properties. This seems
quite justified when one considers the difficulties encountered
with any gas dynamic treatment of the properties of a subsonie

Jjet.
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IIT. ANALYTICAL METHODS

The analytical methods consisted of computing the plasma
compositions in the range of 2000 to 6000°K for seeded nibrogen
and air plasmas, The number densities were then used to compute
the temperature dependence of the respective emission coefficients
using existing transition probabilities, Fach of these computations

is described in deteail in the following sub-sections.

A. SEEDED NITROGEN PLASMA COMPOSITION
The general equations developed for computing the composition
of the seeded nitrogen plasme have taken into consideration the

following species with the seed material considered as pure potassium.

E ==K +e (1)
N, == 2N (2)
Ny === N; +e (3)
N == N" 4 e . (&)

For convenience in writing the respective equations the following

partial pressures are defined:

P1 s PK P4 E PK*'
P3 = PN P6 = PN+
Pe £ Partial pressure of electrons.

Under the assumption of local thermodynamic equilibrium at constant

pressure the following relations hold:

P2 = %/32 (5)
P, = Plsl/’Pe (6)
Py = P,S5/P, = P§SS/(Pes2) (7)
Pg = PsS, /P, (8)
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where
S, = 6.58014 x 10-7T5/2(Zh/Zl)exp(—50373.3/T)

Sy = 474455 x 10-1T5/2(Z;/Zz)exp(-113245.7/T)

S5 = 6.58014 x 10-7T5/2(Z5/Z2)exp(—180802.7/T)

s, = 6.58014 x 10'7T5/2(z6/z3)exp(-168840.2/w)
and the Z's are the respective partition functions. -Partition
functions for nitrogen were taken from the Drellishak2 Tables.
The partition functions for the potassium atom were evaluated by

T Zl - Zgiexp("Ei/T)

over the first six excited states using the energies and statistical

weights given in NBS circular 467. "The ground state statistical
weight of the potassium ion was used, i.e., Z4= =1, All of the

partition functions used in this work are given in Table II.

With the equilibrium concentration by volume of potassium seed

defined as
as (P1+P4)/P’
where P is the total pressure of the system, equations (5) through

(8) in conjunction with the following conservation equations

P=P + § P.
e 1
1=

6
P, = 2;4 P,

’

define a system of seven equations and seven unknowns, For the
general solution of this set it has been found convenient to use
Eqs. (6), (9) and (11) to express P, and P, as functions of P_as
follows:

P, = PeaR/(Pe+Sl)

P, = aPSI/(Pe+Sl).

(9)

(10)

(11)

(12)
(13)
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By means of Eqs. (11), (12) and (13),Eq. (10) can be transformed to
2
Peap/(Pe+s1) + P3/S2 +2P -P=0 (1%)

and Eq. (11) can be transformed to

aPSl/(P +8y) + P2S3/P S, + P sh/P - P, =0. (15)

By eliminating P, between Egs. (14) and (15) a sixth degree
polynomial in Pe is obtained in the following form which is

amenable to computer solution:
PO 4 AP + BB + CP® +DPP + EP. + F =0 (16)
e e e e e e

with the constants given in terms of the seed ratio, equilibrium

constants and total pressure as follows:

A= 2(s1+2s3)

B = —(2aMP+NS,) + 25 (2s3-P) + s1(8s3+s1)

3
2
C = -25, (aMP4NS,) - 255(2aMPANS,) + 455(S3-55P) + S, 55(255-P) + 2N°s,
2 2 2
D = a?M%P° - S 1S5(aMP4NS,) + S,P(2aMP4NS,) - NSS, + SSP(P-85,)
+ 2878 5(255-P) + aBN(MsN)S, + N°S,(4S,~P)

E = 25,S;P(a}P4NS,) - BNSS,S; + 25 S2P(P-2SI) + aPN(M+N)S, S,

3
-2N2S S,P + 2N2S S,
o
P NPs1s2s3 + 82 s P2 s 25 P
with M =S, - S;
N=S5-5,.

For temperatures below 6000°K the relative magnitudes of the
Si are such that S3 and 84 can be set to zero. Under this
assumption M-S, and N--0 and Eq. (16) becomes

P: + 25P + (52285 P)P? - 2asZPP_ + o°SOF = (16a)

This assumption means that contributions to Pe from ionization of

10
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the nitrogen molecules and atoms are negligible in comparison
with the contribution from ionization of the potassium atom. A
simpler approach which is consistent with the same assumptions
but involving only a quadratic equation is obtained by separating
completely the ionization process from the dissociation process.
This is possible.since the dissociation process contributes no

electrons,

Since the partial pressures of electrons and potassium
ions can be assumed equal at temperatures below 6000°K (Pe=P4)
Eq. (9) becomes
P, + P, = aP, (9a)

A combination of Eqs. (9a) and (12) gives the following desired
second degree equation in Pe:

2
P°+PS -aPS =0 (17)

with a meaningful positive root for P . By combining Egs. (9a)
and (10) the following is obtained:

2
Py + PPy + Sy + P(a-1) = 0. (18)

The positive root of this equation with P_ obtained from Eq. (17)
gives the meaningful value for P,. These values for Pe and P3
can then be used with equations(12), (5), (7) and (8) to obtain
the respective values of P, Py, PB and Pb even though the latter
two have been neglected in computing Pe as has also P3.
Values of the respective partial pressures have been obtained
on a desk calculator for a 1 atm plasma in the temperature range
2000°K to 6000°K and seed concentrations by volume (a) ranging
from 0.01 to 0.001. The corresponding number densities and seed
concentrations by weight (b) are tabulated in Table III, The
numbers for a=0 were taken directly from Drellishaks® Tables for

comparison, The relationship between the two concentrations is

b=1/[1+ (EEE)MN2/MK]

11
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where M and MN2 are the molecular weights of potassium and

nitrogen.

B. SEEDED AIR PLASMA COMPOSITION

The general equations developed for computing the composition

of the seeded air plasma have taken into consideration the

following species with the seed material considered to be pure

potassium:
K ==K + e 0, == 20
+ -
N2=P-‘2N 024——"02+e
+ - + -
Né==t:N2 + e 0 == 0 +e
N =N 4 e NO == N + 0

NO = NoT + e” .

For convenience in writing the respective equations and equilibrium

constants, the following partial pressures are defined:

P =R P, = 0,
P, = PN2 Py =P,
Py = Pia P10= For
F5 = PNE P11 =Py
P6 = PN+ P12EPNO+ .

