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ABSTRACT

In the first part of the study, an RF coupled, atmos-
pheric pressure, laminar plasma jet of argon was investi-
gated for thermodynamic equilibrium and some rate processes.

Improved values of transition probabilities for 17 lines
of argon I were developed from known values for 7 lines. The
effect of inhomogeneity of the source was pointed out.

The temperatures, T, and the electron densities, Ngs
were determined spectroscopically from the population densi-
ties of the higher excited states assuming the Saha-Boltzmann
relationship to be valid for these states. The axial veloci-
ties, v, Were measured by tracing the paths of particles of
boron nitride using a three-dimentional mapping fechnique.
The above quantities varied in the fcllowing ranges: 1012<:

15 3
ng < 10

particles/cm™, 3500 << T << 11000°K, and 200 < v, <<
1200 cm/sec.

The absence of excitation equilibrium for the lower ex-
citation population including the ground state under certain
conditions of T and n, was established and the departure from
equilibrium was examined quantitatively. The ground state
was shown to be highly underpopulated for the decaying
plasma.

Rates of recombination between electrons and ions were

obtalined by solving the steady-state equation of continuity

for electrons. The observed rates were consistent with a-
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dissociative-molecular ion mechanism with a steady-state
assumption for the molecular ions.

In the second part of the study, decomposition of NO
was studied in the plasma at lower temperatures. The mole
fractions of NO denoted by Xy Were determined gas-chromato-
graphically and varied between 0.0012-<ZXNO<< 0.0055.,  The
temperatures were measured pyrometrically and varied between
1300 < T < 1750°K. The observed rates of decomposition were
orders of meagnitude greater than those cbtained by the previ-
ous workers under purely thermal reaction conditions. The
overall activation energy was about 9 kcal/g mol which was
considerably lower thén the value under thermal conditions.
The effect of excess nitrogen was to reduce the rate of de-
composition of NO and to increase the order of the reaction
with respect to NO from 1.33 to 1.85. The observed rates
were consistent with a chain mechanism in which atomic nitro-
gen and oxygen act as chain carriers. The increased rates of
decomposition and the reduced activation energy in the pres-
ence of the plasma could be explained on the basis of the
Observed large amount of atomlic nitrogen which was probably
Hformed as the result of reactions between excited atoms and

ions of argon and the molecular nitrogen.
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INTRODUCTION

The plasma jet 1s a versatile source of energy at very
high temperatures, not easily attainable in the laboratory
by chemical combustion processes, and as such offers exciting
possibilities for studying chemical reactions and transport
phenomena at very high temperatures. In addition, the effect
of electronically excited species and free electrons on chem-
ical reactions can be readily studied in a plasma Jjet.

A plasma may be defined in general terms as the lonized
sta£e of a gas in which the microscopic neutrality of the
electrical charge is retained. The plasma state is charac-
terized by the presence of atoms and molecules in their
ground and excited states, ions in their ground and excited
states, and free electrons.

When a stream of gas is subjected to a high degree of
excitation by some external source such as a radio-frequency
discharge, a plasma jet is formed. The plasma generator used
in this study was similar to that described by Reed(l’ 2).

An RF induction heated plasma was preferred over the arc
type, because the RF method avoids the contamination arising
from the electrodes and it has a stable operation over a long
period. Argon was employed as the plasma gas because it
forms plasma easily in the RF apparatus, it has a simple and
well-defined atomic spectrum, and it is readily available in

high purity.



The basic‘objective of this study was to investigate
chemical reactions in the plasma. Decomposition of nitric
oxide was chosen as the model reaction because this reaction
is of great interest in the fixation of atmospheric nitrogen,
and in the problem of air-pollution due to reactions occurr-
ing inside an internal combustion engine. A process for
manufacturing nitric acid by fixation of the atmospheric
nitrogen by means of an electric discharge was developed as

(3
long ago as 1900 A.D. ). The later developments 1n this

process are reported by Timmins and Amman(u). The reactions
of compounds of nitrogen and oxygen are also of interest in
the problem of re—enfry of space vehicles 1in the fterrestrial
atmosphere.,

It was necessary to make an inquiry into the thermody-
namic state of the plasma in order to investigate the role
of the plasma in the reaction under study. The term "state"
denotes the composition of the various constituents of the
plasma and the various equilibrium relationships between
them. The scope of this inquiry was limited to the Question
of excitation equilibrium in a decaying plasma, Information
regarding the basic atomic and electronic processes which
establish the state of a plasma can be found in excellent
references on this subject(s’ 6, 7).

The process of decay of a plasma is characterized by the

recombination of electrons with ions. It was found that the

-process of decay of the plasma had an influence on the rafe of



decomposition of nitric oxide., Therefore the recombination
of electrons with ions in the argon plasma was studied.

To obtain the rates of a reaction in a steady-state-flow
system such as the plasma jet, it was necessary to know the
velocity distribution in the reactor. A flow visualization
technique was developed to obtain the velocity distribution
in the plasma jet.

The diagnostic techniques for plasmas are described in

(8, 9)

references Spectroscopy provided a powerful diag-
nostic technique in the determination of the excitation popu-
lation, which was required in the characterization of the
plasma in this study. An important quantity which enables
determination of the population densities of the éxcitation
levels from the spectroscopic observations 1s the Einstein
transition probability. It was thought worthwhile to devote
some effort to examine the values of the transition proba-
bilities of argon reported in the literature and to improve
them for their use in the spectroscopic studies.

A gas-chromatographic technique was developéd fér the
quantitative determination of nitric oxide and nitrogen in
the study of decomposition of nitric oxide. The range of
temperatureé from 1300 to 1750°K chosen for this study was
sufficiently low to make the use of such a technique practi-
cal,

The sequence of the following material is based on the

continuity of presentation rather than the scheme of work.



A number of publications related to the work are réported at
the end of this presentation as appendices and they will be
referred to frequently. In a few instances, the nomenclature

for these appendices may be slightly different from that for

the following presentation,



SECTION I

THERMODYNAMIC AND KINETIC BEHAVIOR
OF THE ARGON PLASMA JET

1. Experimental Apparatus

A general photographic view of the experimental appara-
tus is shown in Figure I-1. The basic apparatus was describ-
ed in a publication which is reproduced in Appendix A-l,

A plasma generated by induction heating with a radio-

(l’ 2) was

frequency unit similar to that described by Reed
the source of radiation. The plasma generator consisted of
a high-voltage-power supply feeding d,c. power into a tuned-
grid oscillator tube; the plate of which was presented with
an inductive load by means of 3 turns of water-cooled copper
tubing. The RF coil and the plasma-reactor assembly are
shown in Figure I-2. The plasma gas which was argon, was
introduced at a rate of 2.4 1/min into the inner quartz tube
which was 25 mm in diameter, and was taperéd to 20 mm diame-
ter at its tip. The inner quartz tube extended right to
the upper turn of the RF coll. The cooling gas, which was
also argon, was introduced at a rate of 11.9 1/min into the
annular gap between the inner quartz tube and a coaxial
quartz tube which was 35.5 mm 0.D. / 32.5 mm I.D. and 38 cm
long. The outer tube extended 22 cm below the bottom turn
of the RF coil.

The plasma was initiated by inserting a graphite rod.

The electrical power output of the plasma generator could.



be monitored by varying the supply voltage by means of a
powerstat. The net power output to the plasma gas was cal-
culated as 1.6 kw from the electrical power output under the
operating conditions with and without the plasma. The os-
cillator current and the net power Qutput to the plasma was
quite sensitive to the composition of the plasma gas, and
impurities as low as 100 ppm were found to affect the oper-
ation of the plasma generator (see Appendix A-2).

The flame extended approximately 18 cm below the bottom
turn of the RF coil. A white glow was present at the open
end of the outer quartz tube, which was spectroscopically
analysed to be mainly N;(l -ve) and N2(2 +ve) band radiation,
possibly arising from the excitation of nitrogen present in
the ambient air by the hot argon coming in contact at the
open end of the tube,.

The radiation from the plasma passed via an optical
scanning system composed of seven front-surface mirrors and
a quartz—lithium—fluofide achromatic, condensing lens into
the spectrophotometric slit. Vertical and horizontal scann-
ing of the plasma jet was achieved by means of moving plat-
forms. The horizontal scanning couldvbe synchronized, so
that the intensities could be recorded as a function of lat-
eral position in the plasma jet at a given axial position.
The condensing lens had an aperture ratio of f:3.5 and the
maghification factor for the image was 0.21.

The spectrophotometer was a 0.5-meter, Ebert-type unit



having a grating with 1180 grooves/mm which gave a dispersion
of 16 K/mm in the first order. Curved slits were used for
maximum efficiency. The entrance slit was 60 microns x 1.5mm
and the exit slit was 60 microns x 3mm. An RCA type 1P28
photomultiplier tube was used as the detector. The usable
wavelength response of the detector was between 3000 -~ 7000 Z.

In order to increase the signal/noise ratio of the de-
tecting system, a lock-in amplifier was used to amplify the
electrical signal from the photomultiplier tube. A lock-in
amplifier consists of a tuned-frequency amplifier, followed
by a phase-sensitive detector and an RC filter. For further
details of the lock-in technique, refer to the manufacturer's
manual<lo). The optical signal was chopped at 1000 Hz by
means of a mechanical chopper placed in front of the entrance
slit of the spectrophotometer. The chopper simultaneously
produced a reference signal at 1000 Hz required for the
phase-sensitive-detector circuit in the amplifier. The
low-pass filtering circuit in the amplifier in effect inte-
grated the signal as the function of time. The noise being
symmetric about zero, produced a null signal after inte-
gration, while the detector signal grew with time. Thus the
Signal/noise ratio was considerably improved, permitting
detection of weak signals.,

A record of the output from the lock-in amplifier was
traced on a potentiometric chaft recorder having a full—scalé

sensitivity of 1 mV. The recorder was fitted with an



electronic integrator which allowed a measure of the line
intensity to be obtained immediately. A typical trace of

the line intensity on the chart of the recorder is shown in
Figure I-3. Filgure 1—4 shows a scan of the spectrum of argon
I made by the spectrophotometer, between 3600 - 5700 Z. Some
of the stronger and isolated lines of interest‘are identi-
fied. The peaks by no means represent the intensity of the
lines, and no correction is made for the spectral response

of the setup. The overall spectral response of the setup

was obtained by the procedure described in Appendix A-1,

and a correction for the spectral response was always applied
in the measurement of intensities.

A study of the different spectroscopic methods of
measurement of temperatures in the plasma jet required later-
al scanning of intensities of two pre-selected spectral lines
of argon. The additional equipment used for this purpose 1s
shown in Figure I-5, A 1.5-m spectrograph of the grating
type, covering the spectral range of 3700 - 7400 Z and having
a dispersion of 15 K/mm in the first order was used in addi-
tion to the wavelength-scanning spectrophotometer. A tilting
mirror, as shown in Figure I-5 allowed the image of the
plasma jet to be switched between the two ihstruments. The
1.5-m spectrograph was originally designed for a photographic
analysis, and it was provided with a chamber for inserting a
photographic film. TUsing the photographic record of the

spectrum of argon as a guide, two narrow slits were cut for



each spectral line in a thin strip of metal which took place
of the film holder. The function of the double slit was to
make a correction for the continuum emission which was super-
imposed on the line radiation. The principle of correction
for the background radiation was based on the operation of
the lock-in amplifier which was sensitive to the time-varying
component of the signal only. Essentially, one of the slits
allowed the line plus the background radiation to pass, while
the adjacent slit of equal dimensions allowed only the backf
ground radiation to pass through. The chopper placed between
the slits and the detector was so designed that the two sig-
nals were 180° out of phase, so that the background radiation
produced only a d.c. signal which was filtered out by the
a.c, amplifier,.

The description of the photographic setup used for the
measurement of velocities 1in the plasma jet can be found in
the publication reproduced in Appendix A-6. Figure I-6 shows

a schematic diagram of the setup.

2. Transition Probabilities

The measurement of some transition probabilitlies of
argon I constituted the initial part of this work. Two pub-
lications which discuss the method of measurement, the ex-
perimental apparatus and the results, are reproduced in
Appendices A-4 and A-5. Appendix A-5 should be read as a

suppliment to Appendix A-4, Table 2 of Appendix A-5 gives
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the values of transition probabilities for 18 lines of argon
I in the range of 5000 — 6500 A, determined experimentally.
The transition probability of the line at 3834.68 A reported
in Table 1 of Appendix A-U was improved on the basis of the

I P
revised straight-line plot of logZB NN vys, E(n) shown in

anSAnm .
Figure 1 of Appendix A-5. The improved value was 5.6 x 10
sec” T,

A comparison of the transition probabilities reported
in Table 1 of Appendix A-5 with those determined by other
workers is given in Table I-1. The transition probabilities
reported in this study were normalized on the absolute scalg

discussed and accepted in reference (1) of Appendix A-5.

3. Determination of Temperatures

An excellent review of the methods of temperature
measurement in plasmas appears in reference (11). An attempt
was made to compare the temperatures measured by the follow-
ing three spectroscopic techniques,

The first technlique was based on the slope of the plot of
Inm 2nm
g(n)Ang

technique will be referred to as the "slope method"™. The

log vs. E(n), and is described in Appendix A-4., This

second technique was based on the ratio of two line intensi-
12 :

ties( ). The following equation could be obtained by taking

the ratio of intensities of two spectral lines, using equa-

tion (1) of Appendix A-U4:
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_ E(p) - E(aq)
Lor Aquprg(p) kT

= e (I-1)
Igs — Aprfqss(d)

The temperature could be obtained from the above equation

rearranged in the following form:

a
T = . (I-2)

b + log Tﬂi

pr

where a and b were constants which could be evaluated
from the known physical constants associated with the two
lines. In the evaluation of the temperatures by this tech-
nique, referred to as the "ratlio method", two lines of argon
I at 4300 K and 5739 3 were selected on the basis bf their
isolation from the rest of the spectrum, and thelr strong
emission. The intensities of these two lines were monitored
simultaneously by means of two RCA type 6199 photomultiplier
tubes attached to the 1.5-m spectrograph as described above,

The spectroscopic data related to the two lines are given

below:
A, = 4300 A Aqs = 5739 A
Apr = 3.9 x 105(sec)-1 Aqs = 10 x ZLOS(sec)-1
g(p) = 5 g(q) =5
E(p) = 116999.4(cm)™ % B(q) = 123505.5(cm) "

The intensities measured by .the side-on observations
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were converted to the radial intensities by the use of Abel~
inversion procedure which is @escribed in Appendix A-3. The
radial distribution of temperatures'in the plasma jet was
then calculated in accord with equation (I-2).

The thifd téchnique which will be referred to as the
"reference-temperature method" was based on the following
form of equation (1) of Appendix A-L4., The measured intensity
of a given line at the required point in the plasma jet was
compared with the intensity of the same line at the axls of
the plasma jet where the temperature was previously deter-
mined by the "slope method". The pertinent equation for cal-
culating the radial distribution of temperatures in the above

manner was:

T e (I=-3)

The temperatures evaluated separately for the two lines
mentioned above, agreed within 20°K at a given point. An
average of the two values was taken at each point.

Figure I-7 gives a comparison between the radial distri-
butions of temperatures obtained by the slope method, ratio
method and the reference-temperature method, for a plane
which was 4.7 cm below the leading edge of the RF coil.

In the cooler portion of the plasma, where the degree

of excitation was low, a pyrometric technique based on
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equation (Al-1) was used. Openings having a diameter of 1 mm
were provided in the quartz tube through which a mullite tube
which had a 0.8-mm 0.D. could be inserted at known depths, and
the brightness temperature at its tip could be read with an
optical pyrometer located at a distance from the plasma Jet.
The emissivity of mullite was assumed to be 0.4, but the
temperature was quite insensitive to the value of emissivity,
as seen from equation (Al-1). Mullite, having a high soften-
iﬁg point of 1900°K, and being relatively non-conductive of
heat, was a sultable material for this technique. Correc=-
tions for the stagna@ion of gas and the formation of film
around the probe were not considered. These sources might
introduce an error of the order of -10°K in the measured
temperatures, The pyrometric method ylelded the kinetic
temperatures of the gas while the spectroscopic methods dis-
cussed above gave the excitation temperatures. In Figure
I-7, the temperature profile obtained by the slope method
has been extended to the quartz wall, with help of the tem-
peratures determined pyrometrically.

The uncertainty in the measurement of temperature by
the ratio method was estimated as:
O.7E§Ipr AIqS]

+ at 6000°K
Tor Tys A

AT
T

Assuming the error in the relative intensity measurements to

be 5 per cent, the corresponding uncertainty in the measured



14

temperatures was I 7 per cent. The uncertainty could be re-
duced by choosing the two lines with widely separated energy
levels, but iIn that case, the assumption of equilibrium
between these levels may be gquestionable.

For the reference-~temperature method, the uncertainty

in the temperature was:

AT

A A £

- o.ogu[——l— + 29 ———r—e——} at 6000°K
T T T o

It 1s clear from the above equation that most of the uncer-
tainty arose from the uncertainty in the reference tempera-
ture itself, which remained in the systematic form.

The slope method was the most reliable method studied,
although it was more time-consuming. In a typicai case, T
experimental points were used to establish the slope, and a
standard deviation of 3 per cent was obtained for the slope.
The error in the temperature was then about 3 per cent.
Further, deviations from equilibrium could be easily detect-
ed from the plot of logzﬁmiiﬁm vs. E(n). The reference

g(n)A
temperature method should have yielded results close to the
slope method, because the two methods had a common point of
reference, which was the axis,'but the temperatures obtained
by the reference method were always higher than those obtain-~
ed by the slope method, the discrepancy increasing towards
the_boundary. Examination of equation (1) of Appendix A-l,

which was based.on the assumption of a complete thermodynamic
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equilibrium and was used in the reference-temperature method,
reveals that the discrepancy could be an indication of the
absence of complete thermodynamic equilibrium in the plasma.
Therefore, the next step was to examine the question of equi-

librium in the plasma jet under study.

4, Excitation Equilibrium

An important assumption made in this study was that the
excitation temperature obtained by the slope method was equal
to the kinetic temperature of the electrons and atoms. The
kinetic energy levels of particles are almost continuously
spaced and a large number of collisions are of the elastic
type,so that one can safely assume a Maxwellian veloclty
distribution for each kind of particles in a plasma under
atmospheric pressure. Inefficient transfer of energy between
the particles of widely different masses may restrict the
equilibrium between electrons and atoms, but in the plasma
under investigation, the time for equilibration was of the

order of lO"5 sec(lB)

. After this indgction periqd, the same
kinetic temperature would pfessumably characterize both
electrons and atoms.

The excitation levels of an atom are closely spaced near
the ionization level, so that the Saha-Boltzmann relationship
can be always assumed for the higher excited states. . The

lower energy levels are however, widely separated, due to

which the condition of equilibrium may not prevail among
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these states.
. (14) .

Bates and Kingston proposed a collisive-radiative
model for a hydrogen plasma in which they were able to prodict
the departure from equilibrium of the lower excited states

1!
.quantitatively. McWhirter and Hearn( 5) extended their cal-
culations to other hydrogen-like atoms. Some salient fea-

tures of the collisive-radiative model are as follows:

1. The population density of a given excited state
denoted by the principal guantum number p 1is main-
tained by the processes of excilitation and de-excit-

ation:

QEE%El = (rate of excitation) — (rate of de-excitation)

each rate being a sum over the different energy
levels, written in the proper form.

2. The kinetic processes consldered in the model are:
excitation and de-excitation by electron impact,
ionization and recombination by electron impact, and
spontaneous radiative decay. Atom-atom collisions
are neglected because they are infrequent and mostly
of the elastic type.

3. - All the energy levels above a certain.cut—off quantum
number (¥) are assumed to be in partial equilibrium

with each other and with the free electrons so that
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the Saha-Boltzmann relationship is satisfied by these
levels, together with the free electrons.

b4, The relaxation-time constant of the ground state is
orders of magnitude longef than that for the excited
system of an atom. As a consequence, the changes
in the excitation population may be regarded as Iin-
stantaneous in comparison with the change in the
ground-state population. This 1s the quasiestéady

state assumption for the excitation population.