Under the assumption of local thermodynamic equilibrium at constant
pressure the following relations hold:

S, = PeP4/P1 S, = PeP6/P3 5. = Per/P8
S, = P§/P2 Sy = P28/P7 Sg = P3P8/P11
S5 = PP;/P, Sg = P,Po/P, Sg = P,Pyo/Pyy (19)
12 12
P=P, + ) P P =) P e = (P,+B,)/P
i=1 i=h

12
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The above set of twelve equations can be reduced to the following

three to constitute the complete solution:
P§s3s5s8(Pe+sl) + B5S,8,5:50(P +5,) + P55,5S5(P,+5, )

+ PSS2SSS7SB(Pe+Sl) + P3P5828589(Pe+81) + aPS;5,8:SgP (20)

- p§s2s5ss(Pe+sl) =0
P§S588(Pe+85) + PsS,SSo(P 45,) + PiPS,So(P 45.)(1-§)

- §p§s2s8(pe+s6) - § PS,S.Sg(P,45,)= 0

(21)

P§s5ss(Pe+s1) + PsS,S.85(P +5,) + PPS,S.(P +5,)
+ P§s2s8(Pe+s1) + PgSySo(P,45,) + aPP S,8c - PSS (P +5, ) (22)

+ 2Pesgs5(P;+S1) =0

where P;, P, P8 are the respective partial pressures of electroms,

nitrogen atoms and oxygen atoms. The Si are the defined equilibrium
constants, a is the seed concentration by volume at equilibrium

temperature and

P2+P3+P'5+P'6+P11+P12

P5+P5+P§+P10+Pi1+P12

is the equilibrium ratio of the sum of all partial pressures of
species containing nitrogen to the sum of all partial pressures

of species containing oxygen.

In the calculation of Pe the contribution of electrons from
ionization of molecules and atoms of both nitrogen and oxygen can
be neglected in the range 2000°K to 6000°K when seed is present.
The contribution of electrons from the ionization of N0, though
small, can not be neglected. With these assumptions the three
general equations involving P., P8 and P; can be simplified to

PP, = ss[Pz(pe+si) ~ aS; e]/[sg(Pe+s1)] (20a)

13
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2

PISSSgP, + P5S,S55gP, + PrPoS,S(P +50)(1-§) - gp§s2sspe (o10)
~ §PgS,S,SgP, = 0

Same as Equation (22). (22a)
It is possible to eliminate either Py or Py between Egs. (20e),
(21e) and (22a). In so doing,P; and Py can be obtained es a
function of Pe only,as follows:
PosgP (P 45,)(1+8) + PgSsSgP, (P, +5,)(1+8) (23)
+ mS5(P_+5,) [Pe § -5y(1- ¢ )] + 855gP, [(2Pe-P)(Pe+S1) - aPPe] -0
P§S8Pe(Pe+Sl)(1+ £) + PsS,SgP (P +5,)(1+ §) (o)

+ ms2(Pe+s1)[Pe+s9(1- g)] + §8,85P [(2Pe-P)(Pe+Sl)-aPPe] =0

vhere m=P;P; is seen by Eq. (20a) to be & function only of P, S,
and a. Equations (20a), (23) and (24) cen, in principle, be
combined to give an equation in Pe;however this can only be
accomplished numerically by means of an electronic computer. From
such a solution for P ,all of the other partial pressures can be
computed. A very good first approximation can be obtained by
assuming that, except for the dilution effect, P3 and P8 are not
affected by the presence of seed. From the seeded nitrogen date
of Teble Il it can be seen that this assumption is certainly
valid and practicel since it leads to the following simple form

of Eq. (20e):
PZ + Pﬁs1 - Pe(aS1P+P3P8S9/S8) - P3P859S1/Ss =0. (201)

This equation with the following expressions for the equilibrium
constants was used, along with 51,52,83 and 84 given above to

compute the composition of the seeded 1 atm air plasma.
ss=imW3mePﬂ@?%hmGw%Wﬂ

S = 6.5801% x 10770/ 2(zg/z.,)exp(..m795/T)

14
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S, = 6.58014 x 10‘7T5/ 2(Z10/Z8)exp(-158037/T)

-1
Sg = 5.22682 x 10 T5/ 2(Z3Z8/Z11)exp(-75506/'1‘)

Sg = 6.58014 x 10‘7'1'5/ 2(Z12/Z11)exp(-107445/T).

The additional partition functions needed for these computations
are given in Table II. The computed results are given as number
densities in Table IV along with the concentration by volume (a)
and by weight (b) of the seed material. The relation between the
two concentratioms is as given above with the molecular weight of

air replacing that of nitrogen.

C. EMISSION COEFFICIENTS

In order %o compute the emission coefficient for a constant
concentration by weight of the seed material it was first necessary
to cross-plot the number densities which were computed at constant
concentration by volume, The reason for this approach was to
avoid the more complex form of the composition equations when
expressed in terms of the weight ratio. Emission coefficients for
each of the species of radiation investigated are treated in the
following sub-sections, starting with those species which occur at

the highest temperatures.

1. Atomic Nitrogen Lines

Two of the strongest atomic lines observed in the nitrogen
plasma are A 4935 and A 7469. These lines are chosen because they
are quite free of interference from other lines or band systems
as shown in the sample spectrum traces of Fig. 10. They also have
quite different upper energy levels which make them useful for
checking equilibrium conditions., The emission coefficients have
been computed only for the pure nitrogen and air plasmas since
they fall below the lower limits of the detector in the temperature

range encountered with the seeded plasma, i.e, 10-9watt/(cm3-ér).

Emission coefficients for the two lines have been computed from

€ =1,582 x 10-16(AgN/Z3)\ Yexp(-E m/'r) (25)

15
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3

where for A in £, N in cm™ and A in sec™! the units are wvatts/

(cm3-sr). The constants used for the two lines are

A 4935 7469
g 2 4
A(sec_l) 1. 58;:106 1.61x107
E]-n( oK) 153206 139210
3

In earlier calculations™ the transition probabilities were
erroneously taken for the total multiplets. The corrected
probabilities tabulated here are now accepted by the NBS as
correct. Using the number densities for pure nitrogen and air
plasmas published by Drellishakz, et.,al., and Hilsenrathl*, et.al.,
the emission coefficients in Figs.11 and 12were computed. The

partition functions were taken from Table II of this_report.

2, Molecular ion Band, X\ 3914 N-(1-)(0,0)
A portion of this band system recorded near the head as

emitted by the high temperature pure nitrogen jet on the axis is
shown in Fig, 13, The head portion of the band indicated by $A on
Fig.13 is composed of the first 26 components of the P branch
vhich do not overlep the R branch. The total emission coefficient
for this wavelength increment of the band has been computed by

means of the following equation:

N,

25
€=C i exP(—Ee/T) 2{2(13';1) [1_ (2K'+11)-(2K'+3)]ﬁK‘exP[_B°K'(K'+1)/T]} (26)
K!'=0 K' ’

where K' is the rotational quantum number of the upper state and

C = 161T3cg x 10-7R§qv'v"/3
6=2
= 2,9745 x 10 Reqv|vn

g=6
E, 6 = 36635.7°K

B, = 2.98308°K

ﬂK' = 4 for K' even
= 1 for K' odd.

16
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The value of Riqv'v" used in this calculation was taken as
2,36x10"0 which was obtained from the average of the seven
published values for the transition probabilities given in Ref, 5.

With XA in cm and number density in em™> the units of ﬁzqv, are

v"
such that the emission coefficient is in watt/(cmj—sr).

The computed coefficients for pure nitrogen and air plasmas
over the temperature range of 2000°K to 10,000°K are given in
Figs.11and 12, For these calculations the number densities for
nitrogen were taken from Ref. 2 and those for air from Ref. 4.
Similar results for seeded nitrogen and air plasmas are plotted
in Figs.14 and 15, For these calculations the cross-plotted
number densities from Tables ITI ‘and IV were used for constant
values of the mass ratio of seed to gas. For direct comparisons

the curves for no seed are repeated from the previous figures.

3. Electron €ontinuum

The Kramers-Unséld equation in the form

_ 1
€ = 5.41 x 10 46ziﬂN§/T= (27)

has been used to compute the emission coefficient for the electron
continuum emitted by the seeded plasmas, With electron number

3 3

densities N in cm - and T in °K the units are in vatt/(cm —sr-sec™),
The effective charge of the retarding ioms, Zeff’ is taken es 1

since only singly charged ions can exist at the low temperatures
encountered here. Since the electron number densities are practically
the same for both nitrogen and air seeded plasmas as can be seen

in Tables III and IV, the single set of curves in Fig,16 serves

for both plasmas,

According to Eq. 27 the computed continuum is independent of
frequency. In order to apply the computed results to experimental
data it is necessary to multiply by a factor C—f} where AXis the
increment of wavelength covered by the detector at the measured

wavelength A, In all experimental measurements carried out here

17
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0
A = 3922 A thus the scales of the computed coefficients must be
mltiplied by a factor of ‘v1012 in order to convert them %o
watt/(cmj-sr) for a more direct comparison with band or line

intensity measurements using approximately the same slit width.

The unique maximum reached by the continuum at about 5000°K
is the well known normal value which represents the temperature at
which the increase in emission due to increased ionization is just
balanced by the decrease caused by increasing temperature. The
location of the peak on the temperature scale as well as its
absolute maximum are both sensitive to the amount of seed present.
In prineiple, because of the extreme sensitivity of the absolute
value of the emission coefficient and relative insensitivity of the
location on the temperature scale,the measurement of such a peak
could serve to determine the concentration of seed material in a
plasma, In practice this is not true since the temperature range
of seeded operations is generally below the normal value and the
accuracy of the measured radial distribution even in cases where
the normal temperature is exceeded is mnot sufficient to properly

interpret an off axis peak,

4, Atomic Potassium Lines

The observed groupings of atomic potassium lines into "quartets"
is at first confusing when one realizes that there are only doublet
and triplet multiplet structures in the atom. The arrangement of
lines in groups of four as, for example, A 5783, A 5802, A 5813 and
A 5832 is the result of the grouping of the 32S-+-22P doublet and
the 52D-*-22P triplet under conditions where the observed A 5832
line is in actuality an unresolved pair of lines, one from each
maltiplet, with only ~ 0.2 R wavelength difference. The orientation
within the pseudo quartets is always such that the unresolved
line-pair of the triplet is well resolved from, and falls at the
long wavelength side of, the group.

18
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Because of the relatively small energy differences for the
observed multiplets of potassium, only absolute emission coefficients
for the discrete atomic lines or line pairs can give satisfactory
accuracy in temperatures determined from measured emission coefficients
in the temperature range of 2500 to 4000°K. TFor this reason the
absolute emission coefficients for selected lines and line pairs
have been determined from the computed seeded plasma compositions

and partition functions.

‘Since absolute transition probabilities are available only for
the total multiplet56 it was first necessary to develop a method
for writing the absolute emission coefficient for each line of the
multiplet in terms of thekmown line parameters and the total
transition probability. Throughout this development reference will
be made to the general structure of the multiplet energy levels as
shown below where the three lines are designated by the subscripts
i, 2 and 3.

2
A N m2D3/2 or m 81/2
]
B m2D
Ay 5/2
v 2
C . n“P
A, 32
4 2 .
D —IL—p P1/2

The total emission coefficient for the multiplet can be

written in terms of the individual lines as
-16 3 v
€ = 1.582 x 107 (N, /z,) 1);1 (Aigi/).i)exp(-E:/T) . (28)

In order to write this in terms of a total transition probability
it is necessary to define an average energy Em and wavelength X such
that

€, = 1.582 x 10'16(N1/Z1)(ATgT/i)exp(Em/T), (29)
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Such an average energy for both the upper and lower levels can be

written as

Ey* ggfy i

m g4+ By n g+ &p

With these definitions the average wavelength can be written in

terms of the average energies in °K as

1 _ (E "En)
%~ 1.4388 ’

A comparison of Eqs. (28) and (29) shows that

(ggy/D) = (A8, /3,) + (Ageo/ag) + (Asgs/As) (30)

when the defined average quantities can be made. The transi-
tion probability ratios can be written in terms of relative line

strengths as
(Ag/hy) = (55/8,)(8,/8) 0y /Ng) 3 (Ag/A)) = (S3/Sl)(gl/g3)(7\1/xj)3-

A simultaneous solution of Eqs. (30) and (31) leads to the following
expressions for the individual transition probabilities in terms of
the statistical weights, relative line strengths, wavelengths and
the total probability:

A8y Aggy Sy Agly S5
Al 1) f(x ) V A2 = };q f(>\1) H A3 7\ S f()\l) (32)
where
-1
M Se afM
o035 S onnlg

Sinece in the case of the m2D->-n P triplet )\ w )\ and in the
case of the m S-»-n P doublet A does not ex1st 1t is practical
to simplify f(ki) to

So 55 M -
0 =3y A5 1020+ 2A(3)| (53)

20
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The total emission coefficient for the unresolved line pair
of the triplet vhich falls at the wavelength A= X2 can now be
written in terms of the total multiplet transition probability
AT’ the total statistical weight Erps the average wavelength X,
average energy Eﬁ and the simplified wavelength function f(A1A3)

as
N S
rd —16 1 2 f A| k,
€ =€ + € =1.582 x 10 7, gT(1+s-1- .A,r—(———)->‘1X (34)

[}
where the wavelengths are in A and € is in watt/(cm3-sr).

Everything developed above for the m2D—+-ﬂ2P triplets can be
applied directly to the n2Sa-n2P doublets by simply setting EB’
A2 and S2 equal to zero. All of the parameters required for
computing the absolute emission coefficients for all of the lines
or line pairs used in this investigation are given in Tables 7V,
VI and VIL The computed emission coefficients for the listed lines
are plotted as a function of temperature for a range of seed

concentrations in Figs.17 through 20.