Deviations from comlete and partial thermodynamic
equilibrium of inert-gas plasmas have been studied in both
transient and steady-state discharges. Hinnov and Hirschberg
(16) measured the instantaneous line intensities in a hellum
afterglow at low pressures and deduced that the excitation
levels with a principal quantum number less than 3 were not
in equilibrium at temperatures of the order of ZOOOOK.
Hattenburg and Kostkowski(l7) observed an off-axis peak in
the intenéity of a symmetrical helium plasma, which they
attributed to the absence of equilibrium. Their data sug-
gested that the radial distribution of electron temperature
determined from the measured distribution of electron density
was not consistent with the radial-intensity profiles. Simon

and Rogers(18)

claimed that the excitation temperature of
o _
4800 K measured by them, using the relative distribution of

intensity of line radiation from an arc plasma in helium
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was much below that required to maintain the electron den-
sity of 1.2 x 1016 particles/cm3 measured from the seriles
limit of the resolvable lines. Bott(lg) observed 1n an
atmospheric helium arc that the temperatures calculated from
the absolute line intensities were much higher than those
obtained from the relative population densities, at low arc
currents. His observations are supported by the conclusions
drawn in this study, from the measurement of temperatures by
different techniques. Bott's work on an argon arc plasma(2o)
gave clear evidence regarding non-equilibrium of the 2p2
level in argon I below 8000°K or so. Freeman(gl) found that
in an arc-heated argon plasma Jjet, the composition of elec-
trons, ions, ground-state atoms and metastable atoms was
consistent with a complete thermodynamic equilibrium. Scholz

(22)

and Anderson investigated the central core of an RF-heat-
ed-argon-plasma jet at different pressures and concluded that
deviations from equilibrium set iIn near the 3p6 level of AI
at pressures below 0,1 atm. Brewer and McGregor(23) observed
that the line radiation from an argon-plasma Jet was much
higher than 1ts equilibrium value. They proposed the ex-.
~1stence of an equilibrium system of excited atoms with the
long-lived-metastable state as their ground level. Assuming
that the interaction between the normal excited system and
the metastable system to be negligible, they obtained an ex-
pression for the population density of any excited state, which

can be written with an additional assumption that n,=n(l) as:

t
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_E(p)
n(p) = 57(9-)—_63 KT 1n(1)
_E(p) - E(2) _ E(p)
PleRL ST e TR

m
(I-4)

In the light of the collisive-radiative model for plasmas,
the metastable atoms may have some influence on the excit-
ation population, but the hypothesis of a metastable-equi-
librium system having distinguishable atoms in the same
energy level is not reasonable, and not necessary[

An a priori assumption of a complete thermodynamic equi-
librium has sometimes led to erroneocus conclusions. For
example, Chu and Gottschlich(gu) measured the temperatures
in an alkali seeded argon plasma by both pyrometric and the
absolute-line-intensity methods and concluded that the elec-
tron tempefature was much higher than the atom temperature
assuming that the absolute-line-intensity method gave the
electron temperature. They excluded the possibility that the
degree of excitation was much greater than its thermodynamic-
equilibrium value, in which cése equation (1) of Appencix A-A4
would yileld higher excitation temperature than its actual

value.
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Experimental

Side-on observations were made for the seven differ-
ent lines of the spectrum of argon I for which the spectro-
scopic data are given in Table I-2, In each of the obser-—
vations, the selected line was scanned at a rate of 2 Z/min
for at least three times, and an average value of the inte-
grated intensity was taken. A preliminary scan across the
plasma jet indicated that the intensity profile was quite
symmetrical about the axis; hence only one side of the plasma
jet was considered. The test zone was divided into 5 planes
located at 4.267, 6.172, 8.077, 9.982 and 11.89 cm measured
below the bottom turn of the RF coil. At each plane, the
line intensities were measured at five transverse positions,
starting from the center, and 10 values at equal intervals
were interpolated. The reproducibility of the intensities
was * 3 per cent. The measured line intensities were con-
verted to the radial intensities by the use of numerical
Abel-inversion described in Appendix A-3. Population densi-
ties of the upper-excitation levels giving rise to the
observed lines were calculated from the absolute intensities,

using the following equation:

_ he
I = - Anmn(n) _ (I-5)

The energy levels which were in equilibrium with each other

should fall on a straight line given by the following equa-

tion which is based on the Boltzmann distribution:
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The intercepts of the stralght lines shown in Figure
1 of Appendix A-7 on the vertical axis gave nE(l), which
was the hypothetical ground-state population in equilibrium
with the higher excited states, and according to the partial
egquilibrium model, with the free electrons, The equilibrium-
ground-state population therefore, represents the degree of
excitation of the higher energy levels and the degree of
ionization in the plasma, at a given temperature.

The actual ground-state population was calculated from
the kinetic theory of ideal gases according to the equation:

P _ 0,734 x 10°%p

n(l) = ngo= T m (particles)(cm)_3

The assumption that the ground-state population was numeri-
cally equal to the total particle population holds good,
because over 99% of the atoms were in the ground state. The
ground-state population was expressed as a fraction of the

equilibrium-~ground-state population:

n(l)

A1) = 5y (I-7)
Figure I-9 shows the ground-state population as the func-
tion of the parameter §T§%§E5 .

The free-electron density was calculated from the equi-
librium-ground-state population and the excitation temper-
ature by applying the Saha-Boltzmann relationship to the

first stage of ionization:
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n.(1)
10g§%§% = logg%l) - Eéﬁ) (I-6)

Figures I-8A through I-8D show the radial distribution of
intensities at the first four axial positions. The fifth
axial position is omitted because there, the intensities could
be measured only at a short radius. The plots of the excita-
tion population as a functicn of the energy level are shown

in Figures 1A through 1E of Appendix A-7. The plots of

n(n)
g(n)

7 energy levels for the first four axial positions, and only

log vs., E(n) are shown for 11 radial positions for the
at the center for the fifth axial position. It can be seen
that the higher energy levels fall on a straight line meaning
that these levels were in partial equilibrium, while the
lower energy levels show narked deviations from equilibrium
under certain conditions. Even the higher energy levels do
not fall on a straight line, near the boundary of the plasma.
In this case, the temperatures measured pyrometrically by the
method described above served as a guideline to determine the
slopes of the straight lines.

The slopes of the straight lines passing through the
higher excited states gave the excitation temperatures in
gecord with equation (I-6). The radial distributions of
temperatufes for the 5 experimental planes are shown in
Figure 2 of Appendix A-7. The temperatures at the lowest

plane beyond a short radius are extrapolated values.



23

3 +

2 1) }i
2 [FmeT) e el - (1-8)
“e 12 g(1) |

The radial distributions of electron density are shown in

Figure 3 of Appendix A-T.

Discussion

The experimental error in the absolute-intensity measure-
ments, including the reproducibility, was *8 per cent. Added
to this, was the error in Abel-inversion, which was %5 per
cent or so. Thus, the total error in the intensity measure-
ments could be t13 per cent. The error in the absolute-
transition probabilities was 18 per cent, which placed the
error in the population densities at f31 per cent. The slope
method gave excitation temperatures within 3 per cent in
most cases, but the error could be considerably larger when
deviations from equilibrium were severe. TheAexperimental
error in the electron densities was %34 per cent. The.error
in the equilibrium~ground-state population was *60 per cent.

Figure I -9 illustrates that the ground state was over-
populated at higher tempergtures and tended to be rapidly
underpopulated at lower temperatures. In other words, the
degree of excitation and ionization in the plasma was much
lower at higher temperatures and was much higher at lower
temperatures than its value under ccmplete thermodyﬁamic

equilibrium. In Figure I -9, the experimental data points
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representing the experimental planes are shown with differ-
ent symbols. The spread of these points from a smooth
curve shows to some extent, the effect of deexcltation. due
to electron recombination. The process of recombination
between electrons and ions belng quite slow, its influence
on the equilibrium-ground-state population is not exhibited
clearly in Figure I-9.

The equilibrium-grcund-state population can be repre-

sented by means of an equation of the form:

EC(¥)
o(1) = g(¥)n(1) = TKT
g(1)n(*)
g(*)n(1)

where E(¥) 1s the slope and log is the intercept

g(1)n(¥)
of the tangent to the curve representing the equilibrium

ground-state population, at a given temperature and electron
density. The relationship between the population density of

some excited state p and the state denoted by (¥) can be

written as:

n (1) oy seoy  EEN( - EGLEC)
= (nip)/elp kT Kk
17 *aC¥) T \ng(1)/&(1) © E0F ©

It may be seen that the term in the first bracket becomes
unity 1f the state p Dbelongs to the partial-equilibrium
population, and that (¥) denotes the lowest excited state

belonging to the partial equilibrium population. The state
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(¥) may be called the critical state at the given temper-
ature, and the corresponding energy level may be called the
critical energy level., For illustration, a straight line
representing the critical state (¥) is shown in Figure IV-14
at a fixed electron density of 8 x.10%° particles/cm3. The
value of E(¥) from the slope of this straight line at the
lower end of temperatures is 126000 cm-l, which 1s close to
the first lonization level in argon (127110 cm'l), meaning
that the partial equilibrium model breaks down at lower tem-
peratures. At much higher temperatures, E(¥) tends to van-
ish, meaning that the partial equilibrium can be extended
down to the ground state. It should be ncted that the value
of ©(1) by itself does not denote the state of equilibrium
in the plasma. At about 6500°K, the value of p (1) is unity,
but the value of E(¥) is close to the metastable level
(93143 cm—l). Therefore at this temperature, a partial
equilibrium exists among the entire excitation population
and the degree of exciltation coincides with its thermody-
namic value. This should not be confused with the condition
of complete thermodynamic equilibrium because the latter |
requires the partial equilibrium to exist down to the ground
level. In a highly decaying plasma, such as the plasma Jet,
thermal lagging of the excltation population behind the

processes of energy loss results in rapid underpopulation

of the ground state. On the other hand, when the plasma 1is
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being excited, the ground state will be overpopulated. A
stable, complete thermodynamic equilibrium can be attained
probably 1in a plasma, in which the temperature gradients

are small, and the electron densities are high(gl).
(19)

An en-~
closed arc comes close to these requirements
In Figure 1 of Appendix A-T, the critical energy level is
the point of departure of the plot of 1log g%%% vs. E(p)
from the straight line depicting equilibrium. The frac-
tional departure from equilibrium expressed as the ratio of
the experimental value of n(p) to. the value of ng(p) corre-
sponding to the straight ‘line was calculated for the 7 en-
ergy levels listed in Table I-2. The results were corre-

lated to the temperature and electron density in the plasma

by means of an equation of the form:

_n(p)  _ B_C ' (T~
Pp) = 55y = 1 - AT ng (I-9)

E

using a least-squares fit. Table I-2 gives the values of
constants A, B and C in equation (I-g) for 4 energy levels.
The higher energy levels were omitted because thelr frac-
tional departure from partial equilibrium was close to unity
under the experimental conditions. The constants listed in
Table I-2 are purely empirical, and they hold good only in the
limited range of conditions encountered in the experiment,

They do point out that the effect of higher electron
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density 1s to bring the excitation population closer to
equilibrium and that the effect of temperature is very
small.

(1

McWhirter and Hearn expressed the results of their
calculations for hydrogen-like plasmas in the form of the

following equation:
P(p) = ro(p) + r (p)p(l) (I-10)

where ro(p) and rl(p) are coefficients which are functions
of temperature and electron density. In the present case,
exclitation from the ground state could be neglected because
of the low ground-state population, so that po(p) = ro(p).

To compare the argon plasma with the hydrogen-like plasmas,
the following approximations were introduced. The effective
nuclear charge seen by the electrons in the fleld of argon
ions was assumed to be unity. An effective principal quan-

tum number p,pp defined by the following relationship:

2 .
z X 109737 ‘
eff = 127110 - E(p) (I-11)

Pire
was substituted for the required energy level in argon. For
the purpose of comparison of the experimental results with
the calculations of McWhirter and Hearn, the following tem-

perature and electron-density conditions were assumed:

T = 8000°K n, = 101%(particles)(em)™3
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The calculated values of Popp are listed in Table I-2.
Figure I-10 shows a comparison between the values of ro(p)
from McWhirter and Hearn's theoretical work and the experi-
mental values of ©(p) for argon for the given values of T
and ng. Considering the approximatlions involved in the
comparison and considering the great sensitivity of ©(p) to
the values of Zopr and pyorr, the agreement is reasonably N
good. It can be however noticed that the experimental
values of ©(p) are always greater than the theoretical
values of ro(p). To resolve this discrepancy, one must look
into the assumptions made in the collisive~radiative model
in the derivation of equation (I-10). Because of their long
lifetime, a metastable level can influence the excitation
population in a manner similar to the ground state, The
effect of metastable level can be accounted for,»by includ-
ing a term corresponding to excitation from the metastable

level in equation (I-10) (25).

P(p) = r (p) + ry(p) A1) + ry(p)p(2)
(I-12)

where ©(2) is the fractional departure from equilibrium of
the metastable density, and rz(p) is a coefficient which is
also a function of the femperature and electron density.
Although the limited number of experimental data did not
allow evaluation of the coefficient r2(p), Figure I-10

points out that the effect of the low-lying-metastable level
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is to bring the excitation population closer. to equilibrium.

Although the form of equation (I-12) bears some resem=-
blance with equation (I-4) proposed by Brewer and'McGregor
(23), their derivation and interpretation of the equation are
entirely different. In fact, their assumptlon that the
excitation population is always in equilibrium with the
metastable level does not seem to be consistent with the
present results.

The analysis presented here was limited to the quasi-
steady-state-population densities of a few excilted levels of
argon. The temperature and the electron density were treated
as 1lndependent variables, although in principle, they could
be obtained as a function of the position in the reactor, by
solving the macroscopic energy-balance equation in conjunction
with the equations representing the microscopic rate processes,
knowing the initial conditions and the boundary conditions in
the reactor. Thls was however, not the aim of the present

investigation.

5. Velocity distribution

The velocity distribution in the plasma Jet being studied was
required in order to calculate the rates of reactions. A
three dimentional mavping technique for the flow pattern

was developed for the measurement of velocities, in which the
paths of particles of boron nitride were traced photogra-

phically. The details Qf this technique and the experimental
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results are given in the publication which is reproduced in
Appendix A~6. The experimentally determined velocities are
reported in Table I-3. The third-order-polynomial fit to
these data points, as shown in Figure 2 of Appendix A-6
holds gecod only within the experimental boundaries which
were 6 <z <18 cm and 0 <r <{1.3 cm, where z denotes the
axial distance measured from the leading edge of the RF coil
and r denotes the radial distance.

A material balance on argon made in the plasma jet
enabled the experimentally determined velocity distribution
to be improved. The flow rates of argon in the plasma stream
and the cooling stream were measured with two calibrated
rotameters. The calilbration of the rotameters was accom-
plished by clocking the volume of water displaced by the gas
flowing through the rotameters. The water was contained in
an inverted cylinder. A correction for the vapor pressure
of water at the prevailing temperature was applied. No
qorrection was applied for the effect of the small head of
water in the jar. The pressure of the gas at the outlet of
the rotameter was 14.2 psia for the plasma gas and 17.0 psia
for the cooling gas. A corresponding correction was applied
in calculating the total mass-flow rate of argon. Ideal gas
law was assumed., ‘The total feed rate of argon to the reactor
was then calculated as the sum of the feed rates to the

plasma and the cooling streams in the following manner:
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(Pl + Poip)y

o7 = 0.407 g/sec

m

where PC and P_ were the pressures of cooling and plasma

p
gases respectively at the delivery side of the meters, %c
and %p were the corresponding volumetric flow rates; M, the
molecular weight of argon; R, the gas constant and T, the
ambient temperature,
The equation of continuity for argon, with the assump-

tion of an 1ideal gas, no angular or radial flow and of a

constant pressure was written as:

v, = f(r) x T (I-13)

The total flow rate of argon at any given plane was calcu-

lated by integrating the mass flux over the cross-sectional

area of the tube.

o

f 2rir(ov, )dr = m

0

By the use of the relationships:

- M
P= 7
‘v, = f(r) x T

Z

the above integral equation became:

r

o
_ _Ra o _
./f r x f(r)dr = 5PN - 0.149 (I-14)
0 A




Equation (I-13) states that the velocity is proportional to
the temperature at a gilven radial position irrespective of
the axial position. The form of f(r) is a characteristic of
the flow pattern in the reactor and should be invariant with
respect to changes in temperatures., Thus, the function f(r)
provides the means of calculating the velocity distribution
from the known temperature distributlon in the reactor,
Numerical values of f(r) obtained by dividing the measured
velocities by the temperatures shown in Figure 2 of Appendix
A-7 are shown in Figure I-11 upto the radius of 1.3 cm for
four axial positions. The axial position at 4,267 cm was
omitted because the velocities were not measured at this
height in the reactor. The spread in f(r) at a given radial
position 1s within the limits of experimental error. The
cause for the pronounced hump in f(r) at r ~1 cm was the un-
certainty due to large temperature gradients present in this
region. The bold curve indicates averaged values of f(r)

which were represented by the equation:

f(r) = 0.113166 - 0.0362068r + 0.1275032r2

- 0.0801974r>  (em)/(sec)(°K) (I-15)

Further, it can be seen from Figure I~11 that the function
f(r) may be approximated by a constant value of 0.117
(cm)/(sec)(°K) without significant loss of precision, upto
the radius of 1.3 cm. ‘

With the form of f(r) given by equation (I-15), the
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left-hand side of equation (I-14) was evaluated and had a
value of 0.134 which is seen to agree quite well with the
right-hand side of the same equation based on the measured
flow rate of argon.

The refined velocity distribution computed from the
above f(r), and the temperature distribution shown in Figure

2 of Appendix A-7, is shown in Figure I-12,.

Energy Balance

The equation of energy balance 1n the plasma jet was
solved after knowing the temperatufe and the velocity pro-
files. The radiated power of argon was obtained as the
- result. The following assumptions were made in solving the
equation of energy balance for the configuration of the
plasma jet. The plasma Jet was assumed to be isobaric. The
viscous dissipation of energy was neglected. The heat capac-
ity of argon was assumed to be constant, and not influenced
by the absence of microscopic equilibrium. This assumption
was good because the amount of the excitation energy in
argon was quite small. The plasma was assumed to be trans-
parent to its own radiation. Thé ideal gés law was assumed.
Under these assumptions, the steady-state equation of enefgy

was written as:

PCLYIT + v.g + £ =0 (I-16)



34

where € was the radiated power of argon expressed as the
energy radlated per unit time per unit volume. The conduc-

tive transport of energy was described by the Fourier's law:

q = -KVT

The thermal conductivity of argon at high temperatures

was investigated by several workers(26’ 27, 28, 29), and
their results agreed well within 7 per cent. In the present
analysis, the following equation given by Collins and Menard

(27), was used:

K = 3.2 x 10°0 x 70.703 (watts)/(cm) (°K)

The value of heat capacity was assumed to be 20,8
(Joules)/(g mol)(°K). Substitution of the numerical values,
resolution of equation (I-16) into cylindrical coordinates

and assuming no angular flux of energy:
' ’ or2 9z2 roor
2 2
¥ 0.703‘1‘-0'297[(%%:—) £ (2L ] }

OT -
- O.2Ll6f(r)—5-—z— (I-17)

It can be noted in equatiqn (I-17) that the radiated power
has been expressed as an explicit function of the temper-

ature distribution in the reactor.’
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The numerical solution of equation (I-17) was obtained
by dividing the region of interest into 15 radial and 17
axial increments. The radiated power,(g, was obtained as a
point function in the reactor. The order of magnitude of<§
was the same as that of the conductive and the convective
terms in equation (I-16). The values of‘f afe shown for
some typical points in Table I-4. The radiated power was
correlated to the temperature and the electron density by
means of a least—squares fit. The resulting relationship
showed very little dependence of é’on the electron density.

The relationship between £ and T was:

2.25

€=2.14 x 10_8 x T watts/cm3 (I-18)

The accuracy of this technique of evaluating the radiated
power was poor because of the second-order-partial deriva-
tives and their squares occurring in equation (I-17). The
error in € given by equation (I-18) could be as large as a
factor of three. In spite of the poor accuracy, the present
- technique made it possible to evaluate small amounts of the
radiated power from the known conductive and the convective

terms of energy transport,

Electron-Ion Recombination

The experimental method for the determination of the
rates of recombination comprised of solving the steady-state

equation of continulty for the electrons:
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v.(n.v) + v.(Dyvn,) + R, = 0 (I-19)

where Da was the ambipolar diffusion coefficient for the elec-
trons and ions. With the assumption of no angglar variation
of fluxes, the above equation was written in the cylindrical

coordinates as:

ArN_) N
1 L+ 2 +R_=0
T or >z e
ong
N, = = D3
Mg
Ny = = Dagz— + V0

(I-20)

The radial component of the velocity of the gas was neglect-
ed. The ambipolar diffusion coefficient was expressed as a
function of temperature in the following form, based on the

(30) (31),

work of Beaty and Biondi and Brown

-7 2
D, = 8.69 X 10 T cm?/sec (I-21)

equations (I-20) and (I-21) were solved numerically in the
region of interest in the plasma jet, in conjunction with the
proflles of the temperature, electron density and the velocl-
ty obtained previously. As the result of the detailled solu-
tion of the equations, it was determined that the‘ambipolar
diffusion Velocity_of the electron-ion pairs was iesé than

10 cm/sec in either the radial or the axial direction.. In
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consequence, the contribution of the ambipolar diffusion to
the decay of electron density was neglected in comparison
with the recombination effect. The above conclusion was
independently verified by solving the equation of continuity
without considering the effect of diffusional flux of elec-
trons. The results agreed within ¥10 per cent at most points
with the case in which the diffusional effect was considered.
The discrepancy of 10 per cent could easily arise in the
numerical solution of the second-order-partial-differential
equation.