D. TEMPERATURE DETERMINATION

Because of the greater semsitivity (see ref. 5) of the absolute
intensity of 2 line or band system to temperature than the ratio
of lines or band components, only absolute emission coefficients
have been used to determine plasma temperatures in this investiga-
tion. All measured integrated intensity distributions were first
inverted to radial distributions of the emission coefficient using
a conventional method1 for the numerical solution of the inverted
Abel integral equation.

A graphical comparison of the computed temperature and the
measured radial distributions of a given species of radiation
yields the radial distribution of the temperature by elimination
of the emismion ceefficient as a common parameter. By repeating
this process with the several species of radiation emitted from

the same volume element of a plasma a check on the accuracy of
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the measurement is possible., Because of the extreme sensitivity

of the absolute emission coefficient to temperature at the lower
levels of temperature encountered in seeded plasmas the method
yields very satisfactory results. This feature also makes the
method relatively insensitive to errors in the actual concentration
and uniformity of the seed material present even though this

concentration is required in the theoretical calculations,
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IV. DISCUSSION OF RESULTS

The direct experimental results are lateral distributions of
the emitted integrated spectral intensities such as, for example,
the traces shown in Fig, 8. Such traces were first symmetrized,
smoothed and then inverted to radial distributioms of the emission
coefficients by the Nester—Olsen1 inversion method. By comparing
the inverted distributions with the computed temperature distribu-
tioms of the emission coefficients discussed in Section III the
final results in the form of radial temperature profiles were

obtained,

The analytical methods described in Section III were first
applied to the high temperature pure nitrogen jet. The graphical
method for determining the radial temperature from the measured
emission coefficient of the &A increment of the N;(l-)(0,0)
band system is illustrated in Fig, 21. Here the computed temper-
ature dependence of the emission coefficient has been normalized to
have the same maximum value as that measured, For a given value
of €, the common coordinates, (T,r), are obtained from the two
curves €(T) and €(r) by the Larenz' method. In the region where
double values exist the highest temperature is associated with
the smallest radius based on the very reasonable assumption that
T(r) is a menotenieally decreasing function. Since the location
of the peak in the € (T) distribution is determined essentially by
the electron temperature through the electronic state exponential
function, the temperature distribution obtained by this relative
method should be more nearly equal to the electronic temperature

than to the rotational temperature.
The numerical factor, ifqv'v"’ needed to normalize the two

curves of Fig. 21 was found to be 2,27 x 10-37 vhich is just about
an order of magnitude lower than the value obtained
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from the electronic oscillator strengths. To further investigate
this apparent non-equilibrium, relative intensities of rotational
components of the band system well separated in quantum number
have been investigated. The temperature determined in this
manner should be independent of the composition computations

and more nearly equal to the heavy particle temperature. The
complete wavelength distribution of the A 391% band, & portion

of thch is shown in Fig. 13, measured in integrated radiation
emitted on the axis of the high temperature jet has shown the

R branch components with K'=2 and K'=70 to be in the approximate
ratio of 1.9 to 1. From the computed equilibrium ratio shown in
Fig. 22 this measured ratio would mean an axis rotational temper-—
ature of ~9400°K, Since the wavelength response of the detector
system falls off towards shorter wavelengths, the measured ratio,
vhen properly corrected for this effect, would be even smaller

leading to a still higher temperature.

To further check the equilibrium condition, temperature
distributions were also determined by a similar comparison with
the absolute emission coefficients for two atomic spectral lines
measured in the same volume element of the plasma, The results
are compared with those determined from the band system in Fig.

23, The observed excellent agreement in temperatures determined
from the atomic lines, whose excitation energies differ by 1.2 eV,
demonstrates the existence of excitational equilibrium at the
electron temperature. The close agreement between these tempera-
tures and that determined from the normalized emission coefficients
of the band system demonstrates excitational equilibrium for the
electronic state of the molecule. The equilibrium excitation of
the rotational state of the molecule at nearly the same temperature,
as discussed above, lends considerable support to the assumption

of local thermodynemic equilibrium,

There remains, however, the observed discrepancy between the
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measured Riqv'v" factors of this experiment and that obtained from
the literature, This discrepancy is translated into a temperature
error by comparing the temperature determined from the absolute
measured and computed emission coefficients of the band system
with those discussed above, This comparison is made graphically
in Fig. 23. " The discrepancy appears to remain with the absolute
value of R:qv'v“ which can be resolved only with more accurate
experimental measurements in sources having different excitation

mechanisms,

A comparison of the computed emission coefficients discussed
in Section III demonstrates quite positively that for seeded
plasmas in the 2500°K to 4000°K temperature range the species of
radiation that must be used for temperature measurements are the
continuum and the potassium seed lines themselves, The practical
lower limit for detection of the continuum with the apparatus
used here was fvlo-lgwatt/(cms-sr-sec-l). This corresponds with
a band or line intensity of about 10-7watt/(cm3-sr). In order
to separate a discrete radiation from the background continuum its
emission coefficient would have to be at least of the order of
10_6watt/(cm3-sr) or higher, For the seeded air plasma, this
would correspond with a temperature of about 5000°K for any seed
rate, At that temperature, however, the continuum intensity will
reach its maximum which is nearly four orders of magnitude higher,
so that the lower temperature limit for using the band system in
seeded plasmas is more realistically 6000°K. On the other hand,
for a seed ratio b=0,014 the continuum intensity reaches the lower
limit at ~ 2500°K where the emission coefficient of the A 6939 KI
line is in the range of 10-3watt/(cm3-sr).

At the lowest temperatures measured in this investigation, it
was always possible to detect the increment, §A, of the band system
above the level of the continuum in the seeded plasma, The measured

emisgion coefficients for the band increment were of the order of

25



AEDC.TR-68-217

_4wntt/(cm3-sr) or higher which correspond with temperatures in

10
the range of 5000°K to 7000°K whereas the continuum and seed

line temperatures were in the range of 2500°K to 4000°K. It

would appear that some mechanism exists in the seeded plasma

for exciting this band system which is not a thermal process as

was assumed when computing the absolute value of the emission
coefficient. In addition, the above mentioned discrepancy in the
normalizing factor is in the wrong direction to account for this
difference, For these reasons it was not possible to procede

with the original plan of successively ealibrating first the

band increment against the nitrogen atomic lines, then the potassium

seed lines against the band system and finally, the continuum against

the seed line as the equilibrium temperature was lowered.

In prineciple, the rotational temperature could be determined
from a Boltzmann plot of the resolved rotational components of the
band in the same manner as is done with the electron beam excitation
in the Muntz method. However, since the aim in this investigation
was toward a simplified detection system to be developed eventually
for diagnosing the non-symmetrical accelerator plasma, this basic
problem was not pursued further under this contract. Emphasis was
placed, instead, on using the much less complex spectrum of the
potassium seed lines and the free—electron continuum as the sources

of radiation to be used in the finally selected diagnostic system,

Temperature distributions determined independently from the
measured continuum at two different seed ratios in air are shown in
Fig. 24 to demonstrate the excellent reproducibility of the method.

A comparison of temperature distributions determined from the
continuum at two different wavelengths and from three different atomic
lines of the potassium seed, all at the same seed ratio in air, are
shown in Fig. 25, Similar results for a different seed ratio in
nitrogen including the results of an attempt to determine temper-
atures by the line ratio method are shown in Fig. 26. Finally,

results for still a different seed ratio in air are shown for a
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slightly lower temperature range in Fig. 27.

These results indicate that the jet temperature is not very
sensitive to the precise amount of seed material present in the
range of 0.5 to 1% by weight. There is a tendency for the temper—
atures determined from the measured continuum to be consistently
higher than those determined from the measured atomic lines of
the seed material. The observed flattening of the temperature
distributions obtained from the potassium lines indicates that
self-absorption may be effective in reducing the intensity of
the lines emitted along the plasma diameter. Such absorption
could well be the cause of the lower temperatures obtained from

the potassium line emission.

The enlarged temperature scales used in Figs. 25-27 tend
to exaggerate the errors, An arithmetic average of the axis
values for the nine distributions given in Figs. 25 and 26
amounts to T,=3050* 4%. It is quite certain that an accurate
treatment of the self-absorption would improve this, Certainly
additional measurements of the continuum along- would lead to a
more reproducible value at the higher level., This observed
accuracy in measured temperatures im consistent with that predicted
by the theoretical curves of Section III., For example, at a temper-
ature of 3000°K,a variation of seed concentration between 0,005
and 0,010 at a specified level of the emission coefficient would
lead to an error of * 2% for the continuum and + 4% for the A 6939 KI
line., At a constant value of seed concentration a factor of
2 error in the measured emission coefficient would lead to the

same errors in determined temperatures,
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V. CONCLUSIONS AND RECOMMENDATIONS

The most general conclusion that can be drawn from the
results of this investigation is that the continuous radiation
emitted by the seeded plasma in the temperature range of 25009
to 4000°K can be employed with an accuracy of better than * 5%
to determine seeded plasma temperature distributions by means
of non-perturbing spectral probes. The method developed is
relatively insensitive to fluctuations in seed concentration and
uniformity as well as to errors in measured intensity. Radiation
emitted in atomic spectral lines of the seed material can also be
used but with only approximately half of the accuracy obtained
with the continuum. The accuracy of both methods increases with
decreasing temperature. In the above mentioned temperature range
the continuous background radiation completely masks any species
of radiation characteristic of the parent gas., This is consistent
with the conclusion that the free electron and potassium atom
concentrations can be computed in this range without considering

the ionization of any parent gas particles.

It is recommended that diagnostic instrumentation be developed
for rapid scanning of experimental plasma sources,recording
simultaneously the spectrally resolved radiation emitted by the
seed lines and the continuum. Absorption corrections for the seed
lines should be made in order to finally check the accuracy of the
continuum measurement for determining temperatures, The scanning
device and dispersing element should be designed to be compatible
with the high power plasma seeded jets and J x B accelerator
system under development at AEDC. The entire diagnostic system
should be thoroughly tested and calibrated with a more stable plasma
jet system of the type used in this investigation before attempting
to apply it to the AEDC facility.

It ie also recommended that concurrent with the development
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of practical diagnostic tools the still existing discrepancy
between the measured end computed emission coefficients for

the X 3914 Nj(1-)(0,0) band system be further investigated.

Such an investigation would involve measurements of the absolute
emission coefficients of either resolved rotational quartet

groups or of the band head increment in pure nitrogen plasmas
under different conditions of excitation, such as the stabilized
de jet and the rf induction plasma., When the existing discrepancy
between the measured and published quv'v" factor has been
resolved the enhancement of the band rediation in the presence

of seed should be thoroughly investigated.

In the event that the electronic atate excitetion is found
not to be in thermal equilibrium with the gas temperature, the
heavy particle témperature should at least be determined from
the rotational structure of the band system emitted by the seeded
plasma as a final check of the lower temperatures obtained from
the seed material itself. In addition to providing the final
check on the recommended diagnostic system, such an extension
of the program would seem justified because of the importance
of this band system to the diagnostic methods being considered

for the expansion section of the AEDC accelerator.
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Schematic diagram of first plasma jet configuration.
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Table I. Operating characteristics and average internal properties of seeded and unseeded experimental
plasma jets.
ane

IDENTIFICATION FEED GAS 1b/hr SEED JET v I (static) Tove | Tmeas | POSITION

Trace # Primary | Window [Fluidizing| ‘¢arrier [%by We. Config| (volts) | (amp)| (BTU/1b)| °K °K Inch
3-5-1 N, 6.52 0 0 0 0 1 220 91 5180 6010 | = -
3-5-3 Ng 5.43 0 0 0 0 1 200 110 6300 6300 | - -
3=7=1 N, 6.91 0 0 0 0 2 220 100 5740 6110 | ~ -
3-7-4 N, 8.30 0 0 0 0 2 295 90 4480 5810 | - -
3-8-21 Ny 5.83 0 0 0 0 2 208 145 8336 6650 | - -
3=18-1 N, 6.98 0 0 0 0 2 223 100 4579 5850 | ~ -
3-18-2 N, 6.98 0 0 0, 1.34 0 2 220 100 3763 5520 | - -
3-19-6 N, 6.68 0 0 0 0 2 200 100 4423 5800 | ~ 0.1
3=19-7 N, 6.68 0 0 N, 4.84 0 2 190 100 1797 3430 | ~ 0.1
3-21-12 >-17 |N, 6.68 0 0 0 0 2 200 100 5135 6000 {16,000 0.1
3-22-16 N, 6.68 0 0 N, 1.90 0 2 195 100 | 3007 5050 | 6,5000 0,2
3-22-18 & 19 |N, 6.68 0 0 N, 1.90 1.8 2 185 100 2609 4680 | 5,200 0.2
3-24-12 Ny 6.73 0 o Ny 1.9% 0 2 193 100 | 3300 5280 | ~ 0.2
3-24-14 & 16 N, 6.73 0 0 N, 1.9% 0 2 188 100 3100 3130 | - 0.2
3-24-17 Ny 6.73 0 0 No 1.9% 0 2 186 100 2950 5000 | ~ 0.2
3-24-18->23 (N, 6.73 0 0 Ny 1.9% 0 2 184 110 32uh 5230 | - 0.2
3-26-1—73 N, 6.73 0 0 N, 1,94 0 2 168 110 2575 5650 | - 0.2
3-26-4 ——8 N, 6.73 0 0 N, 1.9% 0 2 171 110 2704 4780 | - 0.2
3-26-9 & 10 N, 6.73 0 0 Ny 1.94 0 2 168 110 2575 w650 | - 0.2
3-26-11—-13 |N, 6.73 0 0 N, 1.9% 0 2 170 110 2661 4730 | - 0.2
3-26-14 & 15 Ny 6.73 0 0 Ny 1.9 0 2 170 100 2540 4590 | - 0,2
3-26-16—-18 N, 6.73 0 0 Ny 1.94 0 2 175 100 2737 5770 | ~ 0.2
3-26-19 —-23 N, 6.73 0 0 Ny 1.9 0 2 173 100 2658 730 | - 0.2
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Table I. (cont)
) ’ Have .
IDENTIFICATION FEED GAS 1b/hr SEED JET v I (static) Tove | Tmeas | FOSTTION|