A discussion of the results and the comparison of this
work with the previous studies on recombination in inert
gases 1s given in a publication reproduced in Appendix A-7.
An important conclusion drawn in Appendix A-7 is that the
observed rates of recombination were consistent with a
dissociative-~molecular-ion model. The pertinent molecular
ion in pure argon was A;. The molecular ions of bimolecular
gases such as N;, increased the rétes of recombination
significantly. For this reason, and for the purpose of
reproducibility of the results, the gas used in the study of
recombination in pure argon was purified to remove the
traces of impurities by the method described in Appendix A-2,

The effect of introducing nitrogen as an impurity in
argon was to quench the line radiation from argon. A typical
intensity profile for the line radiation of argon I at 5572 a

as a function of the axial position is shown in Figure I-13.
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An expianation of the quenching effect on the basié of the

dissociative~mo1ecular-ion'mechanism is given in Appendix A-7.
An important consequence of the dissociative-molecular—

ion mechanism on the chemical reactions was the formation of

atomic speciles from the molecular gases. For example:

N;+e—->N+N*
would yileld a large amount of atomic nitrogen in a highly
excited plasma. It was pointed out by Bates and Massey(32)
thap the large amount of nitric oxide in the upper ionosphere
could be explained on the basis of the presence of atomic
species formed as the result of the recombination of elec-
trons with the dissociative-molecular ions. The effect of

atomic nitrogen on the decomposition of nitric oxide will be

discussed in the next section.
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Table I-1

Experimental Transition Probabilities of Argon I

Wavelength E(n) g(n) Apm X 1072 A ¥ 1072
X (cm—1) sec™? _ sec™d
(present work) (Ref.l,App.5)

5118 125113.48 5 6.2 2.8
5162.4 123468,03 3 16.6 19.8
5177.6 124771.67 5 3.7 2.5
5187.3 123372.98 5 14,4 13.8
5373.6 124692,02 5 3.2 2.8
5421.4 123903.30 5 7.5 6.2
5495.9 123653.24 9 17.7 17.6
5506.4 123773.92 7 5.0 3.7
5606 121932.91 3 21.3 22.9
5739.7 123505.54 5 10.0 9.1
5888.7 122440,11 5 14.9 13.4
5912.1 121011.98 3 12.4 10.5
6032.1 122026.13 9 23.3 24,6
122160.22 7 14, 15.3

6043.2% 123832.50 7 18.6
6052.7 120616.08 5 1.8 2.0
6059. 3 120600.94 5 3.7 k.2
6145.4 123557.46 7 6.4 7.9
6416.3 119683.11 5 18.0 12.1

¥ Arises from two

levels,

measured intensity.

transitions having almost equal
differences between the upper and the lower energy
The reported value of A, i1s based on the total



Spectroscoplic Data for The Observed Lines

Table I-2

and The Corresponding Energy Levels

1

Wave- Upper Term Statistical Transition Eguivalent Equation I-9
length Energy Value Weight Probability Principal Values of Constants
Level of of p for The Quantum Determined by

o E(p) E(p) em™3 g(p)=(2J+1) Line x 1075 Number Least Squares

A (Paschen) (sec)~t Perr A B C
6965 2p,  107496.463 3 67.0 2.18 8.5x103 0.122 =-0.344
4251.2  3p . 116660.054 3 1.13 3.0 3.2x106 0 -0.5%4
4300 3pg 116999.389 5 3.94 3,06 5.2x10% 0 -0. 410
4345,2 3pu 118407.494 3 3.13 3.29 2.8x100 -0.1 -0.52
3834.7 4p5 121470.304 1 5.6 4,08 - - -
5558.6 5d3 122086.974 5 14,8 L 34 - - -
5572.6 5s ' 123557.459 7 6.9 5.15 - - -

Oh
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Table I-3

Raw velocity data obtained by the use of particles of
boron nitride. 1.84 cm should be added to the axial
distance in order to make the zero of the axial coor-
dinate coincide with the leading edge of the RF coill.

RADIAL AXTAL VELUCITY RADIAL AXLAL VELNCITY RADIAL AxlaAL VELUCITY
POSITION POSITIUN (M/SEC) POSITION POSITION (M/SEC) POSITION PISITIGN (M/5EC)
(CM) {CM) (CM) (CM) ™) (C4y
0.831 40597 8.077 1.238 5.639 3.6C7 f.869 5.699 7.138
0,673 5.318 T.722 0.317 64325 T8993 Ce553 5.833 T.325
1.173 8.026 3.785 1.097 B8.992 3.407 0,365 11.303 3,505
0.841 10.617 54299 1.069 9.195 4e140 l.151 11.201 3.507
1.125 11,431 3.404 C.820 11.862 3.861 0.331 11.862 Se842
0.427 114903 5.486 0.627 12.344 5.563 1.031 12.646 Gel 36
0.427 14,275 S5e486 1.011 9.373 44364 0.945 4.39¢4 Le574
1.090 4.115 4.490 CeB43 4e369 64655 Cel55 44359 A.3M
0.155 4a96 3.804 0.315 6.071 8.230 C.526 12.979 80128
0.787 14,139 5.207 1.377 13.540 5.2C7 0.522 13,411 04045
0.417 13.001 6e147 C.892 12.421 5740 Qo163 11.989 0e452
0.869 11.303 4.801 0.833 11.201 44699 C.389 11.1¢CC 5.207
0. 660 5.537 Te493 0.566 5.2C7 8.331 0.705 3.586 8.128
0.889 9.093 60248 0.691 9.75¢ 50268 Ge732 3,413 b.248
0.678 8.763 64045 0.433 10.871 60,2438 0.127 84692 6.756
0.371 8.204 7.823 0.036 11.989 T.1838 04378 15.139 bel47
0. 6651 10.516 5.740 le234 15.291 54410 0.513 11.939 5.309
0,439 11.405 7.087 0.363 11.303 64553 0952 10.414 5.304
0.884 10.871 40699 0.988 9,093 4.166 1.074 84763 4.0%4
1.034 84534 40166 1.059 8.103 40267 0o 404 50944 64299
1.275 9.601 3.099 l.166 10,465 3,099 0e437 11.962 4,089
1.090 13.106 3,683 0.810 13.360 44267 C.810 13,792 4,597
0.757 16,586 4,750 0.262 10,033 6.553 0.318 13,716 4.343
0.892 5.232 60375 C.086 12.827 64623 Ce744 16.053 44499
0.714 16.408 4,902 0.772 13,183 6.147 0.825 15.231 4,213
0.617 16.586 44267 Ce556 104346 . 5740 0.330 1Ce 744 6.1067
1.057 9.357 6.375 C.483 84315 54893 0.l65 8.458 64529
1.430 3.378 3,175 0.417 8,332 5.70% 0.544 T.849 5,375
Q.190 04807 T.112 0462 13.614 S«.410 Oeb%4 15.300 4156
Ceba? 11.709 54553 C.879 11.354 44750 0.127 11.354 5.893
0,330 9357 5.969 0.190 8.992 64629 0e4ll 4.08% 8.341
0.551 4.978 64706 Ce427 60375 7.620 0e475 60121 Te356
1.346 3,759 3.607 1.257 6,731 3.937 C.859 T.772 5.893
1.100 8.026 40267 1.125 8,280 40267 l1.143 F.246 3.533
0.083 10.312 8.026 0.127 11,709 T«2990 Ceb%3 13.284 54740
0.991 13.183 4.496 0e361 1:2.2% 64553 0.673 8.026 5.740
0.963 Ge 246 4,572 C.658 10.211 4,674 0,493 12.395 5740
0.765 13.437 44825 C.831 6. 706 5.7C6 Ce&57 11.709 7.518
0.704 l4.148 5,893 0.55¢6 13.614 54969 0.317 15.977 5393
0.820 64426 T.696 1.333 5.766 3.327 0.823 64325 T.212
14359 T7.087 3.505 C.300 13.716 60121 1.151 12.294 Se436
0.968 12.217 S5.436 1.128 11.735 54232 0.577 154545 6.245
1.059 14,249 4.013 1. 140 l4.554 3.505 1.090 12.116 40547
1.125 66477 5.690 C. 696 15.646 Se 944 0.351 14,529 64553
1.082 12.378 5.690 1.227 13,338 3.683 1.052 8.763 S5e9404
0.836 71.925 6.553 Ce366 12.649 5.198 0.198 11.379 6.121
04254 1l.1cC0 6655 0.1738 9.703 7.010 00053 10.236 6.121
0.744 Je454 6.883 0.732 3.886 Te2ls 0.622 6.045 Te366
0.229 5.132 8.687 0.378 5.004 8.179 0.605 80956 64239
0.975 10.262 54258 1.125 3.200 6,071 0.450 4.826 94552
lela3 04299 44039 0,086 9.144 8.1C3 C.302 9,068 Tell2
0.754 34280 5.817 C.838 8,458 5.568 1.587 11.303 24845
G.l45 15.113 5.893 0.650 14.656 56147 0.927 5500 5.105
1.173 84534 40445 Co.8456 8.357 64807 0.668 8.02% 6477
0.643 7.671 6.883 0.434 8,103 5.512 1.003 10.C84 40239
o.818 124243 54029 1l.042 13.813 3.810 04567 15.291 5.329
0.391 164485 4.775 0,046 13.030 6.477 Cea?8 9,063 60299
0.856 Te671 4.928 C.775 T7.595 3.564 0.720 7.061 5,147
1.074 60909 40645 04345 144249 54677 O.138 13.970 6.577
0.102 7.239 7.849 0.698 5.5613 6,071 0.317 11.811 0333
1.021 13,091 4e445 0.058 11.379 74596 0.673 10.414 64528
0.496 7.823 Te239 " 0734 13,792 Se436 0e394 13.614 4,978
1.052 15,240 3,353 1.212 9.166 3.429 1.797 9.652 4.521
1.191 10.516 4.064 C.577 7.518 Te4l? 0,617 64375 Tesl?

0.427 50893 84153 0.986 - S.105 7.239 C.772 4,160 T7.232



b2

Table I-4

Radiated power of argon evaluated from the
pointwise energy balance in the plasma jet.
The numbers following the letter E are
powers of 10 to be multiplied.

Temperature Electron Radiated
Density Power

°K particles/cm3 . Watts/cm3
10483 7.8E 14 28.0
10417 7.6E 14 27.0
10350 7.3E 14 26.0
10215 6.8E 14 20.0
10021 6.3E 14 10.0
9364 4L,3E 14 22.0
9207 L,1E 14 19.5
8965 3.7E 14 11.4
8607 3.3E 14 5.0
8218 2.6E 14 19.5
8000 2.3E 14 19.0
7728 2.1E 14 12.4
3377 1.8E 14 1.0
7088 1.6E 14 15.5
6810 1.3E 14 16.5
6530 1.1E 14 14.0
6363 9.6E 13 6.5
6060 7.7E 13 8.2
5772 6.0E 13 8.7




Figure I-1

A photographic view of the experimental setup.

en
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Schematic diagram of the experimental setup for the
comparison of the spectroscopic methods for measurement
of temperature in the plasma jet.
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Comparison between temperatures measured by different
spectroscopic techniques.




50

, QUARTZ
=3 WALL —* —

AXIAL DISTANCE
Z=4267 CM

| | | ] L l l
0.2 04 0.6 0.8 1.0 1.2 1.4 1.6

RADIUS (CM)

Figure I-8A

Radial intensity distributions for 7 lines of argon I.
Intensity is expressed in absolute units as watts/cm3.
The axial distance is measured below the leading edge of
the RF coil.
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Radial intensity distributions for 7 lines of argon I.
Intensity 1s expressed in absolute units as watts/cm3.
The axial distance is measured below the leading edge of
the RF coil, '
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Figure I-8C

Radial intensity distributions for 7 lines of argon I.
Intensity is expressed in absolute units as watts/cm3.
The axial distance 1s measured below the leading edge of
the RF coil.
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Figure I-8D

Radial intensity distributions for 7 lines of argon I.
Intensity is expressed in absolute units as watts/cm3.
The axial distance is measured below the leading edge of
the RF coil.
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Comparison between the experimentally determined fractional
deviations from equilibrium for different effective princi-
pal quantum numbers and the collisive-radiative model
adapted for argon.
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Improved velocity distribution in the plasma jet
obtained by the use of function f(r).
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SECTION II

DECOMPOSITION OF NO BETWEEN 1300 - 1750 K
IN AN ARGON PLASMA

1. Introduction

The reaction under investigation was the decomposition

of nitric oxide, represented by the equation:

2HO ——== N, + 0,
AH‘i’, = 21.6 kcal/g mol (II-1)

in the presence of thé argen plasma. The reverse reacticn
of fcrmation of nitric oxide from nitrogen and oxygen is
shown in equation (II-1), because the mechanisms of the two
reactions were coupled. An important property of the decayf
ing argon plasma was found in the previous section to be the
presence of the excited species whose concentration was far
above the value which would be obtained iﬁ the case of a
complete thermodynamic equilibrium. On this basis, a distinc-
tion can be made between reaction (II-1) occurring under
purely thermal conditions and the same reaction occurring in
a plasma. Exampies of the thermal reaction are: explosion
processes, combustion processes and the initial reactions in
a shock tube., On the other hand, the reactions occurring in
the atmosphere struck by a thunderbolt, aﬁd the reactions of

air used. as an oxidant in an internal-combustion engine in
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which an electric spark is used to ignite the fuel, are the
cases of the plasma reaction.

The study of the kinetics of reaction (II-1) at higher.
temperatures began compératively recently. In most cases,
the reaction was studied under nearly thermal conditions,
and yet, considerable discrepancy exists in the literature
regarding the rates of the reaction. One of the earliest
studies on the formation of nitric oxide was made by Haber
and Coates(33) in a CO flame. They obéerved that the ylelds
of NO were quite high compared with the thermodynamic-equi-
librium value. They concluded that the reaction could not
be explained on the basis of a thermal mechanism and that
the electrons and the ions which were known to exist in the
flame must have played roles in the reaction. Zeldovich(3u)
studied the reaction represented by equation (II-1) in explo-
sions created by means of rapid combustion of hydrocarbons
with air, in the range of temperatures between 2000 - 3000°K.
He refuted Haber's claim of the non-thermal character of the

reaction of formation of NO, by proposing a chain mechanism

involving atoms of oxygen and nitrogen as follows:
+ 0 —=>NO + N - 47 kcal/g mol

O, + N —=> NO + 0O + 4§ kecal/g mol
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He assumed that the nitrogen and oxygen atoms were in steady
state, and the oxygen atoms were in equilibrium with the
oxygen molecules, His results showed that the decomposition
of nitric oxide was apparently second order in NO, and the
apparent activation energy was 85 kcal/g mol. Vetter(35)
studied the decomposition reaction in a flow tube between
1500 - 1900°K, and he obtained results which were second
order with respect to NO. He considered a total of 10 re-
actions including the four (forward and backward) proposed
by Zeldovich. He showed that excess O2 decreased the rate
of decomposition of NO. In his analysis however, he neg-
lected the temperature and concentration gradients within

(36)

the flow reactor. Kaufman and Decker also studied re-
action (II-1) in the presence of oxygen at about 1600°K.
Wise and French(37) studied reactidn (II-1) in a static
flask between 872 - 1275°K and pointed out thaﬁ the reaction
is heterogeneous with an activation energy of 12 kcal/g mol
at temperatures below 1000°K and above 1600°K, it was homo-
geneous and second order with respect to NO, having an
activation energy of 82 kcal/g mol. Kaufman and Kelso(38)
studied the reaction by a static method between 1170 - 1530
°K. They gave the value of the activation energy for the
second order decomposition of NO as 63.8 kcal/g mol. They
found no effect of addition of a four-fold excess_of nitrogen
on the rate of the reactién.

(39)

Freedman and Daiber studied reaction (II-1) in the -
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presence of argon in a shock~tube between 3000 - 4400°K.
They concluded that the initial rate of decomposition of NO

proceeds according to the sum of the following two steps:

NO + A —=> N+ 0 + A (II-2)

2NO ——> N, + 02 (II-3)

After the steady-state concentrations of the atoms have been
established, the Zeldovich chain mechanism would prevail.
Wray<uo) studied reaction (II-1) for NO=-A mixtures rich in
NO in a shock-tube between 3000 - 8000°K. His data suggest-
ed that Kaufman and Kelso's values for k' were lower by a
factor of 10, when e#trapolated to higher temperatures.
Wray(ul) has made a critical survey of the reactions involv-
ing nitrogen and oxygen at high temperatures.

The method of concentration measurement in the previous
studies has been either chemical or that based on absorption
spectroscopy. In either case, NO was measured by converting
it to NO2 wilth excess oxygen and then analysing the amount

of N02. The present study differed from the previous studies

in the following manner:

a. A flow method was used and the gradients of concen-
tration and temperature were accounted for.

b. The method of concentration measurement was based on a
direct analysis of NO by gas-chromatography.

c. Concentrations of NO below 0.5 per cent were used. A
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gas-chromatographic method of analysing the composition
of the products enabled low concentrations of NO to be
determined accurately.
d, The effect of N2 on decomposition of NO was evaluated.
e. Electrons, ions and excited atoms of argon were present
in the reactor. The effect of these constituents of a

plasma on chemical reactions has not been studied before.

2. Experimental Apparatus

The main experimental apparatus has been described in
Section I. Changes were made in the quartz tube containing
the argon plasma to enable injection of the reactants into
the plasma stream. Figure II-1 shows a picture of the
reactor assembly. A quartz jacket surrounded the main tube,
which extended 31.5 cm below the leading edge of the RF coil,
the jacket being 12.5 cm below the coil., The gas was inject~
ed through 8 orifices 0.3 mm in diameter and equally spaced
within the Jacket on the periphery of the main tube. The
number, size and position of the orifices were governed by
the required velocity of the Jjets of the injection gas.

A mixing manifold was constructed for the injection
gas. Rotameters were used for measuring the flow rates of
the reactants. These rotameters were calibrated using a
bubble flowmeter for flows upto 300 ml/min and an inverted

cylinder filled with water for higher flow rates. A correc-

tion was applied for the saturated vapor pressurée of water at
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the prevalling temperature. The mixing system 1s shown in
Figure II-2,

The NO used in this study was obtained from the
Matheson Company and was stated to be 99.5 per cent pure by
and N

the suppliers. The major impurities were N 0, and

2 2
their presence was not expected to affect the results. The
argon gas was obtained from the Linde Corporation and had
stated impurities of 40 ppm which were further reduced by
the process described in Appendix A-2,

Sampling of the gas was done on a continuous-flow basis.
A mullite tube, which was 1/32 in O. D./0.02 in I. D. was
inserted into the reactor through slightly oversilize holes
at locations which were 2,064, 4,128, 6,102, 7.883 and
9.863 cm below the plane of the injection holes. Mullite
was chosen because of its high softening point (1900°K) and
low reactivity with oxygen. Insertion of the probe was
measured with previously made markings at 2.5 mm intervals.
The sampling holes not in use were plugged with quartz rods
with round tips which were carefully ground to prevent leak-
age of the atmospheric air into the reactor. Details of the
sampling section of the reactor can be seen in Figure II1-1,

The sample gas was carried to the gas-chromatographic
analyzer by means of 1/16 in 0. D. stainless-steel tubing,
22 ft. long. A U4 in piece of Teflon tubing provided
flexible connection between the stainless—steel tubing and

the probe, In order to fillvthe sample loop of the
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chromatograph with the sample gas, a steady suction was
created by means of a water-jet ejector. The pressure at
the samplé loop was measured to 0.1 in Hg with a mercury
manometer, and a correction for the same was applied in
calculating the conoentratidns. Typilcally, a negative pres-
sure of 2 in of mercury was required to maintéin a flow rate
of 25 ml/min through the sampling system. A schematic

diagram of the sampling system is shown in Figure II-3.

3. Gas-Chromatographic Analysis

It was necessary to separate N2 and NO from argon in
the course of analysis of the products of deccomposition of
NO. A basic problem associated with the analysis of NO by
gas chromatography was the tailing of the NO peak which
reduced the sensitivity of the instrument and made a quanti-
tative analysis difficult. Sakaida et al(”2) carried out
the separation of NO from N2 on a silica-gel column with
a limited success, Trowell(u3) reported a good separation
on 13X-molecular sieve, but the 1ife of the column was limit-

(4 eliminated the tailing of the

ed to a few months. Dietz
NO peak by using 5A-molecular sieve., In all the above
attempts, an extremely careful pfetreatment of the column
before 1ts use was essential, and the reproducibility of the
performance of the column was poor. The pretreatment varied
from a rapid flushing of the cqlumn with a stream of helium

(43) (54)

at 250°C to passing NO and QZ,for an extended time:
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Hollis(AS) could separate NO from a mixture containing O,,

A, No and NO with some success on microporous polymer beads,
commercially known as Porapak-Q. Improved results were
obtained by the use of a longer column(u6), but the reso-
lution between NO, A, N, and O, was not satisfactory.