Trace # Primary | Window {(Fluidizing| Carrier |[#%by Wt. Config] (volts) | (amp) | (BTU/1b)| °K °K Inch
3-26-24 & 25 |N, 6.73 0 N, 1.94 0 2 168 115 3454 5380 - 0.2
3-26-26 N, 6.73 0 (] 0 2 168 115 5482 5810 | - 0.2
3-28-16—>21 N, 6.73 0 N, 1.9% 0 2 170 100 2255 4180 - 0.2
3-31-1 &2 ([N, 7.12 0 N, .5.58 [ N, 2.17 0 2 160 100 1650 3180 | - 0.2
3-35-16—>19 N, 7.10 | N, 4.35 | N, 0,70 N, 5.50 0 2 171 100 4100 5680 - 0.3
3-35-20—>-26 |N, 7.10 | N, 4.35 | N, 0.70 N, 5.50 0.9 2 161 100 2158 5020| - 0.3
3-37-1—-4 |N, 6,62 N, 4.35 | N, 0.85 | N, 4.82 1.0 3 157 100 2400 4400 | - 0.3
3-37-5—-10 |N, 6.62 | N, 4.35 | N, 0.85 | N, 4.82 1.0 3 163 100 2400 8500| - 0.3
o 3-37-11 & 12 (N, 6.62 N, &.35 | N, 0.85 N, 4.82 1.5 3. 163 100 2400 4400 - 0.3
Wl 3.37-13—-16 N, 6,62 N, 4.35 | N, 0.85 N, 4.82 2.0 3 163 100 2500 00| o 0.3
3-40-1—>-17 [N, 6.62 N, 5.20 | N, 0.85 | N, 4.82 1.0 3 160 100 2238 4140 - 0.3
3-41-1—6 N, 6.03 N, 5.20 | AIR 5.03 0, 1.70 0.46 3 172 100 2330 3450 | - 0.3
3-41-7—-9 [N, 6.03 N, 5.20 | AIR 5.03 0, 1.70 0.46 3 148 100 1868 3000 - 0.3
3-42-1—-13 N, 6.03 N, 5.20 | AIR 5.03 0, 1.70 0.80 3 158 100 1990 3125 | - 0.3
3-43-1—-6 [N, 6.03 N, 4.35 | AIR 5.03 0, 1.70 0.88 3 156 100 1908 3050 | 3150 0.3
3-43-7—-10 |N, 6.03 N, 4.5 | AIR 5.03 0, 1.70 0.88 3 145 100 1775 2900 | 3150 0.3
3-44-1—-7 N, 6.03 | N, 4,33 | N, 4.7& | N, 1.4k 0 3 163 100 1812 3410 | 2900 0.3

1 3-44-8—-21 [N, 6.03 N, .33 | N, 474 | N, 1.4k 0.9% 3 163 100 1812 3410 | 2900 0.3
3-45-1 & 2 |N, 6.00 N, 3.89 [ ATR 4.93 0 0 3 163 100 1777 2900 | 2900 0.3
3-45-3 14 |N, 6.00 N, 3.89 | AIR 4.93 0, 1.69 0.76 3 163 100 1777 2900 | 2900 0.3
3-46-1—>-5 N, 6.00 N, 4.33 | N, 4.8k 0 0 3 183 100 2040 3840 | 3100 0.3
3-46-6 —~16 N, 6.00 N, k.33 N, k.84 N, 1.48 0.71 3 172 100 2200 4100 | 3100 0.3
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Table I. (cont)
Have

IDENTIFICATION FEED GAS 1b/hr SEED JET \' I (static) ave | Tmeas POSITION|

Trace # Primary | Window | Fluidizing| Carrier |[%by wt. | Config| (volts) | (amp) | (BTU/1b) | °K | °K Inch
5~-47-1—~5 [N, 6.00 N, 3.46 N, 1.21 0 ] 3 188 100 3020 5070 | - 0.3
3=47-6—>10 No 6.00 Ny 3.46 Np1 1.21 | N, 1.48 0.47 3 179 100 2659 5720 | 3000 0.3
3-47-11—-16 N, 6.00 Ny 3.46 N, 1.21 | N, 1.48 0.47 3 178 100 2976 5050 | 3000 0.3
3-48-1—>6 N, &.43 | N, 3.46 N, 2.12 0 0 3 234 98 5932 6120 | - 0.3
3-48-7—17 |N, 3.28 | N, 3.46 N, 2.12 |N, 1.06 0.84 3 216 100 3020 5070 | 3250 0.3
3-49-1 & 2 |N, 3.28 [ N, 3.46 | AIR 2.12 | 0, 0.92 1.20 3 215 100 2592 3650 | — 0.3
3-49-3 N, 3.28 Ny 3.46 AIR 2.12 | 0, 0.92 1.20 3 208 100 2538 3670 | 3300 0.3
3-49-4 N, 3.28 | N, 3,46 AIR 2.12 | 0, 0.92 1,20 3 205 100 2484 3560 | 3300 0.3
3-49-5 & 6 N, 3.28 [ N, 3.46 | AIR 2.12 | 0, 0.92 1,20 3 204 100 2916 3920 | 3300 0.3
3-49-7—14 |N, 3.28 | N, 3.46 | AIR 2.12 | 0, 0.92 1.20 3 205 100 2800 3850 | 2850 0.3
3-51-3—6 N, 5.10 0 0 0 0 1 205 140 4480 5800 0.12
3=52-1 —11 N, 5.10 0 0 0 0 1 206 140 5520 6080 0.07