Experiments were done with Porapak types P, Q, R, S
and T which have different degrees of polarity. 1t was

found that Porapak-T gave the best results in the separation

of NO-A-N,-0O

5>=05 mixture. Oxygen was however unresolved from

argon.
Initial experiments with a chromatograph constructed in
the laboratory using a standard thermal-conductivity detector

(L46) that

confirmed the observations of Wilhite and Hollis
the dead space within the instrument was responsible for the
loss of resolution between the peaks. A Carle model 8000
chromatographic unit with a thermistor type, micro-thermal-
conductivity detector and a micro-sampling valve which had a
very low internal volume proved satisfactory in this
application,

The column was a 23~ft length of'stainlesu—steel tub-
Ing having an I, D, of 0.1 in. The tube was washed with
reagent-grade acétone and dried with air before packing, to
reméve residual oil and grease. The tube was packed with

35 ml of 80 - 100 mesh Porapak-T and the two ends were

plugged with short lengths of glass wool,
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No pretreatment of the column was necessary. On the
contrary, heating the column above 120°C for more than 2 hr
under a stream of helium seamed to deteriorate the separa-
tion of NO., Excessive tailing of the NO peak was the result.
Helium having 99.998-per-cent purity was used as the carrier
gas. Further drying of the carrier gas did not improve the
perforrmance of the instrument. The flow rate of the carrier
gas was maintained at 30 ml/min requiring a pressure drop of
50 psia., The flow rate of helium thrcugh the reference
channel of the instrument was limited to 50 ml/min by means
of a dummy column. The imbalance of flow rates between the
two sections of the aetector did not seem to affect the
base line of the output, which was more sensitive to the
changes in the ambilent temperature., The output of the bridge
circult associated with the detector was recorded on a poten-
tiometric recorder which had a full-scale sensitivity of 1 mV.

The size of the sample was 0,2 ml., The column was
operated at 30°C, but the inlet section was designed to oper-
ate approximately 15°C higher than the column. The detector
operafted at 165°C which assured the optimum performance fromﬁ
the detector.

Calibration of the chromatograph was done by the use of
the mixing manifold shown in Figure II-2., Mixtures having

concentrations as low as 200 ppm could be prepared with an
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accuracy of U4 per cent., The peak height was used as the
measure of concentration resulting in nearly linear relation-
ship between the peak height and the concentration, becéuse
the shape of_the peak remained aimost triangular.

A sample chromatogram for the NO-N_ -A system is shown

2

in Figure II-4A and that of N2--O2 system 1s shown in Figure

II-4B. The calibration curves for NO and N, are shown in

2
Figures II-5 and II-6 respectively. Calibration was re-
peated once in a week for three weeks and a standard devi-
ation of less than 4 per cent was obtained.

The limit of detection for NO was 60 ppm based on 1/2

division of the chart and for N it was 25 ppm.

29

4, Experimental Procedure

Two separate experiments were carried out. In the
first experiment, the flow of the injection gas consisted of
75 ml/min of NO + 820 ml/min of A measured at S. T. P.

In the second experiment, the aim was to evaluate the effect

of excess N2 on decomposition of NO, The flow of the injec-

tion gas consisted of 75 ml/min NO + 400 ml/min N, + 420

2
ml/min of A. By maintaining the total flow rate constant, the
same flow conditions in the reactor were maintained. There
could be some change in the flow conditions in the case of

excess N2 because of diffusion of N but this effect was

2’
small and did not affect the validity of the results. Due

to . the highly laminar nature of the plasma jet, mixing between
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the injection stream and the plasma stream was not complete.
The purpose of argon in the injection gas was to maintain
sufficient linear velocity of the jets through the orifices
to reach the axis of the plasma stream.

In both experiments, samples of the reaction mixture were
taken at radial increments of 2.5 mm starting from the axis
and going upto 12.5 mm from the axis. The procedure was
repeated three times at each axlal position, and the results
at a given position agreed within Il4 per cent in most cases.
Measurements on concentrations of N2 and NO were taken at |
5 axial poSitions in the above manner.

The temperatures in the reactor were measured by the
pyrometric technique described in Section I. The flow of the
gas in the mullite probe was stopped during the temperature
measurements to avoid errors due to cooling of the probe.
Temperatures were measured at the same points in the reactor
as for the concentration measurements. A blank run without
any injection was also taken for calculating velocities.

The atmospheric pressure was 74.0 X 0.05 cm Hg and the

ambient temperature was 22 * 1°C during the experiments.

5. Analysis of Data

The measured peak heights for N, and NO were converted

2
to mole fractions with an assumption of ideal behavior

of the gases. Figures 1II-7 and II-8 show the distribution

of mole fraction of NO and N, for the two experiments,

2
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respectively. The results are shown as smooth curves drawn
through the experimental data points.

The measured brightness temperatufes of the mullite
tube were converted to absolute temperatures, assuming EAT =
0.44 and Ty, = 0.9 (see Appendix A-1). The temperéture dis-
tributions in the reactor for the two experiments are shown
in Figures II-9 and II-10 respectively. The temperature
distribution without injection of any gas 1s shown in Figure
IT-11.

The velocity distribution required to resolve the
concentrations as a functlon of time was obtained by the
use of function f(r) as described in Section I, using the
temperature distribution shown in Figure II-11,

To obtain the rates of decomposition as a point func-
tion, the equation of continuity for NO was solved 1n a
manner described in Section I in connection with recombi-
nation of electrons. For example, ne and Da in equation

(I-20) were replaced by (NO) and D respectively. The

NO
diffusion coefficient for NO was expressed as:

Dy, = 2-11 x 10-5 71.667 12 cac

using the Chapman-Enskog theory(u7). As the result of de-

tailed calculations including the effect of diffusion, it
was determined that the diffusional mass flux of NO never

exceeded 2 per cent of the bulk transport of NO in the axial
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direction upto a radius of 1 cm in the reaction zone.
Therefore, the diffusional term in the equation of continuity
was disregarded. The analyslis of the data was limited upto
the radius of 1 em. Validity of the results was Independent-
ly verified by comparing the final rate constants with the
case which included diffusion. It was found that the diffu-
sional term only increased the R. M. S. error of the rate
constants without improvement in the accuracy of the results.
This was mainly because of the second order partial differ-
ential coefficients involved in the diffusional term which

gives rise to numerical noise.

6. Results and Discussion

In the sampling procedure described above, an important
assumption was embedded. The reactions. were assumed to be
"frozen" at the time of sampling. Extensive calculations of
Amman and Timmins(u8) indicated that the composition of the
sample would not alter significantly 1f the initial temper-
ature was below 3000°K. The quenching rate in the present
experiment was ‘at least 105 °K/sec which would assure freez-
ing of the reactions that are fast at higher temperatures.

A possible reaction which could be appreciable at near

room temperature was:

NO + 1/2 O2 —_ NO2

Calculations based on the rate data presented by Morrison et
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al(ug) showed that the decrease in NO concentration by the

above reaction would be less than 5 per cent in 2.5 min 1if

the 1nitial concentrati&n of NO were held below 0.55 per

cent. The time lag between the reactor and the gas chro-
matograph wasllesé than 10 sec, and the estimated tlime for the
separation of NO from the O2 formed as the result of decom~-
position was 1.5 min., Therefore the effect of the above
reaction can be safely neglected in the present experiment.
Based on the standard deviation in the calibration and in

the samples, the error in the concentration measurements was
estimated at X5 per cent.

In the measurement of temperatures, a systematic error
of about 5 °K could arise from uncertainty in the value of the
emissivity of mullite, Formation of a gas film on the probe
would slightly lower the values of the measured temper-
atures, but error due to this effect was not expected to be
larger than 10 °K. We may therefore place the maximum error
in temperatures at 15 °K.

Slight error in the velocitiles could arise due to cool-
ing of the plasma by the injected gas. The injection'was
less than 6 per cent on the overall basis and the cooling
effecﬁ was compensated for by the use of the function f(r) in
conjunction with the temperature profiles without injection.
The velocities were known within 10 per cent, the maximum

error being near the point of injection.
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The leakage of air from the surroundings into the
reactor through the gap between the probe and the hole in
the quartz wall was about 300 ppm. This leakage did not
influence the Validity~of the final results in appreciable
manner, because the total amount of N2 was measured at every
point.

In the first analysis, the measured rates of decompo-
sition of NO were correlated to the concentrations of NO and
the temperatures by means of a least-squares fit in the

following form:

e

- dc(ilgo) = A e—— ﬁT (No)n (II—“)

the values of the parameters being:

Experiment No.l Experiment No.Z2

A em3/(g mol)(sec) 1.9 x 105 1.07 x 109
E cal 8453 9807
n 1.33 1.85

Thus the order of the reaction with respect to NO was always
less than 2, but greater than unity. This observation imme-
diately ruled out reactions II-2 or II-3.as the possible
mechanism of decomposition of No; That the effect of nitro-~
gen was to reduce the rate of decomposition of NO could be seen
by comparing the concentration profiles of NO in the presence

and absence of excess N>, as seen in Figures II-7A and
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II-7B. The increase in the value of n from 1.33 to 1.85

with increase in the concentration of N2 intuitively suggested

a rate expression of the form:

_ dao) _ a(N0)°
at = b(N,) ¥ (WD) (1I-5)

where a and b are functions of the temperature only. It
is to be noted at first that the rates of decomposition of NO
obtained in the argon plasma were higher by approximately

5 X 10” than the rates obtained with pure NO or NO diluted

in argonaﬂ). This observation substantiates Haber's hypoth-
esis of non-thermal character of the reaction in the presence
of electrons and ilons. It remains to be seen in which manner
the electrons and ions may influence the reaction rates.
Following Zeldovich, the chain propagation steps were
written as:
Ky

NO + N ==== 0 + N, (II-6)
k_1

k

5 :
NO + O ;i=§ N + O, (II-7)

Assuming (N) and (0) to be in the steady state, from

equations (II-6) and (II-7):

d(NO) 2(N) J 2
TTdE T TTk_[(W,) ¥ k,(NO) {klk2(NO) - k-lk’2(o2)(N2)}

.

(II-8)
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The concentration of NO in the present experiment was at

0
least 40 times its equi13‘.bri1.1mlvalue(l5 ), so that one can

neglect the rate of the reverse reaction shown in equation
(II-8). In.that case, equation (II-8) reduces to:

2
_awo) _ 2k (N) (NO) (11-9)
G T Tiy/E,) (W, ¥ (30)

Consistent with the assumption of steady state for (N), the

form of equation (II-9)
(II-5)

is identical to that of equation

A non-linear-least-squares fit to the data encompassing
both the experiments - (i. e. with and without excess N2) gave
the following best values of the parameters in equation
(I1-9):

_13900(%700)
1.73(%0.2) x 103 e RT

_ 4325(£300)

- 2.26(20.17)e ~ RT (II-11)

(N)k1 (II-10)

~
-

|

~

The experimental data covered the following conditions:
12x10'3<x <55x10’3
L] NO .
-1 -2
6.0 x 10 'K XN2 < 2.7 x 10

1300°K < T < 1750°K

The indicated limits of error were obtained from the

standard deviation of the non—linear—least—squares fit, for
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95-per-cent-confidence level. The standard error of the

fit was 128 per cent.

7. The Role of Atomic Nitrogen

It may be observed in equation (II-9) that the rate of
decomposition of NO is directly proportional to the concen-
tration of atomic nitrogen which appears‘as an independent
variable. In general, the concentration of atomic nitrogen

(51),

which acts as a chain carrier can be written as

py
ri W
w - (3
Ph
where ry and ry are the rates of chain initiation and chain

breaking steps in which the term (N) has been excluded and
w 1is the order of the chain breaking step with respect to
(N). The apparent activation energy for the chain propa-

gation reaction can be expressed as:

where Ep, Ei’ Eb are the activation energies of the chain
propagation, chain initiation and chain breaking steps

respectively. The most likely méchanism of chailn breaking
is three-body-atomic recombination, N + N + M —— N2 + M

in which case Eb will be close to zero, and w will be

equal to 2, so that:
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r.
(N) = [—= (II-12)
r
b
E = E_ + iE (II-13)
P 271
. (34) X . L
Zeldovich considered the effect of (0) for which similar

equations can be developed. Let the acti&ation energiles
corresponding to Kq, k—l etc. be denoted by Eq, E_l ete.
Taking the value of the overall activation energy for reac-
tion (II-1) to be 64 kecal/g mol as quoted by Kaufman and
Kelso(38) and the activation energy for the formation of
atomic oxygen to be 59 kcal/g mol, it can be deduced from
Zeldovich's analysis that E; + E, - E_, = 64 - 59 =5
kcal/g mol., Assuming the principle of microscopic reversi-
bility for reaction (11-7), E, = E_, = I kecal/g mol, so
that El = 1 kcal/g mol. After consideration of equations
(II-10) and (II-12), one can conclude that the activation
energy for the chaln initiation reaction for the nitrogen
atoms in the present experiment must have been close to 13
kcal/g mol. This wvalue of Ei 1s far less than the heat of
formation of atomic nitrogen which is 112,5 kcal/g mol. 1In
that case, a large rate of formation of atomic nitrogen and
corresponding to equation (II-12), a large steady-state
concentration of atomic nitrogen can be expected.

The small value of Ei in the plasma can be explained

-on the basis of the non-thermal character of the chain-
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initiation reaction. In the argon plasma, the rate of for-
mation of nitrogen atoms by means of super-elastic collisions
with excited atoms which are present in a supersaturated

state will supersede the mechanism of activated collisions

in which only a minute fraction of the atoms and molecules
possess the requisite kinetic energy to break the molecular
bond. The energy of excitation of the argon atoms and i1ons

is between 11 - 15.5 eV which far exceeds the activation
energy for the formation of atoms from molecules.

It was noted in Section I that the decaying plasma
contains a supersaturated system of excltation population
and electron population. According to Figure I-9, the
degree of excitation 1n the argon plasma was approximately
101> times its thermodynamic equilibrium value at about
2000°K, and the corresponding value of electron density was

10 particles/cmB. The decay of the excitation

about lO9 - 10
population in argon was noted in Section I to be coupled

with the recombination of electrons with ions., It was conclud-
ed in that section that an important process of recombina-

tion of electrons in ths presence of molecular gases was the

dissociative-molecular-ion mechanism such as:

+ +
N, + AF —> N] + A
N; + e —> N¥ + N (II-14)

In addition, the large population of the lower excited
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states close to fhe metastable level in argon might also

cause reactions of the type:
No(Xeh) +oais) — n (c3m) + A(1p)
2 g 5 o
3 o 2.0
N,(C7M) + A(lp ) + KE ——> N(4S”) + N(“D”) + A(lp )

(II-15)

An evidence for the effect of the N; ions on the decay of

the plasma was presented., The presence of N2(C3H) ﬁolecules

in quantity above its equilibrium value could be deduced

from the selective nature of the N2(2 +ve) radiation for

which a spectroscoplc evidence will be presented below,

Reactions (II-14) and (II-15) would yield atomic nitrogen

in quantity far above its equilibrium value, due to the

effectiveness of the collisions of the excited atoms of argon.
Spectroscopic evidence for the presence of a large amount

of atomic nitrogen above its equilibrium value supported the

above hypothesis. Spectrograms of the reaction mixture

taken with a grating type 1.5 m spectrograph on Kodak 2475

film are shown in Figures II-12A through II-12C. Figure

II-12A shows a spectrum of argon I for reference, taken at

some bfight region of the plasma. Figures II-12B and

IT-12C are the spectra of the reaction mixture for experi-

ment numbers 1 and 2 respectively. The time of.expOSure was

2 hr, and the film wés processed at an equivalent ASA speed

of 2000 for Figures II-12B and II-12C. The position in
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the reactor shown in the slides was approximately the same

for both slides, which was from 2 cm to 6.8 cm below the

plane of injection and on the center line of the jet. Some
strong lines of argon I are marked in Figure II-12A, In
Figures II-12B and II-12C, a fairly strong line of nitrogen I
at 6708 X which arises from the Mdu level is visible. Another
line at 6740 } from the same level was detected but it was
quite Weakk No other lines of the spectrum of nitrogen I
were detected, including the usually strong lines at 4100,
4110 and 935 2. A series of bands of N2(2 +ve) radiation,
starting at 3804.9 K are also visible. These molecular bands
arise from the upper excited state of C3H as mentioned pre-
viously. These bands seemed to be quite weak in Figure II-12C
where excess nitrogen was present. The reason for.this dis-
crepancy was not clear. A comparison of the intensity of the
line of nitrogen at 6708 X with that of argon at 6965 K, with
help of the spectrophotometer, at a point where the concen-
tration of the 2p2 level giving rise to the argon line was
known, gave an estimation of the population density of the
Mdu level of nitrogen which was of ﬁhe order of 103 - lOu
particles/cm3 at around 2000°K. Acéording to the thermody-
namic calculations of Burhorn and Wienecke(SO), the equi-
librium concentration of (N) under the conditions of the
experiment should be 1less than‘lo7 particles/cm3 at 2000°K.

The excitation energy for the qu state 1s 13.7 eV. Then,
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it is not possible to account for the observed concentration

of the Udu

excited level of nitrogen if one assumes thermo-
dynamic equilibrium in nitroéen, such as that expressed in
equation (1) of Appendix A-4., The conclusion is that either
the ground-state population of the nitrogen atoms was too
high compared with its equilibrium value, and gave rise to
a higher amount of excitation population, or the population

of the Udu

level was much higher than its equilibrium value.
The first argument can be withdrawn because no important
lines of nitrogen were observed, The selective excitation

of the Mdu

level therefore, supports the argument that the
population of this level was above its equilibrium value.

This case does not preclude the case in which the ground-state
population of nitrogen was also high, but in any case, exci-
tation from the ground state was negligible. It was not
possible to estimate the ground-state population of nitrogen
directly. The 1likely mechanisms for the production of nitro-
gen atoms in their ground state and excited states were dis-
cussed earller. The spectroscopic observations support the
non-thermal character of the production of atoms of nitrogen

which take place in the reaction of decomposition of nitric

oxide, as chain carriers.
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Figure II-1 A photographic view of the reactor
assembly used for studying decomposition of nitric

oxide. The sampling probe 1s inserted into the
second hole counted from the top.
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Temperature distribution in the reactor when only nitric
oxide as the reactant was introduced in the plasma jet.
The temperatures shown are absolute temperatures. Scat-
tering of the experimental data points was within *5°K
from the curves. 2z denotes axial distance measured below
the injection plane.
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Temperature distribution in the reactor when no gas was
injected from the jacket. Temperatures shown are absolute
temperatures. Scattering of the experimental data points
was within %5°K, z denotes axial distance measured below
the plane of injection.
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SUMMARY AND CONCLUSIONS

The plasma studied here wés an RF-coupled, atmospheric-
pressure, argon-plasma jet. An electric field was absent in
the region of'intérest. It was assumed that the same kinetic
temperature prevailed for all the particles at a given point
in the plasma Jet. The excitation temperatures were deter-
mined spectroscopically from the relative population densities
of the higher excited states and varied between 3000 - llOOOoK
in the region where the plasma was studied. The electron
densities in the same region were determined from the Saha-
Boltzmann relationship for the first stage of ionization, and

2 1015 particles/cm3. The axial veloc=-

varied between 10
ities were determined by a flow-visualization technique using
particles of boron nitride as tracers, and varied between
300 - 1200 cm/sec.

Some improved values of transition probabilities of
argon I were developed for their usefulness in the spectro-
scopic studies. The values of transition probability for 18
lines of argon I in the spectral range of 5300 - 6500 K are
reported in Table I-1. It was found that the inhomogeneity
of the source introduced an error of 4 - 5 per cent in the
.values of the transition probabilities.

Various spectroscopic methods of the measurement of
temperatures in a plasma were evaluated. A.comparison between

the various methods is shown in Figure I-7. The temperatures
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calculated from the absolute line intensities were always
greater than the corresponding temperatures obtained from the
relative population densities of 7 excited levels, which
indicated an absence of.complete thermodynamic equilibrium in
the plasma jet.

The validity of the excitation equilibrium in the plasma
Jet was questioned. The higher-excitation population remained
in equilibrium, while the lower-excitation population in-
cluding the ground state showed a marked departure from equi-
librium., The departure from equilibrium of the lower-excita-
tion population was a strong function of the energy level, a
weak function of the electron density and a very weak function
of the temperature. The critical-energy level below which a
substantial departure from equilibrium occurred was mainly a
function of the temperature. The fractional departure from
equilibrium of the excited states, expressed as the ratio of
the actual population to the corresponding Saha-Boltzmann
population was correlated to the temperature and the electron

density by means of an empirical equation of the form:

C

Pp) = - ATEn?

The values of the ~onstants A, B, C are given in Table I-2.