%9
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Table II. Partition functions of species of particles included in pleasma
composition calculations.
T Z, , Zy Z, 7 Z
+ + +
(°K) K N, N K N, N
2000 2,001 4.3052 * 4,000 1.000 9.258° 8. 445
9500 2,003 5.942° %.000 1.000 1,298° 8.553
3000 2,012 2.8512 4.001 1.000 1.754%° 8.628
3500 2.031 1.003° k.004 1.000 2.310° 8.687
4000 2,062 1.250° 4,010 1.000 2.980° 8,737
4500 2.110 1.505° 4,022 1.000 3.780° 8,755
5000 2.175 1.828° k041 1.000 k723 8.8%4
5500 2.260 2.1617 4,069 1.000 5,821° 8.884
6000 2,364 2.529° 5,105 1,000 2.085° 8.937
T % Zg % 210 249 Zy9
+ + +
(°x) 0y 0 0, 0 NO NO
2000 2.195° 8,526 1.1817 k.000 4.285° 8.6342
2500 3.200° 8.617 1.908° 4,000 6.100° 1.193°
3000 4,336 8.680 2.810° 4.000 8.230° 1,574
3500 5.810° 8.729 3. 889° £.000 1.071% 2.015°
4000 7.4057 8.772 %1500 4.001 1,353 2.509°
4500 9.400° 8.813 6.600° 4,002 1.671% 3,064
5000 1.158% 8.855 8,246 4,005 2.024* 3.674°
5500 1.419" 8.900 1.010% 4,009 2.416* 3480
6000 1.705% 8.947 1.017 4.016 2.845" 5.0817

* Superscript indicates powers of 10.
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Table ITI. Computed number densities of the 1 atm K2CO3 seeded nitrogen plasma.

a=0

T (°K) K N, N K Ny Nt e b
2000 o 3.6708"  3.302° o  1.426° 0 1.426° o
2500 o 2936 es53tt 0 remt 0 ron® o
3000 o 2.w7'® 33067 o 5550 4.003° 5.547° o
3500 o 2.097%  a630™ 0o x300° 2,730 2327° o
4000 o 1.82'® 323 o 112410 35,6188 1.160 o
1500 o 1.617'% 157 0 13011t 157710 1wl o
5000 o 1201 477% o g.ssll  s0ml 12952 o
5500 o 1.212® 1,077 o wsu'? 30261 27?2 o
6000 o 9.677 25767 o 1263 2,166 350213 o

a=0,001

T (*K) K N, N K Ny N* e h
2000 3.6677 3.6661%  3.2097 3.021'% 6.185712  2.165719  3.02112 1.39273
2500 2.8977 2.953'8  s.510'! 3.938%0 3.80100 1.305710  3.938'3 139273
3000 2.23500 2.4.61® 33937 2,121 136971 g.sn - 2.21™ 1.3927
3500 1.4618 2,0041®  4.627'% 6.358'% 2.788! 1.770° 6.3581* 1.3037
5000  6.722™% 1.829'® 3,200 1,163'7 1,075’ 3.457° 1,163 1.39473
w500 2.119™% 1.6131%  1.154%% 1.419"° 1.4607 1.655° 1.419%%  1,40073
5000  5.99410 1.417'%  4.7671% 1.408'% &7 2.751° 1408 181773

8 1.02717 1.3161° 2.5801° 1.86710 1.316%7 1.46073

7 5

5500 1.873%0 1.210'

7

6000 6.28712 9.6341 2.5711 1.2171 4.08311 6.20611 1,21715 1.558‘3

* Superscript indicates powers of 10.
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Table III. (cont)

a=0.005

T (°K) K N, N K* N, N* e b

16

* -
o000  1.83:1% 3.651 3.203°  6.756'2 2.756712  9.65372°  6.75612 6.95173

2500  1.450%° 2.9211%  g.u03'! s.83010 1.6%7 5.7905711  g.8301> 6.95173

3000 1.1750 2.43'® 338617 n.ses!* s.ou82  4.30770 n.ee3tt 695270
3500  8.9190 2,085  n.617'% 1.56617 1,127 747170 1,567 6.95673
w000  5.7697 1.819"® 3,231 3.u06" 3.643° 1.177 3.406%% 6.97073
w500 2.903 1.603'%  1.150'¢ 5.2531% 3.920° 5.458° 5.25317 7.004~3
5000 1,155" 1.407"®  w79™ 6.am’® 1.08° 61967  6asm’® 7.0057
5500  4.2561% 1.2001®  1.22017 6.250'7 5.390° 3.9867 6.2501% 7.31973

6000  1.651% 9.540%7 2.56017 5.9501° 8,27610 1.26u11 5.95017 7.804~3

a=0,01

T (°K) K N, N K Ny N* e b

2000  3.669' 3.653'8  3.2m® 9.55412 1.938712  6.800720  g.55412 1.388°2
2500  1.45616 2.90718  s.amll 1.251%% 1.186%  s.os3l 1.2511% 138872
3000 2.378'0 2.128'®  3.377"3 6.018™ sz 3.01977  6.918't 13892
3500  1.860%0 2,0721®  n.eou* 2.0m0 7.716 wo2wt 20wl 138972
5000  1.32010 1.808'®  3.222'7 5,15017 2.304° 7.757° 5.1521%  1,39372
5500 7.735%0 1.5021% 1,410 g 57817 2,3mu8 2.721° 8.5781° 1.401" 2
5000  3.6677 1.395'®  4.720"® 1.1011¢ 1.104% 3.4647 1.10110 1, 49972
5500  1.487%0 1.188'®  1.21617 1.18316 2.821° 2.059° 1,185 14672

16 16

6000  6.279'% o.1u617  2.5u617 1.160%% 1.198'%  6.44510  1.1601° 1.56472

¥ Superscript indicates powers of 10.
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Table IV. Computed number densities of the 1 atm K2003
seeded air plasma.

a= 0,001

T (°K) K K* e N, N Ny N*
2000 3.6678 © 3.02112  3.02112  2.8011% 2,929  4.876712 1.921~19
2500 2.80787  3.938)3  3.9388>  2.248'® 7.a50l! 2.91570  1,140712
3000 2.200" 12,1211 2,121%%  1,828'® 2.885'% 1.0m7!  8.41270
3500 1.428'%  6.358M  6.358'% 145318 3es5!h 1,935 1.4752
4000 6.7221*  1.16317  1.1637  1.214'®  2.6u0?®  7.123% 1,763
4500 2.119™ 14197  1.419%7  1.407'® 117210 gamb®  1.3330
5000 6.0067 1.508'%  1.4111%  9.35117 3.8721% 5.820%  2.2008
5500 1,907 1,316 13308 7,720 9.7891® 1.62910  1,475%0
6000 7.188%  1.21617  1,268'7  6.06617 2.080'7 2.u68!t 4,708t
T (°K) 0, 0 0, o* NoO No* b
2000 782887 1,068 u.966~  3.542712  2.9261% 3.93:1° 1,351
2500 5.71007  1.8512% 9.31172 46320  6.658'0 n.315% 1,351
3000 5.9157  1.1007  1.5e30  2.512° 1.00717 2,037  1.35170
3500 196227 3.12117 1.606®  s5.5247  1.086%7  1.495% 135070
%000 5,647 w7577 1787 1.582% 7.850'6  3.303%0  1.3533
4500 122436 5.02017 2460 1310 n.easi®  2.10511 135070
5000 35,1607  4.737'7  1.6577  4.9227  2.777% o.8361% 1,376
5500 9.2612* k20617 7713 95131% newm®  1aze!  1.u1¢3
6000 5.009'  3.778'7  2.55111  1.09212  9.77017  5.16617 1.58273