The departure from equilibrium of the ground state is shown

——
2.303KT

ground state showed a great tendency to be undérpopulated

as a function of the parameter in Figure I-9. The

with a decreasing temperature in the decaying plasma studied.
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For a complete thermodynamic equilibrium to exist in a
plasma, the ground state should be in equilibrium with the
excitation population, and the critical-energy level should
be extended down to the ground level,

A flow-visualization technique was developed to obtain
the velocity distribution in the plasma jet. Particles of
boron nitride were used as tracers. A photographic method
using two-plane pictures of the plasma jet enabled the veloc-
ities and the positions of the particles to be determined.
The‘experimental veloclty distribution was expressed as a
third-order-least-squares fit. The experimental velocity
distribution was improved by subjecting it to a material
balance in the plasma jet. The improved velocity distribution
is shown in Figure I-12. An energy balance in the plasma jet
gave the radiated power of argon, which could be approximate-
ly expressed by means of equation (I-18).

A study of the recombination of electrons with ions
indicated that the disscciative-molecular-ion mechanism could
satisfactorily explain the observed rates of recombination,
which were obtained by solving the equation of continuity for
the electrons. A summary of the dissociative-molecular-ion
mechanism including the values of the pertinent rate constants
is given in Table 2 of Appendix A-7. The collisive-radiative
model of plasmas was found to be inadequate to explain the

excitation population and the recombination rates in the
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argon plasma under atmospheric pressure, malinly because of

the following reasons:

1. The collisive-radiative model does not take into account
the effect of the métastable level in argon, which may
have a long life-time comparable to that of the ground

'state.

2. The collisive~radiative model neglects the atom-atom
collisions which can become as effective as the electron-
atom collisions, and may result in the inelastic processes
when the gas densities are high compared with the elec~
tron densities. Especially important are the three-body-
collision processes involving atoms.

An important implication of the dissociative-molecular-ion

mechanism of recombination involving bimolecular gases, from

the point of view of chemical reactions 1s the formation of

a large amount of atcmic species which are reactive.

The decomposition of nitric oxide was studied in the

argon plasma in the range of temperatures between 1300 - 1750

K. The region of the reactor chosen for this study was
below the region investigated spectroscopically. The temper-
atures were determined with help of an optical pyrometer and

a ceramic probe which was inserted into the plasma. The

concentrations of NO and N2 were determined by a gas-chromato- -

graphic technique. The rates of decémposition of NC were
obtained by solving the equation of continuity for NO. The

observed rates of decomposition were about 4 orders of
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magnitude greater than those observed by other workers in the
absence of the plasma. The apparent order of the reaction
with respect to NO increased from 1.33 to 1.85 with the
addition of excess N2.. The presence of exggss N2 also de-
creased the rate of decomposition of NO. The apparent acti-
vation energy of the reaction was about 9 kcal/g mol which
was significantly lower than the values obtained by other
workers in the absence of the plasma. These observations
were consistent with a chain mechanlism involving atoms of

oxygen and nitrogen. The proposed chain mechanism is given

by:

o

NO + N

W J
n o
o)
(@]
+
=

NO + O

f

and the corresponding rate expression is given by:

amo) 2k, (M) (N0)°
dt (k_1/kp) (Ny) + (NO)

A steady state for the atomic species which act as the chain
carriers was assumed. The increased rates of decomposition
of NO can be attributed to the large concentration of the
atomic nitrogen which was formed as the result of the reac-
tions between the molecular nitrogen and the excited atoms

and ions of argon present in the plasma. The values of the
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rate parameters in the above rate expression were obtained

from the observed rates as:

_ 13900(*700)
RT

1.73(%0.2) x 103 e

. _ 4325(£300)
- RT
E_l 2.26(%0.17) e

(N)k,

The experimental data covered the following conditions:

1.2 x 10'3<: XN < 5.5 x 10’3

6.0 x 10-4 < xy, < 2.7 % 10™2
1300°K < T < 1750°K

General Implications

It can be concluded from the study of decomposition of
NO in the argon plasma that the role of the electrons in
the reaction was to maintain the concentration of the excited
atoms of argon by means of inelastic collisions. The excited
atoms and ions in turn, led to the formation of atomic species
of nitrogen which played the important role of chain carriers
in the reaction., In principle, the concentration of the
atomic nitrogen in the above rate expression could be obtained
aé a function of the independent variables defining the state
of the plasma, namely, the temperature and the electron
density. In practice however, all the excitation cross-sec—
tions and the reaction cross-sections required for the

caléulation of the steady-state concentration of the atomic
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nitrogen were hardly known. Therefore, it will suffice to
say that the reaction rate constant for a plasma reaction

may be expressed as a function of two independent parameters:

k

I

(T, ng)

in contrast with:

P
]

£(T)

for a thermal reaction. A general reaction rate theory set
to explain reactions in plasmas at sufficiently high gas
densities would include electronic collisions and radiative
transitions, in addition to the atomic collisions which are
usually considered in evaluating the rates of chemical

reactions.
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APPENDIX A-1

Determination of Absolute Spectral Response

The optical elemeﬁts such as mirrors and lenses, the
diffraction grating and the radiation detector used for
making quantitative measurements of the incident light from
the plasma do not have a uniform spectral response over the
entire range of wavelengths., For quantitative interpreta-
tion of the recorded intensities, one must calibrate the
experimental setup to determine ifts wavelength response.
The following procedure makes use of a standard tungsten
strip lamp placed in the position of the plesma, as the
source cof radiation for determining the absolute spectral
response of the experimental setup.

The radiation from the tuhgsten lamp can be calculated

by the use of nodified Planck's equation:

Co
I = €ap T~ (e X 1)t (A1-1)
1
The emissivity CAT for tungsten is given by DeVos (1) as a

function of wavelength aﬁd temperature. The lamp had a
quartz envelope, for which the transmission factor qa\is
close to unity. TFurther, the quartz tube used to confine
the plasma has about the same transmission factor.
Therefore T, was ignored in the calculations. The values

(2)

‘of Planck's constants are as follows
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-12
C, = 3.7k05 x 10 ! (watt)(cm)2

C, 1.43879 (em) (°K)

The lamp was operated at 5 volt d.c., and its surface temper-
ature was measured with an optical pyrometer with an sccura-
cy of X3°K. The d.c. operation of the lamp was found to
reduce the noise-level in the recorded signal. The intensi-
ty of radiation was recorded on the chart recorder under
identical conditions as with the plasma.-

A special correction for scattered intensity 1inside the
spectrophotometer unit was necessary. The resolution of the
incident 1light 1s not complete due to imperfect optics of
the instrument. Thus, a part of the light emerging from the
exit slit arises from the scattered light from other wave-
lengths. The amount of scattered intensity was determined
at three different wavelengths, by the use of Kodak wave-
length filters 3U4A, 74 and 29 which have peak responses at
4500 R, 5200 X and 6400 X and have a bandwidth of about
900 X. These filters were put in turn in the optical path
of the incident light and the recorded output was compared
with the outbut without any filter. Allowance was made for
the transmission characteristics of the filters which were
previcusly determined with the help of a mercury lamp, which
has a well defined spectrum. Further analysis with Kodak
filter 2C, which cuts off radiation below 3500 X, but trans-

mits most radiation between 4000 - 6000 A indicated that the



110

scattered intensity arose from wavelengths higher than the
wavelength being scanned. On these considerations, it was
possible to write down the contribution to the observed

intensity from scattering as follows:

ob n ob
I =1, + 2 a.. I.

. 4 J=1 1iJ J (A1-2)
aij =0 for J< i

Here Igb is the observed intensity at wavelength liand Ii

is the incident intensity. The coefficients aij are char-

acteristic of the spectrophotometer, and their experimental
values based on a wavelength interval of 250 E are listed in
Table Al-1l. The table indicates that scattering becomes im-
portant below 3700 X or so. It was found that use of Kodak
2C filter which cuts off radiation below 3500 i adequately
evaluates the net scattering below this wavelength and a
detailed analysis using the aij ccefficients is not neces-
sary.

The spectral response was calculated as the ratio of
divisions on the chart rgcorder obtained after the scatter-
ing correction to the actual radiation from the tungsten
source, The response was evaluated at two positions along
the axis of the plasma Jet in order to detect any effect of
slight change 1in the focal distance of the scanning mirrors,
but no such effect could be detected except at wavelengths

o
below 3400 A. The results of the calibration are tabulated
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in Table Al-2. Figure Al-1 shoﬁs the results in a graphical
form., The response below 3400 2 shown in the results repre-
sents an average value for the two axial positions.

The reproducibility of calibration was within 1%. The
total error in calibration is estimated to be less than 4%
in the visible range and about 8% in the ultraviolet range.
About 3% of the total error arises from the uncertainty of
éhe temperature of the strip and the emissivity of. its sur-
face, and the rest of the error is mainly due to error in

estimating the scattered intensity.

The intensity of radiation from the tungsten strip, IA

refers to the energy radiated per unit time by unit surface
of the strip in unit wavelength interval and in unit solid
angle. To obtair total radiation in a spherical volume, one
must multiply by a factor of L7, Further, to obtain the
total radiation from a spectral line, one must iIntegrate the
area under the intensity curve traced by the recorder pen,
which traces the intensity as a function of the wavelength,
a typical curve being shown in Figure II-M.v To obtain the
radiation in unit frequency interval instead of unit wave-
length interval, such as required in continuum radiation
measurements, one must multiply by a factor of %;. The ra-
diation calculated.in the abcove manner always represents

total radiation arising from the unit cross-section of the

entire strip of the plasma observed by the instrument. One
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must therefore interpret the results of intensity measure-

ments judiciously.
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Table Al-1 a.. coefficients for evaluating the scattered
intensity. ’I‘he‘]two digit numbers following the coefficients
are powers of 10 to be multipli_,ed.

’\&‘j—-’ 2300 ; 2730 3000 3230 3300 3750 4000 4230 4500 4730
‘ 5000 8250 $500 8750 €000 8250 €500 €750 1000

o
2500 A 0.06 00  3.75-03  6.20-63  §.06-03  6,70-G3  3,16-G3  1.42-03  6.13-C%  3.36-0%  2.40-Ck
2.06-04%  1.5C-04  2.31-8%  1.63-tk  1.27-Ck  0.CC €O 0.60 LU 0.00 06 0.0C 00

2750 .00 GO ¢.00 Cu §.12-03 9.68-05  7.18-03 3.68-¢3 1.81-03 b.82-0L N.S2-CL A.25-G0
3.55-uk 3. 060k 3.53-00 3.15-08 3. 47-04 3,390 €.Ce 60 0.0 GO 0.C0 66

3000 .00 o .06 CG V.bb Gy $.05-03 7.55-63 b.21-03 2.66-G3 1.15+63 6.55-0u 5.68-00
N.be-0k h13-08 N E3-Ch 3.88-Ch 5.58-Uk 6.58-04 ¢.0C CO .60 GG G.CO ul

3250 8.00 oC 0,00 €O 0.60 GO 6.C0 o0 €.7C~03 i.Dk'OS‘ 2.07-03 1.45-03 9.23-0k 7.05-0%
5,69-0k $.06-LL S.kE-01 N.5e-CL T.LE-CL t.52-04 .00 0Q €.00 CG &.co o0C

3500 0.80 0C 0.00 CC €.00¢ ¢CC ¢.6C 0C ¢.oc cc 3.68-03 2.€0-C3 1.72-C3 1.1€-¢3 I.SS-OHV
b.51-0h 5.88-0U &.30-Cy $.k7-0L 9.07-04 7.57-¢n 1.86-C% t.e0 oC .00 00

3750 L.Lo GG .40 ¢o [ 114 L.CG 0C .G GC ¢.00 CO 1.61-03 1.79-03 1.80-63 $.93-G4
7,080 6.70-0% 7.1%-C4 G.50-0% 1.66-uv3 .20 1,800 .00 oL G.tu §¢

4000 Q.00 €O L.uG Gu G.06 6O v.0C L0 L.0v Lo .66 b 9.L0 Gy lous-03 1.vl-ts 1.1k-t
9.37-C% T.8a-Ch 709104 €.9b6~0y 1.23-¢3 6.27-04 l.66-0% 0.L0 CC ¢.00 CC

4250 oLt S G.0U GC G.bu (b G.0u 00 G.GL GO G.Le LL €.¢0 Cuv 6.60 vu 7.13-0% 1.05-u>
9.72-C% 8. 05-0L 8.73-0u §.05-04 1.38-65 §.38-08 1.84-0% V.L0 0O 6,00 0C

4300 8.60 GC .00 ¢t €.6¢ Co ¢.6C Co 0.06 ¢ €.00 CC L.(C e G.cc €6 .60 CO S.16-C
$.80-08 $,19-CL 9.97-C4 8.62-0% 1.53-03 r.ea-cu 1.84-Ck 0.CC Co €.00 &0

4730 C.00 L0 €.L0 00 €.00 00 6.60 0C ¢.0C CC .0 o €.Co 00 Q.68 CC 0.Co GO .00 0C
3.67-C4 $.83-Ch $.C8-04 b.EG-Ct 1.05-03 $.E7-0% 2.76+CL ¢.0L 00 .00 CL

2000 0,06 go C.L0 60 C.0t CC C.uC (O C.C0 LU 6.00 ¢6 g.ce C(C 9.00 CO . cC €.C6 o0

.00 w0 3.21-C% 6.05-Cn 1.50-C8 To76=43 1.02-4> 2.76-Ch G.ub GG U.CC OC

8280 .60 00 .60 G0 6,49 (U .06 €6 €.66 (G €.60 UC 0,00 0C  0.00 LU G.C6 LG C.U0 Uu
0.0 G0 G.C0 00 3.33-Ch b.13-CL 1.67-0> 9.87-04 2.76-04 .6 66 C.9C GO

8500 0.06¢ 0C  w.00L L0 ¢.40 oC .00 oC ¢.00 €6 0.6 Co 0,060 CO 0.¢0 €0 .00 00 0.00 ¢S
e.0¢ 00 0.00 ¢ €,00 ¢C 3.EE-0L 1.23-03 §.22-¢cn 1.88-0% c.00 ¢C 0.60 ¢Co

8750 6.00 oC €.L0 oC c.co ct .66 cC ¢.00 CC o.cc cf c.co ¢ ¢.to 6o €.00 00 ¢.00 CO
[T C.Co CO L.60 ue L.v0 GO 6.78-G4 1.57-0t I.38-00 C¢.co o¢ 0.CC 00

€000 9,00 €0 €.0C 00 uv,0C LL C.GC 0C 0.C0 6C 0.CC CC  C,0C LU 0,00 ¢C  L.CC CO  G.CU 0O
9,00 60 L.LL 4L €,06 00  6.60 LG C.0C €0 8.93-Ch €04 0  G.66 0C  ©6.(0 Gu

€280 0.0 ¢¢ 6,00 CC V.C0 GO ¢.Co CC 0.0¢ c¢ ¢.CC ue C.CG 0C .66 ¢C  ©.00 Q0 €.C0 d¢
.00 ¢ C.CC L0 C.cv Q0 €.0¢ 6o €.06 L0 0.C0 ou 0.0¢ o0 €.06 ue .66 U0

4300 €.80 0 0,00 00  0.Ly WL O.LL WL 0,00 LG D.UL LC 0,00 €O 0,00 GO .0L DG C.LU Gy

Loul uL C.00 oL L.00 Wt Q.00 L t.Lt LG .00 €6 0.00 GO 0.0C UL €.00 00

€730 .60 ¢ C.0¢ CC 1 711 1% c.tc oc g.00 oL 0.0¢ oC .60 oC 0.00 00 ©C.00 GC c.cc 00
G.te ct 0,00 (0 bt 0c .00 Ct 0.0c ¢c¢ 0,00 oC ¢.t0 ¢& 0,86 0C 9.C0 €O

7000 6.0L Ly L.00 i 0.0¢ (G o.tc ud .0t L 0.cl CL .G e 90.0u 00 .0.CO OO ¢.00 00
.06 GC C.06 VU 8,00 CO G.cC €0 €.0¢C Cc 9.0C CC  "C.o0L L G.0u CO 6LC6 Lo
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Table Al-2

Spectral response of the setup. The corrected intensity
is obtalned after subtracting scattered intensity from
the measured intensity. Response 1s expressed as:
- corrected intensity

G\, = €5 X Black-body intensity
The brightness temperature was 1792°C., The two-digit
number following the four-digit number is the power of
10 to be multiplied.

7000

z:= 11.89 ¢cm
VAVELENGTH  MEASURECL  CORRECTED  LLVCE=ECLY EMISSIVITY  RESFULSE
T (ARgsStroL Y T T IITENSTTY TITERSTTY —INTENSTIY € G
S I AT A
- 2500 1.CS0 02 T I.SUS I T.555 Ty LTI 1.777 Gt
2750 1,972 02 1.742 ul L.eLs ol LSy 2.279 GO
3000 7.LTU 07 3.07C 01 758 o2 AW TLOITETR
3250 3.028 02 5,501 0l 2.bw2 02 L7 L.500-0l
TUTTTTTRS00 T T TS AT 0T 2 TV N2 7.593° T2 JGLS C.l00-v1
3750 1.350 U3  1.Gu4% 63  l.eub G3 72 1.17¢ 0¢C
- TTHOUC T TTTIUELDTOD 3550 U3 3.0l 03 alo I.o71 Gy
42590 5.500 03 Y,L83 U3 7.259 03 Jaub 2,803 wu
4500 2,008 0% 1,979 04 I.2¢L C¢h 503 3.502 Ul
4750 3.544 04 3.520 04 c2.ubku Ch 459 3.748 0L
T 5030 775,300 O 5,283 UL TT3LLIT Gu N A T U B
5250 6.700 04 " €.uvEd Qb 4,503 Q4 455 3.264 U0
"~ 5500 €.530 04 6.68235 ul t.226 04 452 2.52% 00
5750 £.080 0 £.077 04 5,228 0L Lulé 1.037 0¢
t0oo 3.0 04 5.0 04 1.0ts 05 L5535 t.575-0u1
6250 7.500 03 7.5490 €3 1.33¢ 05 b0 i 3hL=0L
0500 2,500 03 2.0 03 L.u3l 65 437 Youl =02
6750 1,206 03 1.2LC 43 1,444 05 L3k L.4%6=02
7000 7.550 02 7.550 02 2.283 05 L350 7.091-03
2=24.267cm
S A VELEN G THREASURED —CORRECTEL — LA CR=GCbY —EMISS YTy —RESPONSE———
(Angstrom) INTENSITY INTENSITY INTENSITY
2500 1.600 02 7.141 G0 2.595 00 427 t. 4S50 00
re a1’ 15U U< V20Ul 1 ULy Ul RS <A1l UUT
3000 2.360 02 2,297 Ul 7.5¢L Gl RS 6.,473-01
TTTTTT32S0 T T TR 000002 5LV TEL UL ZLULYTGT YA L. ZeI=or
3500 $.300 02 2,L03 02 7.493 G2 A 7.4U5-GL
3750 I.380°03 1,905 G5 — 1.T0C U3 Y 72 17233760 T
4000 3,780 03 5.L54 (3 3.8 G3 47U L.s24 0C
L' Y4-)1¢] .50 U> EREYAILE] [V ECE) TLRDU Lewa 4 UU
4500 2.04¢ 04 2,611 0% 1,204 Cub 403 3.436 00
TTTTUTTRTISGT T TTUTILSLGTOL U3.TT6 0L 7.0 ThT LIS SPWAS T
5000 5.30¢ 04 5,262 04 3.5 0b JL57 3.7:0 00
- 5250 C.SIG 04 0, TS0 CL TS0 TR J455 3.3L7°CT e
5500 t,966 04 t.553 C4 £.226 94 L452 2,471 Gu
5750 t.I50° 0% C.i57 0% TLLSTOE JGLT 1,050 00
. iy 3.370 04 5,270 ¢4 1.0€u OS5 N t.7u2~0s
TTTTT T e250 T TR, 2I003 8L ZG0T U TILIIC 05 LGS T TIVOESETT -
: £500 2,960 03 2.9¢L0 03 1.031 GS 437 L.s52-02
[ - -7+ AR G 2011 I+ S Qs 1e]1 VA SR G TS VIV S T SE-E £
7.6G0 02 7.u60 G2 2,283 ¢S LSU 7.742-G3
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Figure Al-1

Spectral response of the setup., G 1s the ratio of measured
chart divisions to the actual intensity of the standard
source., Curve shown .1s an average value for two axial posi-
tions at 4,267 cm and 11.89 cm below the leading edge of the
RF coil.
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APPENDIX A-2

Purification of Argon

The argon gas used in this study was obtained from
Linde division of the Union Cearbide Corporation and had
stated maximum impurities of 40 ppm; mostly H,, Ny, HyO,

CO2 and some hydrocarbons. Preliminary observations in fhe
plasma indicated that small amount of impurities in the feed
gas could affect the operation of the plasma generator and
also the radiation characteristics of the plasma. To illus-
trate the effect of impurities on operation of the plasma
generator, photographs of the plasma jet taken with differ-
ent concentrations of nitrogen as an impurity in argon are
shown in Figure A2-1. The scheme for mixing the impurity
gas was the same as that shown in Figure II-2, It can bé
seen that the radiation from the plasma jet changes consider-
ably with increasing amount of impurities in the feed gas,
and the flame broadens in diameter and shrinks in length,.
The observations clearly pointed out the necessity for using
highly pure feed gas, and therefore a scheme for further
removal of the trace impuritlies was undertaken.

Cheapala et al(l) found that most of the hydrogen can

be removed from helium gas when it 1s passed over cupric

(2)

oxide at 490 - 500°C. Gibbs et al'‘’ found that granules of
copper heated to 600°C remove oxygen from argon almost gquan-

titatively even at very high space velocities. A packing of
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type 4A molecular sieve is known to hold back moisture,
hydrocarbons, carbon dioxide, oxygen and most of nitrogen
if the temperature is held very low(3).

The method for reﬁoval of traces of impurities from
argon was based on passing the gas over heated cupric oxide
‘followed by heated copper metal and finally through a column
containing type-U4A-molecular sieve held at very low temper-
ature,

The purification train is shown picteorially in Figure
A2-2 in which the essential constructional details of the
apparatus are shown, disregarding dimenslons. Argon from
the storage cylinder bank was passed through a stainless
steel tube, % in I. D, and 36 in long, containing 350 g
of Cu0 in section (A) followed by 60 gm of thin copper
shavings in section (B). The CuO section was maintained
at 530°C and the copper section at 625°C, as measured by
calibrated thermocouples in contact with the outer wall of
the stainless-steel tube. No attempt was made for accurate
temperature measurement and control because 1t does not
affect the results to any measurable degree, The two sec-
tions were heated by means of two electrical furnaces rated
at 500 watts each, and controlled separately. The hot
gas issuing out of the furnace was cooled dowﬁ to room
temperature in a forced circulation type cooler (C), of the
variety gsed in household refrigeration. The gas was fur-

ther cooled to -30°C in a double-pipe heat exchanger (D)
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and then to -140°C in the scrubbing column (E). The packed.
portion of the scrubbing column was 1% iIn in diameter and
16 in long. The packing was Linde type 4A molecular sleve,
in the form of %g in pellets. Liquid nitrogen evaporating
in an outer jacket was used as the cooling medium., A thin
wall of asbestos separated the packed column from the cool-
ing jacket, the purpose of the insulation being to maintain
the temperature of the argon above its freezing point. A
finer temperature control could be achieved by means of an
electrical heating element incorporated in the asbestos
partition, but due to self-regulatory nature of the evapo-
rative cooling systeﬁ, fthe finer heating control was never
necessary while the system was in operation. However, if
the flow of argon was cut off for a long period, having
liquid nitrogen in the coocling jacket, then the asbestos
partition would not maintain the required temperature
difference between the cooling Jacket and the column, and
the argon trapped in the column would freeze, blocking'the
passage of the gas, and calling for operation of the heater.
The purified gas leaving the column was brought to near
room temperature in heat exchanger (D) where it cooled the
incoming gas.

Nitrogen being the most difficult impurity to remove,
the following test was designed to estimate the amount of
nitrogen in the purified argon. In the first part of the

experiment, known amounts of nitrogen,-namely'300‘ppm'and'
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700 ppm were premixed with afgon and the intensity of Nz(l-)
band radiation at 38812 band head was recorded, at the same
fixed point in the plasma. In the second part of the test
the purified gas was used and the intensity was again re-
corded. Comparison of the intensity with the case of known
amounts of nitrogen indicated that the nitrogen in the pu-

rified gas was present in amount less than 3 ppm.
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Pure Argon. The flame extended
well below the open end of the
tube. The white tail was mainly
due to N2(2 +ve) and N+(l -ve)
radlation originating from the
ambient ailr coming in contact
with the highly excited argon.

Argon + 0.13% No. The flame
shrank in length and expanded in
diameter. The tail nearly dis-
appeared. The visible radiation
increased in strength in the
upstream section,

Argon + 0.31% No. The flame
shrank in length and expanded

in diameter further. The tail
vanished., The visible radiation
was intense near the RF coil,
but it was weak in the down-
stream section.

Figure A2~1 Effect of impurity in argon on the
radiation characteristics of the plasma jet.
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Figure A2-2

Apparatus for purification of argon. Indicated temper-
atures are normal steady-state values.
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APPENDTX A-3

On Abel-Inversion

The Integral transform

r

I(r) = -% ./fo 4 I(x) (A3-1)
X=r x& - re

solves the Abel type integral equation

o I(r) rdr (A3=2)

I(x) =2
’ rgg Vrg - x°

which often arises when a laterally integrated value I(x)

of some observable is measured from which the radial dis-
tribution function I(r) must be obtained. Figure A3-1
illustrates the geometry of spectroscopic intensity measure-
ments in which a c¢ylindrically confined plasma is being
scanned laterally.'

Since the shape of the intensity curve 1s arbitrary, one
must have recourse to numerical methods to solve equation
(A3-1). Various numerical approaches have been proposed,
from the simplest curve fitting technique of Pearce(l) to
a sophisticated method of fitting Gegenuber polynomials to
the measured intensity curve(2>. As pointed out by Gorenflo
and Kovetz(z), noise superimposed on function I(x) appears
as amplified fluctuations in the computed function I{(r)
because of the half order differentiation process involved

in the transform of equation (A3-1), making the‘problem of
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inversion very susceptible to the errors of measurement.

Nagler(3) proposed a simple method in which the circu-
lar cross-section of the source was divided into finite
zones and an average value of radial intensity was assumed
for each zone, Olsen(u) used a direct numerical approach

in which he set:

where Bij = jax €i-1, j-1 for i=j
= 2 I .
Bij B ﬂAX(Ci-l, Jg-1 - 5&—1, j-2) for i<j
Bij =0 for i>j

1 L

i €y = (307 - 2 - 2 - 4B
(A3—3)

Pearce(l) has also given a similar numerlcal technique.

)

Bockasten(5 fitted a third order polynomial curve to
seccessive four values of I(x) and used the four constants
to evaluate the coefficients similar to Olsen's Bi"

J
Bockasten's,calculations(s) show that the error in the

radial intensity due to taking finite increments decreases
with increasing number of intervals, but on the other hand,
the uncertainty due to some fixed error in each of the
independent observations becomes larger with increasing
number of observatiéns. His éalculations substantiate the

noise-amplifying character of the Abel-inversion process.,
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(2)

Gorenflo has pointed out ﬁhat location of the center
(r=0) of the source having cylindrical symmetry may intro-
duce a large error. Woodward(6) carried out numerical cal-
culations using typicai laboratory data on the plasma jet
and compared the standard deviations in I(r) for a fixed
standard deviation in I(x) expressed as a fraction of in-
tensity at the center, for the methods of Pearce, Nagler,
Olsen and Bockasten. Table A3-1 gives the comparison in

a tabular form. He concluded that Nagler's method is the
least accurate of the four methods studied and both Pearce's
and Bockasten's methods give about the same degree of accu-
racy. Gorenflo's Gegeniiber polynomial method is more com-
plex than the above methods and does not yield improvement
in the results., The table shows that the error becomes
large at the center and the boundary of the plasma jet for

(5)

all the methods studied. Bockasten has noted that 1in most

practical cases, the errors due to experimental measurements

will mask the error involved in the numerical approximation.
As the conclusion of the above studies, one should

observe the following precautions when interpreting the

experimental intensity data taken by silde-on measurements.

1. The measured intensities I(x) should be plotted on a
large graph paper, and the dips and wiggles in the
curve which have no physical significance, should be

carefully smoothed out. Bockasten's third order
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pblynomial method for smoothing out the data is quite
effective in the central part of the iﬁtensity curve,
but does not yield good results near the boundary,
where the changé in intensity may be abrupt.

2. The center of the curve should be determind accurately.
When possible, the side-to-silde curve can be folded
to determine the center. Cylindrical symmetry of the
source 1s an essential condition in using the Abel
transformation.

3. The Abel transformation assumes that the intensity at
the boundary 1s zero. Residual intensity at the
boundary if any, should be subtracted from all cther
intensities, or otherwise, forced to a zero value.

by, Least, but sufficient number of intervals should be
chosen in the numerical integration of Abel's
equation. The criterion for sufficiency is that the
points should adequately represent the curvature in
the plot of I(x).

5. Values of I(r) near the center should be given limited
significance and the values near the boundary have
almost no significance. Most accurate values of I(r)

are obtalned at approximately r = 0.5r,.

An assumption implicit in equations (A3-1) and (A3-2)
i1s that the self absorption of the spectral line is negli-

gible} While this assumption holds good for argon plasma in
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the wavelength range of 3000 - 6000 3(7), one should verify

it in each case. Freeman and Katz(8) have developed a meth-
od of Inversion which takes into account small amount of
self-absorption.

Some attempts have been made to automate the Abel-in-
version procedure by the use of computers. Shumaker and
Yokley(g) have described the use of an in-line analog com-
puter in conjunction with a rotating prism for rapid scann-
ing of the plasma, to obtain the I(r) values immediately.

Paguette and Wiese(lo)

made use of a digital computer and an
analog~to-~digital converter to improve the accuracy of
measurements,

It should be pointed out in the light of the conclu-
sions drawn previously, that the rapid scanning methods
described above may leave a large amount of experimental
nolse unfiltered and give erranecus resulits.

In the present work, Pearce's method using Aij coeffi-
cients was preferred because 1t 1is simple to use and gives
sufficiently good results. Table A3-2 gives the coeffi-
cients used to determine the radial intensities from the
observed intensities. The error involved in this method for
an assumed standard deviation of 1% in measured intensities
varies between 1% to 6% depending on the radial position.

As_mentioned previously, at the center and the boundary, the

error 1s considerably large.
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In preparing the computer program for Abel-inversion
and for surveying the various methods, Dr. Joe Woodward's

help is greatly appreciated.
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Table A3-1
Comparison Between Different Numerical Solutions of Abel Transformation
Number of samples = 25

Number of intervals = 10
Standard deviation in I(x) = 0.01

r= Exact Pearce Nagler Olsen Bockasten
Inverse
Inverse Standard Inverse Standard Inverse Standard Inverse Standard
Deviation Deviation Deviation Deviation
0.00 1.000 0.973 0.062 0.987 0.082 0.980 0.102
0.05 0.998 0.973 - 0.062
0.10 0.990 0.973 0.062 1.019 0.052 1.025 0.056
0.15 0.978 0.985 0,039
0.20 0.960 0.997 0.112 0.937 0.034 0.941 0.034
0.25 0.938 0.911 0.026 .
0.30 0.910 0.825 0.128 0.914 0.030 0.916 0.032
" 0.35 0.878 0.874 0,021
0.40 0.840 0.923 0.138 0.828 0.033 0.834 0.032
-0.45 0.798 0.787 0,025
0.50 0.750 0.651 0.159 0.745 0.026 0.751 0.025
0.55 0.698 0.696 0.019
0.60 0.640 0.741 0.163 0.631 0.021 0.640 0.020
0.65 0,578 0.578 0,016
0,70 0.510 0.417 0.161 0.493 0.019 0.505 0,018
0.75 0,438 0,441 0.014
0.80 0.360 0,466 0.168 0.346 0.021 0.363 0.021
0.85 0.278 0.294 0,016
0.90 0,190 0.121 0.171 0,161 0.020 0.182 0.014
0.95 0.098 0.127 0.016
1.00 0.000 0.133 0.173 - - - -

TET
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10

Numerical Values of A
(Numbers in supe

0
5.000

0

2

0
-2.887

0
-2.887

0

3

-1
-8.207

0
-1.415

0
-2.236

. in Pearce's Solution of Abel's Transformatlon.

Table A3=-2

%gcript denote power of 10 to be multiplied)

4

5

-1

.068

-1

416

-1

.651

-1

.531

0

667

6

0

7

-6.

359
.037

.291

.153

.586

.213

10

-2
~-3.997

-2
-4,122
-4, 437

=2
-5.008

=2

-2
-7.750

-1

-1
-1.992

-1
-5.222

0
-1.147
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o L J(r)

Y

I(x)

Figure A3-1

Spectroscopic measurement of intensity in a cylindrical
source. The measured intensity I(x) is a sum of radial
intensities I(r) arising from different zones of the
plasma. Abel's transformation gives I(r) from the meas-
ured values of I(x). ' '
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SOME NEW TRANSITION PROBABILITIES OF ARGON I IN
THE RANGE OF 5000-6500 A AND THE ROLE OF A
NONUNIFORM SOURCE TEMPERATURE

S. V. Desat and W. H. CorcoraN

California Institute of Technology, Pasadena, California 91109
(Received 17 April 1968)

Abstract—Ncw or improved experimental values for certain transition probabilities of argon [ were obtained
using a radiofrequency, induction-coupled argon plasma as the source of excitation. Intensitics of twenty-six
lines of the argon 1 spectrum in the wavelength range of 3000-6500 A weie measured with a photomultiplier tube.
The transition probabilitics of cighteen new lines were determined from the known values for eight lines, assuming
local thermodynamic equilibrium. The radial temperature gradient introduced a slight deviation from lincarity
in the plot of log (1,,,4,,./8nAum) ¥S. E,, but because the effect was very small it was practically obscured by the
larger errors in experimental measurcments. For the gas under observation the measured temperature is the space-

average temperature T, defined by the relationship

3

Y (n/T)
_r=1

n,

:ﬂl -

where n, is the number of atoms per unit volume at radial position r in the nth excited state, and n, is the average
number of atoms per unit volume at the nth excited state in the zone viewed by the spectrometer. The value of
T, is approximately 7 per cent lower than the truc radial temperature at the axis of the jet, with the difference
becoming less toward the periphery, and is weakly dependent on the level of excitation.

INTRODUCTION
THE INTENSITY of atomic line radiation from a homogencous gas is given by :

= hegutto A - gur M
A'anO

Here, A4, is the Einstein transition probability for a transition from the upper energy level
designated by the subscript # to the lower energy level m. For simple spectra such as hydro-
gen and helium, values of A, can be obtained from quantum-mechanical calculations with
a fair degrec of accuracy. For complex spectra such as argon, attempts have been made
to calculate the transition probabilities,” but the results do not agree well with the experi-
ments except for a few lines. Experimental values of 4,, for argon 1 have been reported,®*
and a previous publication from this laboratory®® gave depcndable values of A4, for
twenty-eight lines of argon 1. '

The mcthod of evaluation of 4,,, is based on equation (1) rcarranged in the following
form:

I,

Inm}'nm - loEZ E’l

ZaAum T 2:303kT
1721

log )
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Equation (2) is really valid only when all the emitters are at the same temperature, a condi-
tion which in practice is hard to establish at higher temperatures. The aim of the present
investigation was to evaluate the effect of the non-uniformity of the temperature of the
source on the determination of transition probabilitics and to establish new values of
transition probabilitics for argon I in the range from 5000 A to 6500 A.

EXPERIMENTAL APPARATUS

Figure 1 is a schematic diagram of the experimental apparatus. A plasma generated by
induction heating with a radiofrequency unit similar to that described by REED!® was the
source of radiation. The feed rate of argon to the plasma generator was 2-5 I/min for the core
and 12 1/min for the cooling stream concentric with the core. There was significant mixing
between the two coaxial streams in the heating zone. Net power input to the gas was held
constant at 1-6 kW, and a test zone which was 1-4-in. below the bottom turn of the RF coil
was selected for measurements. Radiation from the plasma passed via an optical scanning
system composed of front-surface mirrors and a quartz-lithium-fluoride, achromatic,
condensing lens into the spcctrophotometric slit. The 0-5-meter spectrophotometer, a

COOLING GAS STREAM
PLASMA GAS
STREAM

ARGON
SUPPLY

SCANNING MIRRORS
. tock-IN L [0 EI
AMPLIFIER RECORDE

CONDENSING DETECTOR
LENS

SPECTROPHOTOMETER

MECHANICAL
CHOPPER

Fi1G. 1. Schematic diagram of the experimental apparatus showing the feed streams and the instru-
mentation for measurement of intensities.
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wavelength scanning instrument of the Ebert type, had a grating with 1180 grooves/mm
which gave a dispersion of 16 A/mm in the first order. An RCA type 1P28 photomultiplicr
tube was used as the detector, and a lock-in amplifier in conjunction with a mechanical
chopper in front of the entrance slit of the spectrophotometer was used to amplify the signal
from the detector to a level of approximately 1 mV. A record of the signal was traced on a
chart recorder fitted with an electronic integrator which allowed a measure of line intensity
to be obtained immediately. The entrance slit was 1-5 mm in height and 60 p in width, and
the corresponding dimensions of the exit slit were 3 mm and 60 g

Overall spectral response of the system was obtained by the use of a standard, tungsten-
strip lamp, and an optical pyrometer was used to measure the temperature of the tungsten
strip. A comparison of the observed intensity with the actual intensity of radiation of the
tungsten strip made it possible to determine the absolute spectral response of the system.
The radiation of the tungsten strip at different wavelengths was calculated by multiplying
the Planck function by the emissivity for tungsten as reported by DEV0s.(

EXPERIMENTAL PROCEDURE

In the first part of the experiment, eight different lines of the spectrum of argon 1 for
which the values of the transition probabilitics were known were scanned at the rate of
2 A/min for six different positions along a line perpendicular to the axis of the plasma jet,
starting from the center. A preliminary scan indicated that the plasma jet was quite sym-
metrical about the axis; hence only one side of the jet was scanned. Intensities at ten equal
intervals in the direction of scanning were interpolated from the measured intensitics. The
value of intensity at the wall of the quartz tube, which was used to confine the plasma jet,
was subtracted from other intensities.

In the second part of the experiment, twenty-six lines of the spectrum of argonl,
including the eight lines for which the transition probabilitics were previously determined
in this laboratory, were scanned at the central position. The same experimental conditions
were maintained for the two parts of the experiments, but the test zone for the second part
was slightly downstream from that in the first part.

Stability of the plasma was checked from time to time during the experiment, and each
line was scanned at least threc times. Agreement of the intensities was within + 5 per cent
for a given line at a given position. The inteusitics could be reproduced within + 5 per cent
after shutting off the plasma and re-lighting it.

RESULTS AND DISCUSSION

For the determination of the ninetcen new or improved transition probabilities of the
argon I spectrum reported in Table 2, a straight-line plot of log(/,,,{x),../8A ) Vs. E, was
prepared in accordance with equation (2) using the measured intensitics of the eight lines
with fairly accuratcly known transition probabilities cited in Table 1. Figure 2 is the
resulting plot. I, {(x) represents the measured intensity of line radiation and is to be
distinguished from I, (r) which is subsecquently used to denote the calculated intensity ata
given radius. The values of log!,,.(x)2,../g. 4. and hence the transition probabilities for the
eighteen lines reported in Tablc 2 were obtained from this plot. The spectral linc at 6043-2 A
arises from two different upper energy levels, and so two transition probabilities were
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obtained for the single line. Table 2 also gives a comparison between the newly developed
values of transition probabilitics and some previously reported values.”

TABLE 1. TRANSITION PROBABILITIES OF ARGON 1 USED TO ESTABLISH STRAIGHT LINE IN FIG. 2

Wavelength E, A, x107% Ref
A) {cm™1) & (sec™ ) clerence
3406-17 124 749-89 1 353 (5)
3834-68 121 47030 1 691 (5)
4198-32 117 56302 1 2422 (5)
420067 116 942-81 7 8-01 5)
4251-18 116 660-05 3 089 5
4345-17 118 407-49 3 2-73 5)
55586 122086:97 5 217 .
55726 123 55746 7 113 *
* Unpublished work from this laboratory.
TABLE 2. EXPERIMENTAL TRANSITION PROBABILITIES OF ARGON 1
-s -5
Wavelength E, A X }? Aun XEOI
A cm-1) [a sec sec
(present work) (Ref. 4)
5118 12511348 5 1145
5162-4 123 468-03 3 262
51776 124 771-67 S 67
51873 123 372-98 S 209
53736 124 692:02 5 575
5424 123903-30 5 125
5495-9 123 653-24 9 28-5
5506-4 11921293 7 2-55
5606 12193291 3 2865 15-0(+25%)
57397 123 505-54 5 15-68
58887 122 440-11 5 213
5912-1 121 01198 3 1524
6032-1 12203613 9 332 210(%25%)
122 160-22 7 196
6043:2* {123 832:50 7 306
60527 120 619-08 5 219 2-5(+25%)
6059-3 120 619-08 5 438 3-8(+25%)
61454 120619-08 5 685
64163 119 68311 5 19-5

* Arises from two transitions having almost equal differences between the upper and the
lower energy levels. The reported value of A, is based on the total measured intensity.

Apcock and PLUMTREE's" values for the transition probabilities related to the lines at
55586 A and 5572 A seem to be much lower than the present values. The values from the
present work have been checked in this laboratory at least six times in the temperature
range between 4500°K to 6500°K with a standard deviation of less than 12 per cent.
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9.00 T i I |
NUMBERS ADJACENT TO
EXPERIMENTAL POINTS ARE
WAVELENGTHS IN ANGSTROMS
8.00(— .
Log Inmom| __
9nAnm
7.00— -]
- -
! 1 . L
6.00 115,000 120,000 125,000 130,000

En (CM7)

F1G. 2. Determination of transition probabilities. Plot of log (Z,,.(X)2,m/€xAwm) Vs . E, for determina-
tion of transition probabilities. The value of the temperature corresponding to the slope of the line is
5700°K.