* Superscript indicates powers of 10.
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* Superscript indicates powers of 10.

a= 0,005

T (°K) K K" e N, N Ny N*
2000 1.o3618 " 6.75612  6.75612 2.86718  2.9187  2.163°12 &.554720
2500 155976  8.839%3  8.83917 2.2291%  7.u20!  1,28870  5.062711
3000 1,175 4.8651%  n.e631%  1.7721%  2.890'> u.28002  3.65470
3500 8.9107 1.566%7  1.566%7 1.4421% 3,839 7.7922  5.96371
4000 5.769  3.406%°  3.406Y7 1.2041%  2.629'% 2,412  9.5762
4500 2.902'% 5.255%%  5.253%% 1.039'®  1.167'® 2.5u0*  3.589°
5000 1.156% 6.8 6.am?®  9.27617  3.856'6 1.517°  5.0507
5500 nosstt 62507 6.25000  7.65817  0.7501% .m0 31270
6000 1.6561%  5.9001%  5.06Y°  6.007'7  2.032'7 5.206'  1,0011°
T (%K) 0, 0 0, o* NO No* b

2000 7.369'7 - 1,002'% 7,277 1577712 2,905 170 6.7
2500 s5.66627 1,836 86011 2.055°  6.6101% 1.900*  6.7a97
3000 3.88517  1,00617 1.788'  1.001°  1.009'7 8.787%  6.7507
3500 104617 3.100'7 2.970° 2,237  1.077Y7 6.022®  6.7557
4000 5.6020 14,7381 6,001  5.379°  7.788'% 1.119%°  6.7677
4500 - 1.264%  5.0007 6.6187  3.5267  4.6001% 9.997'%  6.8007
5000 30559 s.718'7 3,750 148 2.755%%  6.u20l!  6.mes
5500 9.2062* k27017 1,629  2.017'°  1.6311¢ 3.03612 7,106
6000 '5.025M%  3,76317 5.38110 23131 9,701 1.00017  7.5777
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Table IV. (cont)

a=0,01
T ( °K) K K* e X, N Ny N*
2000 5.6690 " 9.55512  0.555'2 2.830'®  2.903° 1.514712 6.01620
2500 2.925% 1,051 1,051 2.008'® 7.3831' 9.0057  3.558711
3000 2.578'%  6.918'  6.018'% 1,701 -2,905'3 2.98072  2.55677
3500 1.8701% 2,279  2.2771% 1.a07'® 38201 53111 k.05
%000 1.3200%  5.1501%  5.1591%  1.119®  2.6161% 1.5792  6.2992
4500 77355 85150 s.5p5710 1,028  1.161%6 1500 1750
5000 3.6677 1.107 1% 1.1013% 9.18317 383110 7.3237 2,828
5500 1525 1.185%%  11831® 757817 9.710'® 1.800°  1.6u1°
6000 6.281%% 1,160  1.161%0 5.95717  2.022'7 2.6461°  5.1161
T (°K) 0, 0 0, o* NoO No* b
2000 7.2957  1.0861° s5.008°  1.110712 2.87316 1,220 1,35172
2500 5.60817  1.831% 6.016™1  1.aaod  6.53810 1.337% 1,351-2
3000 3.8 1,007 1.2 76307 g.0m!® 6.118°5 135172
3500 1.9277 3,037 2,025  1.530*7  1.066'7 .07  1.34972
%000 550629 w7l 3.0:8 10738 2.71016 7.3m8 13502
4500 1,251 497517 w0137 s.o0a7  s.551% 6.06210  1.360°2
5000 3.100°°  5.604)7 2.085° 1175  2.927%% 35601 138172
5500 o 11sl*  n.25717 85108  1.06010  1.61510 158812  1,moa"2
6000 2,904 3,757 2,73610 1.1 9.603'% 5.539'2 1,518~

* Superscript indicates powers of 10.
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Identifying .parameters for doublet and triplet multiplets
of the potassium atom.

- Configuration
2., 2
I P52 %P3
.2 2
9 ,DS /2 4 P3 /2
9.7 2
905/ 4Py
. ' 2
82])3 /2 4 P3 /2
2
82D5/2 5%,
27 . 2
8D WPy
2 2
5 D3/2 A P3/2
2
|5?D5/2 4 P51
X 2
Dysp 7Py
2 2
6"S170 X5
.'1 2 2
65y WPy

S,
i

4

36

20

36
20

36
20

10

A(Ksvne) E (e

POTASSTUM
Desig.
(1) 4871.1]
*
(2) 4871.1
(3) 4857.4
(1)  4965.0%
*
(2) 4965.04]
(3)  4950.82
(1) 583.2.09]*
(2) 5832.27
(3) 812,52
(1)  6940.69 ,
(3) 6913.01

* Lines used in this investigation.

71

33572.11
33572.11
33572.11

33178.4
33178.4
35178.4

30185.7 -

30185.5
30185.7

27450.65

27450.65

g, Ag(sec™)
4
6% 3.10x10°
4
|
6% 3.90x10°
4

/
4\

6) 3.20x10°
4

2
8.951:10

2
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Table VI.
92D — 42p
E, 33572 11cm
g, 4
E, 3357211
&g 6
E, 13042, 89
€e 4
ED 12985,17
gp 2
E 33572.11
gy 10

X (vac) 4866.58

Table VII.

82D —42p

33178. 36
4
33178.36
6
13042,89
4
12985,17
2
33178.36
10
4961,64

Average energy levels, statistical weights and wavelengths
for multiplets of the potassium atom.

52p —» 4P 625 ~1°p
30185.69cm > 27450.65cm
4 2
30185.18 —
6 —_—
1304289 13042.89
4 4
12985,17 12985,17
2 2
30185.38 27450,65
10 2
5826.98 693158

Computed parameters fer multiplets of the

potassium atom,

[ - [ - -1 -1 —_
A
Y (>~v£18 2 | Ba) | & (145/8, )| Aglsec™) | 200, N,/ XX
4871.1 | 4866.5 | 4857.% | 33572.1 | 10 10 3.10x10° | 1.4618x10™°
4965.0 | 4961.6 | 4950.8 | 33178.% | 10 10 3.90x10° | 1.3384kx10>
5832.2 | 5826.9 | 5812.5 | 30185.% | 10 10 3.20x10° | 1.1389x10™
6940,7 6931.5 6913,0 27450,7 2 - 8.95x106 9.5660:10"5
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