Examination of Gericke's paper!® which is referred to by Apcock and PLUMTREE®
revealed that Gericke used photographic techniques to measure intensities of lines with
wavelengths higher than 4500 A. The photoelcctric method used in the present work is
inherently more reliable because of better reproducibility and a better signal-noise ratio.

A possible source of error in transition probability measurements is deviation from local
thermodynamic equilibrium in the plasma. Great caution must be exercised in the use of
equation (1) since it is based on equilibrium between all energy levels including the ground
state. On the other hand, use of equation (2) requires equilibrium only among the excited
states in question, which is a less severe condition to satisfy. In this laboratory® and also -
in Borr’s work"? it has been shown that in an atinospheric argon plasma, local thermo-
dynamic equilibrium among the higher excited states does exist for temperatures above
3000°K, but the ground state is underpopulated below about 8000°K.

In the present experiment, the error in measurement of intensity was within + 5 per cent,
and the error in the slope resulting from the inhomogeneity of the plasma was estimated to
be +5 per cent. The maximum error in transition probabilities is then estimated to be
about + 10 per cent on a relative basis. Values presented in Table 2 have been normalized
on the absolute scale with help of the valugs from Table 1. It is possible that gross systematic
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errors were introduced in the process of improvement by various workers of the original
values presented in Table 1. For example, Gericke used the absolute transition probability
of the argon I1 line at 4348 A as given by OLsEx! ! to normalize his values® which were
further improved by Apcock and PLumTrie™ -and MarLone and Corcoran.® The
systematic errors involved in the process of improvement arc estimated to be less than 8 per
cent. Thus the values presented in Table 2 can be in error by + 18 per cent on the absolute
scale.

The observed intensities [, (x) represented the sum of the intensitics arising from a non-
isothermal strip in the direction of observation. A typical case of measurement of intensity is
depicted in Fig. 3. Suppose that the non-isothermal strip is composed of s cells, each of

Vi
TS

O,
b 'Tl'

Inmx

F1G. 3. Cross-section of a ¢ylindrical plasma jet showing cells at different temperatures.

which may be assumed to be isothermal. Since the measured intensity is the sum of intensities
arising from these cells, it can be expected that the measured temperature will be just an
average of the temperature of these cells, and the idea of a space-average temperature can be
elaborated as follows:

The measured intensity can be written as

Lin(x) = [Lp(1) + 02 + oo+ Lp(r) -+ + I...KS)] Ax. 3

Here, Ax is the length of each cell. Equation (3) is valid for the lines for which there is no self-
absorption. In accord with equation (1), the measured intensity can be presented as:

hcA, Ax

o) = = 3, e T @

“nm r=1 0
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where the true radial intensity is given by

hcA,, g,
ngillo

Ln(r) = " T, (5)

)'mn 0 .
The excitation temperature for the isothermal case is established from the slope of the
straight line passing through the plot of log(],,.4 /€A ) VS. E,, the value of the slope being
—(1/2:303kT). For the non-isothermal case, equation (4) can no longer be put in a linear
form similar to equation (2). Instead, the slope of the plot is given by

-_— a log[lnm('\‘)/-'lun/gnAnm]

Slope

JE,
2. (nog/kT,Q0) e~ BT
- r=1 . (6)
2:303 Z (”()gn/QO) C—E"/kT’
r=1

Consideration of equation (5) gives the slope as:

2 Un(rV/KT)
Slope = — "=t ™)
2:303 Y I(r)
r=1
Because (1102,/Q,) € ~E/*Tr represents the number—density of atoms in the given cell which
are in the nth excited level, the above equation may be written as

1 Y. UnilrYKT] 2. (n/kT,)
Slope = — = = -1 = - ®)
. ., 5 2303
_ 2-303kT7, 2303 Y 1" n,

1

where n, is the average number-density of the nth excited state in the strip under observa-
tion, and the quantity T, is the space-average temperature of the nth excitation level. The
average temperature T, can thus be established experimentally by measuring the slope of
the line obtained by plotting log(l,.,(x)2,./8xA ) vs. E,. It has the property that the total
gas under obscrvation will emit line radiation in accordance with equation (1). The defini-
tion of average temperature according to equation (8) holds good when a Boltzmann
distribution exists between the excited levels and when self-absorption is negligible. Further,
the average temperature so defined depends on the excitation level under consideration
inasmuch as the distribution of atoms in the excited levels is governed by the temperature.

For numcrical evaluation of the radial intensitics, Bockasten’s aj, coefficients!!?! were
applied to the measured intensities at different positions. The resulting.true radial intensity
distributions are shown in Fig. 4 for the eighi lines considered in earlier work in this labora-
tory. Truc radial temperature distributions werc obtained from the slopes of the straight
lines passing through the plots of 108(1,u(r)2um/2sA ) vs. E, at ten different radial positions.
The experimental space-average temperature distribution was obtained in a similar way by
using the measured intensities I,,,(x) instead of the radial intensitics /,,(r), and the resulting
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temperature distribution is shown in Fig. 5. The true radial temperature at a given position
is always higher than the corresponding space-average temperature because the latter
represents a mean value between the radial temperature and the temperature at the bound-
ary.

Numerical calculations for checking the validity of equation (8) were based on matrix
inversion of Bockasten’s a; cocfficients in conjunction with equation (8). The space-average
temperature distribution calculated from the inverted intensities of the lines at 4521 A and
3406'A having energy levels of 116 660-05 cm ™! and 124 749-89 cm !, respectively, is also
included in Fig. 5 in order to illustrate the effect of the energy level on the space-average
temperature. The space-average temperatures are approximately 7 per cent lower than the
corresponding true radial temperatures at the axial position, and the amount of discrepancy
is only weakly dependent on the energy level under consideration. It can be deduced from
Fig. 5thata plotoflog{/,.(X) /g, A4...) vs. E, would tend to show a slight negative curvature
in spitc of local thermodynamic equilibrium, but in general the curvature will be obscured
by the experimental errors and the uncertainty of the values of transition probabilities.

CONCLUSIONS

In the measurement of transition probabilities, equation (2) is preferred over equation
(1) because equation (2) requires only local thermodynamic equilibrium between the excited
states in question. The resulting transition probabilities can be viewed with confidence on a
relative basis, but their absolute accuracies depend upon the absolute accuracy of the
transition probability used for normalization.

If a temperature gradient exists in the plasma, then the measured temperature repre-
sents a space-average over the strip of the source in the line of sight. The space-average
temperature is approximately 5-7 per cent lower than the true temperature at the axial
position and will introduce an error of about 5-7 per cent in the transition probabilitics.
That discrepancy in temperature will give rise to a slight amount of curvature in the plot of
10g(7 1 (X) A /S n A} VS - E,, but the curvature will be probably obscured by other larger

nm/ on

errors in measurements.

Acknowledgement—Work presented here was supported by the National Center for Air Pollution Control,
Bureau of Discase Prevention and Environmental Control, of the Public Health Service. That support is gratefully
acknowledged.

"NOTATION
. - - 1
A, transition probability for radiation from energy level n to m —
sec
c velocity of light in vacuum cm/sec
C spectroscopic constant
1
E, upper energy level —
cm
£n statistical weight of the upper encrgy level
h Planck’s constant sec/cm
L intensity of line radiation for transition from encrgy level n to level m W/cm?3
I..(x) measured intensity of line radiation for transition from encrgy level n to m per unit area W/cm?

I..(r) calculated radial intensity per unit volume W/cm?
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1
k Boltzmann constant —_—
{cm)(°K)
ne total number of atoms in unit volume #/cm?
n, number of atoms per unit volunie at radial position r, in the nth excited state #/cm?
n, average number of atoms per unit volume in the entire strip in the nth excited state #/cm?
Qo partition function of ncutral atoms
r radial position cm
s total number of temperature cells present in the strip under observation
T absolute temperature °K
T, space-average temperature of the nth excitation level } °K
T, temperature of a cell °K
x transverse position cm
Fpm wavelength of spectral line for radiation from energy level nto m A
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1)

The National Burcau of Standards recently made a critical

compilation of the transition probabilities,'Anm, of various elements

including argon I, Use of those values of Anm showed that the

(2)

temperatures reported in Fig. 2 of a previous publication were too

Jow. As a consequence, the values of Anm for the lines arising from

1
energy levels higher than 120,000 cm  and reported in Table 2 of that

papct(z) tended to be too high.

A new plot of log —EEKEE—
&n"nm (1)
improved values of Anm suggested by NBS

vs. En is shown in Fig. 1 using the

and noted in Table 1, The

lines at 3406 ; and 3834 R were excluded from the new plotting because

their transition probabilities as reported by Malone and Corcoran(3)

seemed too high on the samec basis noted above., Data from the earlier
(2)

paper are included for comparison.

Table 2 gives the improved values of Anm obtained from the new plot

A
of log A vs. En’ and the earlier data are also shown. A few
n nm
errors in the values of En in the original table were pointed out by

Dr. N. M. Ncrheim(a)

for which the authors are grateful, Use of the
improved values of transition probabilities gave a corrected temperature

distribution to replace Fig. 5 of reference (2), and the new plot is

shown here as Fig. 2.
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NOTATION
transition probability for radiation from energy level
n tomn
upper cnergy level
statistical weight of the upper level

measured intensity of line radiation from enecrgy
Jevel n to m per unit area

wvavelength of spectral line for radiation from
energy level n tom
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TABLE 1,

TRANSITION PROBABILITIES OF ARGON I USED TO ESTALDLISH THE CORRECTED STRAIGHT LINE IN FIG. 1

.5

Wavelength En g, Anmxlo " Reference

. 21 2l

) {em ) (sec” )
4198.32 117,563,02 1 27.6 (1)
4200.67 116,942,81 7 10.3 (1)
4251.18 116,660.05 3 1.13 (1)
4345.17 118,407.49 3 3.13 Q)
5558.6 122,086.97 5 14.8 (1)
5572.6 123,557.46 7 6.9 (1)




149

TABLE 2., CORRECTED EXPERIMENTAL TRANSITION PROBABILiTIES OF ARGON I

Wavelength En . gn Anmxlo_s Corrected
Valucs
] -1 -]
(a) (em 7) (sec ')
Ref.(2)

5118 125,113,48 5 11.45 6.23
5162.4 123,468.03 3 26.2 16.6
5177.6 124,771.67 5 6.7 3.73
5187.3 123,372.98 5 20,9 13.4
5373.6 124,692,02 5 5.75 3.2
5421.4 123,903.30 5 12.5 7.53
5495.9 123,653,24 9 28.5 17,7
5506.4 123,773.92 7 2,55 4.96
5606.7 121,932.91 3 28.65 21.3
5739.7 123,505,54 5 15.68 10.0
5888.7 122,440,111 5 21.3 14,9
5912.1 121,011,98 3 15.24 12,4
6032.1 122,036.13 9 33.2 24,3

* 122,160,22 7 19.6 14,4
6043.2 2123:832.50 7 30.6 18.6
6052,7 120,619.08 5 2,19 1,84
6059.3 120,600,94 5 4,38 3.70
6145.4 123,557.46 7 6.85 6.35
6416.3 119,683.11 5 19.5 18.0

*

Arises from two transitions having almost equal differences between the upper
and the lower energy levels. The reported value of Anm is based on the total
measured intensity.
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NUMBERS ADJACENT TO
EXPERIMENTAL POINTS ARE
WAVELENGTHS IN ANGSTROMS
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Figure 1 New values of the inte?s%ty function
based on improved values of Anm 1
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EASUREMENT of the velocity distribution in a

plasma jet is usually difficult because of the high
temperatures. For example, hot-wire or Pitot-tube meas-
urements are hardly applicable at temperatures above
the softening points of the materials involved. Grey et al.!
have described a water-cooled probe to measure the impact
pressure and other properties in a plasma jet. Such tech-
niques are subject to errors from the flow disturbances
created by the probe itself and from large temperature
gradients present in the vicinity of the probe. Gottschlich
el al.? have used a spectroscopic technique by which the
velocity distribution in a plasma jet can be deduced from
the known temperature distribution and use of an energy
balance. Assumptions of thermodynamic equilibrium, a

FRONT VIEW

REFLECTED SIDE VIEW

¥16 1. Typical two-plane picture of an argon plasma jet
showing boron nitride streaks.

symmetrical configuration, optically-thin plasma, and neg-
ligible radiation were made by them, and those assump-
tions are not always valid. The feasibility of using a tracer
produced by a laser beam has been explored by Chen.t As
a tracer he used a plasma drop of high intensity produced
by a laser pulse of a duration of 15 nsec. He followed the
path of the tracer with a drum camera and deduced the

10
,\ .
3
13 )
3 8./
[
10.7: 5>
c 2.0 33
g °"
e
>
2
QUARTZ WALL ——|
°g 1.8

. 1.0
RADIAL POSITION CM™

Fi16. 2. Experimentally determined velocity distribution obtained
by use of boron nitride particles in the core of an argon plasma jet.
The curves represent a third-order, least-squares fit with a standard
deviation of 0.69 m/sec. The axial position downstream from the
leading edge of the bottom rf coil is indicated by Z.

velocity of the stream. Fristrom* has summarized the
technique of using microscopic particles as tracers in
combustion flames. He suggests intense background il-
lumination to trace the path of the particles. The tracer
method was extended to a plasma jet in the experiment
described below, and a mirror system was used to deter-
mine the radial positions of the tracer particles.
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NOTES

An argon plasma produced by a radio-frequency dis-
charge was studied. It was cooled by a coaxial stream of
argon confined in a cylindrical quartz tube. Particles of
boron nitride having diameters in the region of 40-80 u
were used as tracers. Their low density of 2.2 g/cc, high
melting point of 3000°K, and high emissivity make them
ideally suited for the application. Selection of the par-
ticular size distribution was based on an analysis which
showed that particle sizes of less than 200 p would not be
appreciably affected by the gravitational field.

A fluidized-bed device was used to introduce the par-
ticles into the stream of argon. They were injected into
the cooling gas through peripheral holes above the rf
coil. The mass rate of flow of the tracers was maintained
as low as possible so that the solid particles did not in-
fluence the flow of plasma to any appreciable extent.

The paths of particles were traced by taking pictures
of the plasma jet with a Honeywell Pentax model H3V
camera equipped with a 110 mm lens. A nominal shutter
speed of 1 msec was used. Calibration of the speed was
carried out by means of an aluminum disk which had a
diameter of 5.1 cm. Five holes were cut on the periphery
of the disk which was driven by a synchronous motor.
Pictures of the rotating disk were taken with the camera,
and the background illumination was intense. Measure-
ment on the negative of the lengths of the streaks produced
by the holes allowed the average shutter speed to be
calculated as 1.05 msec. Results of six pictures showed a
reproducibility of 4-6%. A measuring magnifier was used
to measure the lengths of the streaks produced by the
particles. The scale factor for the image was determined
by comparing the diameter of the plasma tube as it ap-
peared on the negative with its actual diameter. Finally,
the velocities were obtained by dividing the streak lengths
of the tracer particles by the exposure time. A total of
205 particles was studied in 40 exposures.

The major -difficulty encountered in use of the BN
particles was in accurately locating the radial position of
a particle in the plasma jet. To overcome this problem a
three-dimensional mapping technique was used. The side

view of the plasma jet was reflected with help of a mirror
in such a way that the front view and the side view could
be seen side-by-side in the picture area. Figure 1 shows a
typical picture. Knowledge of the two coordinates of a
streak as obtained from the two views allowed the radial
position of a particle to be easily determined.

As noted, the velocities and positions of 205 p&rtlcles
were obtained from the pictures. The velocities were
averages over the lengths of the streaks, and their co-
ordinates were taken as the midpoints of the streaks, A
third-order, least-squares fit was drawn through plots of
the velocities which were presented as functions of radial
and axial positions. The result is shown in Fig. 2. Analysis
of the motion of a large number of particles makes the
results less susceptible to random experimental errors,
The standard deviation of the least-squares fit was 0.69
m/sec.

The method described is quite suitable for plasmas
which are not too bright to obscure the glowing particles
and which are at sufficiently high temperatures to make
the BN particles glow intensely. Establishment of the
radial position of a particle within 0.05 cm was not
difficult with the mirror system. Errors in measurement
were mainly from other sources such as variation of the
shutter speed and variability in measurement of the
length of a streak with a magnifier. The representation of
velocity measurements by a polynomial fit may introduce
some inaccuracies. Least-square fits of higher order were
tried, but no significant improvement in the standard
deviation was attained.

Work reported here was part of a program supported
by the Public Health Service by way of the National
Center for Air Pollution Control of the Bureau of Disease
Prevention and Environmental Control. That support is
gratefully acknowledged.
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INTRODUCTION

Recombination of electrons with ions is a process of fundamental impor-
tance in the control of physical and chenical changes in plasmas and can
be readily studied in a plasma jet, If the excitation by an external

" source ceases at some time or point in space, as in a plasma jet, the
population densities of the various species present will tend to a new

(1)

steady state. McWhirter and Hearn showed that the time constants
associated with excitation population are so small in comparison with
the time constant of the ground-state population,.that a steady-state
approximation for the excited states can be nearly always made. As a
consequence, recombination of ions and electrons must be accompanied
by equal population of t%e ground state, which is a slow process.

Recombination of electrons with Jons is usually denoted by a second-

order process corresponding to the equation

(1)
a
A+ + e+ A
so that the rate of recombination becomes
) dne e (2)
dt e +

where a is the recombination coefficient.
The inverse process of ionization can usually be neglected in
decaying plasmas, at least in the initjal stage, because of the low

population in the ground state. The recombination coefficient a will
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in general be a function of electron density and temperature, depending
on the mechanism of recombination, A simple recombination of an atomic
ion and an electron as indicated by equation (1) is highly improbable
because of the }arge amount of cnergy which nust bé dissipated in the
process.

Various mechanisms have becn proposed to explain the observed rates
of recombination in laboratory plasmas. The collisive-radiative model

(2)

of Bates, Kingston and MclWhirter takes into account two processes,
namely, a three-body recombination process in which the third electron
absorbs the recombination energy and the radiative recombination process
in which the excess energy is dissipated as radiation. The net rate of
recombination is calculated as the rate of population of the ground state
by collisive and radiative transitions from the excited states. Hinnov
and Hirschberg have verified the collisive-radiative model in a helium
afterglow at a pressure of a few microns of mercury(B), Bates(4’5)
observed that the rates of recombination in helium plasma at 10-30 mm Hg

(6)

as measured by Biondi and Brown were orders of magnitude larger than

those predicted by the collisive-radiative mechanism or the electron-

(7)

attachment mechanism and suggested a dissociative mechanism involving

diatomic helium ion:

+ *
He2 + e > le + He

(8)

Craggs suggested that in a helium plasma at atmospheric pressure his

evidence supports the mechanism of dissociation of a molecular ion,

(9) (10)

Biondi and Holstein and Biondi carried out experiments with a
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helium plasma at a pressure of 50 mm of llg. They observed substantial
quenching of line radiation from the plasma by introducing 4 per cent
of argon. They attributed the quenching effect to the prevention of

(an that in

formation of molecular ions, Later, Mulliken pointed out
molecular helium, only higher vibrational stétes can lead to dissociation.
Therefore the dissociative-recombination mechanism is not likely to be
important unless a higa degree of vibrational excitation takes place.

He also suggested that for noble gases other than helium, a large number

©o
of dissociative states of the molecule are available, hence the dissocia-
. . . . . a2y
tive recombination is entirely likely to be important, Collins
proposed a dissocfative-collisive recombhination model which overcomes
the difficulty raised by Mulliken by assuming a three-body collisional
stabilization of the dissociating molecular ion,

In most of the experimcntal studies on rates of recombination, attempts
have been made to propose a certain mechanism and support it with a narrow.
range of experimental conditions. The study of an argon plasma presented
here was made in a flow system at atmospheric pressure in which the tempera-
ture and electron density varied from point to point. Recombination rates
calculated as point functions encompassed a wide range of varjables. Electron

. 12 15 , 3 '
densities were in the region from 10 to 10 particles/cm” and temperatures
from 3000 to 11000 °K. Analysis of the results showed that the dissociative-

molecular-ion mechanism could satisfactorily explain the observed recombina-

tion rates for the given experimental conditions.

Experimental Apparatus

The source of radiation was an RF-heated plasma jet cf argon confined

in a quartz tube which was open to the atmosphere at one end. Intensities
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(13)

werc measured with a photomultiplier tube. A previous publication
described the experimental setup and the procedure for determination of
wavelength response, The quartz tube egtendcd 22 cm below the RF coil

used to generate the plasma, and the test zone.was between 4,267 cm and

11.89 cm below the coil. A white ¢glow was present at the open end of the
tube, and it was found to be mainly due to N2+ (17) band radiation arising
from the hot argon coming in contact with atmospheric nitrogen.

Injection of lessAthan 100 ppm of nitrogen into the argon plasma changed
its radiation characteristics to the extent that the change was visually
observable. The visible portion of the jet expanded in diameter and shrank
in length with increasing amounts of nitrogen. Therefore in the interest
of reproducibility, great precaution was taken to use pure argon in the
plasma. RF heating has an advantage over the arc method in that contaminants
from electrodes are avoided in the RF system. Although the manufacturer's
specifications for the argon stated maximum impurities, mainly nitrogen and
water, to be below 40 ppm., further purification was required. Purer argon
was obtained by passing the gas over hot cupric oxide and then over hot
copper metal to remove H2 and 02, respectively. That gas was then passed
through a packing of 4-A molecular sieve held at -120 °C to remove water,
hydrocarbons, carbon dioxide and most of the nitrogen. Spectroscopic |
observation of the plasma indicated that the purified gas had less than

3 ppn nitrogen, and other impurities were in undetectable amounts.

Experimental Procedure

By spectroscopic means, intensity measurements were made on seven

different lines of the argon I spectrum for which spectroscopic data are
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given in Table 1. Measurements weré made from one side of the plasna
jet and along a line of sight parallel to the diamcter of the stream.
Data were collected over 5 planes perpendicular to the axis of the jet
and at positions 4.267, 6.172, 8.077, 9.982 and 11.890 cm from the
bottom turn of the RF coil. At each plane, line intensities were
measured at five transverse positions starting from the center., Only
one side of the plasma was scanned because preliminary scans showed
that the plasma was quite symmetrical about its axis. Fach of the
selected spectral lines was scanned three to four times, and an average
value was taken.

Stability of the plasma was remarkable. After the warming-up
period of about 2 hours, the intensities could be reproduced within
43 per cent during the experiment. Over a period of wecks, after shutting
off the plasma and reiighting it, the reproducibility was +5 per cent as

compared to previous runs.

Analysis of Experimental Data

The measured line intensities werec converted to true, radial inten-
sities by the use of a numerical Abel transformation(lh). Population
densities of the upper energy levels giving rise to the observed lines

were calculated from the absolute intensities of the lines by means of

the following equation

I = = Anmn(n) | (3)
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Where the Doltzmann distribution prevails, there should be a

straight-line relatijonship between log n(n) and En as follows:
n
n(n) ) n,. (1) E 4)
log ——— = log TTET
gn By

The subscript E denotes that the levels in question are in equilibrium

with each other., Figures 1(A) through 1(E) show plots of log _ESBZ as

a function of En for the experimental data, Results are shown er 7 lines
of argon I for 11 radial positions in each of five plancs perpendicular
to the axis of flow. The outermost radial position was 1.4 cm for the
first and second planes and 1.2 cm for the third and fourth planes.
Only the central position is shown in Figure 1(E) for the last plane
because the intensities dropped sharplv beyond a short radius.

Figure 1 shows that the lower excited states, in particular the
2p, state which gives rise to the spectral line at 69652, show substantial
departure from equilibrium. The states which are close to the ionization
level are still in equilibrium with each other and with the free electrons.
The excitation temperature, which is the same as the free-clectron
temperature under the above conditions, can be évaluatcd from the slopes
of thé straight lines passing through the higher excited states.

To establish the temperature profile below 3000 °K in the cooler part
of the plasma, the temperatures near the quartz wall were obtained by

inserting a ceramic tube through small apertures made through the quartz

wall and recading the temperature of the glowing ceramic tube with an
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optical pyrometer. Figure 2 shows the temperature distribution in the
plasma up to a radius of 1.4 cm in the test zone. Temperatures betwecen
3000 °K and 1500 °K arc interpolated values, and the corresponding
positions of the straight lines shown in Figures 1A through 1D are only
approximate. | |

| The Boltzmamline given by equation (3) was then used along with

the Saha equilibrium relation to obtain electron densities in the plasma.
An assumption was made that A+ ions carry most of the charge and that

they are equal in number to the free electrons. Then the Saha equétion

gives:
(s, - &)
2 - + n
ne 21rmekl 3/2 Z+ e———Ei‘——*
=2 — ) - (5)
ng(n) h g,

Figure 3 shows the electron-density profiles in the plasma.

In addition to the profiles for temperature and electron density,
velocity profiles were required for time resolution of the data in order
to obtain rates of recombination in the flow system, Velocity distribu-
tions had been previously obtained using particles of boron nitride as
tracers(ls). The experimentally determined velocity profiles were further

improved by use of the following simple relationship between temperature

and axial velocity at a given point:
v, = £(O)T (6)

The form of the equation results from the equation of continuity, and
the function f(r) ideally is invariant with respect to axial position.

Some variation due to experimental errors was noticed in actual calculations.
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These minor‘variations were smoothed out, and the improved values of f(r)
were used to calculate the velocity profiles from the spectroscopically
determined temperature profiles. An assuaption involved in calculating
the velocity profiles in the manner described was that the radial
component of thelvclocity was neglipgible. The velocity profiles are
élxown in Figure 4,

In the absence of a steady electric field, the steady-state equation

of continuity for clectrons in the test zone may be written as

v . (ney ] - V (Da v n, ) + Re =0

where Da is the ambipolar diffusion coefficient, and Re is the rafe of
recombination of electrons in particles per cubic centimeter per second.

A detailed solution of the continuity equation using a value for the
ambipolar diffusion coefficient obtained from mobility data of argon(6’ 16)
ions showed that under the experimental conditions the effect of ambipolar
diffusion on the recombinatidn rate was negligible. The recombination
coefficient o as defined in equation (2) was obtained as a point function
from the measured recombination rates. An.empirical equation relating the

observed values of o to. the temperature and the electron density was fitted

to the data points and found to have the following form:

3410
= Ty ~0.64
a=1.28"+10% . T8 .10 T . n, em3/ (particles) (sec) 73]
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DISCUSSION

In the above analysis, the free-electron temperature was assumed
to be equal to the kinetic temperature of the atoms and ions. Calcu-
lations indicated that the time constant for equilibration in the exchange
of kinetic energy between electrons and atoms is of the order of 5 usec.
Because the test zone was sufficiently below the RF work coil, the above
assunption is well justified. The temperature was treated as an indepen-
dent variable although in principle the change of temperature was coupled
with the microscopic rate processes within the plasma(17). Treatment of
the temperature as an independent variable in the present study was
reasonable because attention was focused on rates of recombination only.
The mechanism of energy transport was disregarded.

The total error in measurement of the absolute intensity of the
plasma at a point, considering the fluctuations in thle plasma, the
calibration procedure, and the Abel transformation, was estimated at
+13 per cent. If to that error is added the maximum error of +15 per cent
for the transition probabilities, the total error in measurement of
excitation population was nominally +28 per cent. Errors in measurement
of temperature and electron density are estimated at +3 per cent and *30
per cent, respectively, corresponding to the errbr in excitation population.
The relative error in these quantities is expected to be much smaller.
Velocities were known within about +10 per cent.

In consideration of the wide range of temperatures (3000-11000°K) and
electron densities (10'2 - 1015 particles per cublc centimeter) covered by
the expcriments, one can view the variation of the recombination coefficient

a wth T and n, as glven by equation (7) with some confidence in spite of
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errors in the absolute values of o« by as much as a factor of 2, A
significant fact is that o decreases with increasing electron density.
According to ihe collisive-radiative model, « should have dependence
on n, of the fo?m nea, wvhere 0 < a < 1, For purely radiative
recombination, a > 0, and for purely collisive recombination, a =+ 1.
Thus the observed value of a < O cannot be explained on the basis of the
collisive-radiative model.
The observed recombination rates are consistent with the dissociative

mechanism inveolving molecular argon ion as postulated below:
(a) Formation of A2+ nolecule by a three-body process

+ ky +

A+ AQL) + A(l)ﬁ Ly + A(L) (8)
(b) Non-radiative,two-body recombination of the molecular ion with a

free electron to form an excited molecular intermediate

+ k2 *
Ay + e &= Ag )
ko'

(c) Decomposition of the molecular internmediate into two atoms, at least

one of which is in the excited state

% *
Ay ——> A(L) + A | (10)

*
Recombination leading to a highly dissociative molecular state Ajp

is quite possible when the potential vs. atomic separation curve for Ap
11
crosses the similar curve for the A2+ molecule( : 18). Because the

*
internediate state A; 1is highly dissociative, it may be assumed that the

" :
formation of A; 1is the rate-controlling step between equations (9) and
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(10), so that one may write

ky
ARt +e ———5 AQ) + A" an

Now a steady-state approximation for the concentration of A2+ is
introduced at this point and can be justified by the experimgntal results.
If the molecular ion A2+ is highly reactive, then it will be depleted from
the reacting mass by reaction (11) as fast as it is produced by reaction
(8). Therefore the concentration of A2+ will be relatively small and
stationary, and its rate of change will be negligible. 1In this situation,

the overall rate of recombination may be written as:
2. 2
d klkzne nt

e . (12)
dt kl'nt + kzne

where the population density of the ground state is replaced by the total
population density n, without loss of precision, and it may be calculated
from the ideal-gas law. The recombination coefficient becomes:
2
klnt

a = (13)
(kl'/kz)nt + n,

It can be noted that equation (13) predicts decreasing values of a with
increasing values of n, in accordance with the experimental observations.

(19) (20) and Kassel

Expressions for k; were developed by Tolman , Loeb
wherein they applied kinetic theory to a ternary reaction. Kassel took
into account the short-range repulsive forces bétwecn colliding atoms, and
in his analysis, the three-body rate constant is given by

E
8 3 T kT
k; = =n202g3y /‘;’5 e KT (14)

w

()

(21

)
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Equation (14) was used in the present analysis. E is the activation
energy for the three-body interaction. The steriec factor ¢ accounts for
non-effective collisions. The quantity o is the collision radius which
can be obtained usually from the measurement of transport properties and
has a value of 2,89 R for argon. A collision is defined as the presence
of the thrce particles within a certain distance 6 of each other. Frost

(22)

and Pearson indicate that the available date for ternary rates of
reaction suggest that 6 is of the order of lX . In the present analysis,
§ was assumed equal to o for the lack of better knowledge,

Table 2 gives a summary for the proposed reaction mechanism for the
recombination of electrons. Experimental values of a were subjected to
a least-squares analysis based on equations (13) and (14) to give the best
values of ¢ and E which are shown in Table 2. Variation of kj'/k; with
temperature was obtained in the least-squares analysis, but this variation
must be considered approximate. The standard deviation of 18 per cent for
the values of a developed from the use of equations (13) and (14), which
are based on mechanistic arguments, was considered encouraging when
compared to the same standard deviation obtained for the best empirical
fit given by equation (7).

In the above analysis, the assumption of steady-state made for the
molecular ions in the derivation of equation (13) 1is supported by the
consistency of the experimental data. This assumption should not be applied
to all cases of recombination. For example, in microwave-discharge experiments

at 300°K and at pressures of 10-20 mm Hg(lo)

(23)

» and in shock-tube experiments at
3000°K and at pressures of 30-90 mm Hg , the values of a for argon were

orders of magnitude greater than those predicted by equation (13). Also, they

had no dependence on electron density. In those studies it is likely that
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most of the A+ ions were initially converted to A2+ ions, which explains
the large observed rates of recombination and also the independence of a
relative to n,. Lower temperature would favor the formation of A2+ ions.
In that case, the rate-limiting step in the recombination of electrons
would indeed be ﬁhc reaction shown by equation (11).

A comparison among the experimental values of a denoted by a s

exp
2)

the collisive-radiative values denoted by a R’ and the dissociative-

C

molecular-ion values denoted by o is given in Table 3. An effective

DMI

nuclear charge of unity was assumed in calculating a The negative

CR’
values of %or at temperatures above 8000 °K indicate incipient lonization
which should take place as the result of overpopulation of the ground
state according to the collisive-radiative model, 1In the actual plasma,
recombination rather than ionization was taking place under these condi-
tions. It can be also seen that the collisive-~radiative model predicts
too low values of a at lower electron densities and temperatures. On the

other hand, the values of uexp are in good agreement with a over a

DMI
wide range of experimental conditions. It must be remarked that a
limitation of the experiments was that the range of variation of electron
density for a given temperature was not great.

A study of the effect of introducing excess molecular ions in the
system supported the dissociative-molecular-ion mechanism. About 760 ppm
of nitrogen were premixed with argon to give formation of N2+ ions in
amounts on the order sf 10 ppm as estimated from the intensity of N2+(1-)
band radiation. Line radiation from argon was quenched rapidly in the
upstream section, and the rate of quenching was slower in the downstream

section. The quenching was also observed to a lesser extent with introduction

of other diatomic gases, such as 0, and NO, capable of forming molecular
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ions, but it was completely absent with helium. The temperature profiles
were not affected by the introduction of small amounts of these impurities.
Since the electrons are in equilibrium with the higher-excitation population,
one can deduce that the quencﬁing of line radiation is accompanied by an
enhanced rate of recombination of electrons. A molecular ion would be

formed fairly easily from a nitrogen molecule by the following charge-

exchange process:
At Ny (1) —mm—> Nz+ + AQD) Q15)

The following recaction, similar to the reaction shown in equation (11),
would rapidly deplete the charges:

, .
Nt e — 3 N4 (16)

Recombination coefficients for N2+ and A2+ ions are known to be of the

same order of magnitude(24). The increased ratc of recombination in the
upstream section can be attributed to the higher concentration of molecular
ions formed by the reaction shown in equation (15), bypassing the much
slower three-body reaction shown in equation (8). As the concentration

of either charge is depleted, reactions shown in equations (15) and (16)
Qould be considerably slowed, explaining the reduced rate of recombination
in the downstream section. In case of helium, the reaction showﬁ in equation
(15) 1is not likely because of the higher ionization potential of helium
compared with argon, and a three-body mechanism such as that represented by
equation (8) will be ineffective because of the low concentration of helium
ions. Therefore, there would be no effect from the addition of helium on

the recombination of electrons in argon. Thus the experimental observations

are entirely consistent with the dissociativefmolecular?ion model.,
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CONCLUSIN:S

The analysis of the experimental results suggests that the
collisive-radiative model for hydrogen-like plasmas is inadequate
to explain the. observed recombination rates in the argon plasma at
atmospheric pressure, On the other hand, the dissociative-molecular-
ion model with a steady-state approximation for the molecular ion
does reasonably fit the experimental values for the recombination
coefficients over a range of temperatures from 3000 to 11000 °K and
for electron densities from 1012 to lO]5 particles/em . In partial
support of the proposed mechanism it was observed that addition of
bimolecular gases capable of forming molecular ions resulted in
quenching of line radiation from the argon plasma as a result of

increasced rates of recombination of electroiis.
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NOTATION

AQ1) argon atom in the ground state

A argon atom in the excited state
*
Ay excited intermediate molecule of argon
-1
Anm Einstein transition probability from state n tom sec
-1
¢ velocity of light (em) (sec)
2 -
Da ambipolar diffusion cocfficient _ (cm) (sec)
-1
E Activation energy for ternary reaction cm or eV
E excitation energy of neutral argon at the
n nth level referred to the ground state eV
E+ ionization enecrgy of argon referred to the -1
ground state : cm or eV
s ; th ,
g, statistical weight of the n~ excited level
h Planck constant (erg) (sec)
o intensity of line radiation (watts) (cm)
-1 -
k Boltzmann constant (cm) (°K)
-1
(eV) (°K)
k) specific rate constant for forward reaction 6 -2 -1
in equation (8) (cm) (particles) (sed
k' specific rate constant for reverse reactjion 3 -1 -1
in equation (8) (em) (particles) (sed)
kj specific rate constant for forward reaction 3 -1 -1
in equation (9) (cm) (particles) (sec)
L}
ko specific rate constant for reverse reaction -1

3 -1
in equation (9) (em) (particles) (sec)
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spacific rate constant for forward reaction
in equation (10)

mass of argon atom

mass of electron

population density of the nth excited state;
n(l) refers to population density of the
ground state

equilibrium population density of the nth
excited state; n_ (1) refers to equilibrium
population dcnsi%y of the ground state
density of electrons

density of neutral argon atoms

density of argon ions

total population density

nitrogen atom in the excited state

radial position

rate of recombination of electrons

time

temperature

vector velocity

velocity in the axial direction in the plasma
jet

partition function of the ions
vector operator, del

recombination coefficient as defined
critical collision distance
wavelength of radiation

frequency

collision radius

empirical coefficient or a steric factor

sec™
gm
gm

(particles) (em)™3

(particles)(cm73

(particles) (em)™3
(particles) (em)3
(particles)(cm)~3

(particles)(cm)'3

em
(particles)(sec)!(em)3
sec

°K

(em) (sec)!

(em) (sec)!

cm
[

A
(c‘.ycles)(sec)‘1

c<m
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Subscripts

m encrgy state m

n encrgy state n
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TABLE 1. SPECTROSCOPIC DATA FOR TilL OBSERVED LINES OF ARGOXN I.

Wavelgngth Upper Level  Designation of  Statistical  Energy of Transition
X (4) (Paschen) Upper Level Weight of Upper LeYel Probability
Upper Level En (ecm™") for the Line
En x 10 (sec‘l)
Ref. 13,25
*
3834.68 4p5 6p(1/2) 121470.304 5.6
4251.18 3p10 S5p(1/2) 116660.054 1.13
4300,10 3pg 5p(2 1/2) 116999.389 3.94
4345,17 3py 5p'(1 1/2) 118407.494 3.13
°
5558.6 5d; 5d(1 1/2) 122086.974 14.8
" °
5572.6 [ 54" (2 1/2) 123557.459 6.9
6965.43 2p; 4p' (1/2) 107496463 67.0

*
Improved value based on reference 25.
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TABLE 2

Summary of data for a proposed reaction mechanism for recombination
of electrons in an atmospheric argon plasma. Equation numbers correspond

to the text.

Formation of molecular ion

+ k) +
A+ AQ) + AQ) & A+ AQD) (8)
k{

Dissociative reconbination of molecular ion

+ ks *
A+ e === A(1) + A (11)

Expression for recombination coefficient

dn, k) nt2
T T S (2),Q13)

K} =27 238 ¢kl e (15)

Experimental values

$ = 0.15 (+ .03)

E = 9900 (+ 800)cm™ or 1.23 (¢ 0.1)eV
, 18000

k) T %T

—e=1.5x 103 ¢

ko

where k is the Boltzmann constant = 0.69502 (cmJ! (°K)™!

Error limits arc standard errors obtained in the least-squares fit

to the data points.
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E 3

Comparicon of values of the experimental recombination coefficient for

argon plasma with those predicted by the collisive—radiative(z) and the

proposed dissociative-molecular-ion models.

from a least-squares fit of experimental data.

Values of o

were obtained

DMI

(see Table 2).

Numbers

following the letter E denote povers of 10 which are multipliers, e.g.,

E 15 = 1015

Axial Radial Temperature Electron Density

Position Position °K Re
(cm) (cm) (particles)/(cm)3
4.74 0 10530 0.77E 15
4.74 0.3 10370 0.72FE 15
4.74 0.6 9896 0.58E 15
4,74 0.9 7972 0.24E 15
4.74 1.2 4718 0.28E 14
5.70 0 9681 0.47E 15
5.70 0.3 9429 0.43E 15
5.70 0.6 8816 0.34E 15
5.70 0.9 6764 0.13C 15
5.70 1.2 4270 0.16E 14
6.65 0 8815 0.30E 15
6.65 0.3 8323 0.26E 15
6.65 0.6 7575 0.18E 15
6.65 0.9 5851 0.63E 14
6.65 1.2 3958 0.94E 13
7.60 0 7995 0.20E 15
7.60 0.3 7231 0.16E 15
7.60 0.6 6384 0.94E 14
7.60 0.9 5136 0.32E 14
7.60 1.2 3731 0.58E 13
8.56 0 7407 0.14E 15
8.56 0.3 6524 0.10E 15
8.56 0.6 5629 0.51E 14
8.56 0.9 4628 0.18E 14
8.56 1.2 3518 0.39E 13

Including the effect of ionization

Values of a in (cm)3/(oartic1es)(sec)

Experimental Collisive
Radiative

a
exp

0.98E-12
0.10E-11
0.11E-11
0.32E-11
0.14E-10

0.13E-11
0.16E-11
0.23E-11
0.54E-11
0.20E-10

0.17E-11
0.23E-11
0.40E-11
0.91E-11
0.28E-10

0.22E~11
0.32E-11
0.69E~11
0.16E-10
0.39E-10

0.25E-11
0.39E~-11
0.80E-11
0.17e-10
0.43E-10

-0,
~-0.
-0.
-0.

0.

-0.
-0.
-0.
0.
0.

-0.
-0.
0.
0.
0.

~-0.
0.

0.

0.

0.

0.
0.

0.

0.

0.

GCR

82E-09
69£-09
39E-09
17E-11
22E-10

30E-09
20E-09
69E-10
16E-10
21E-10

72E-10
21E-10
10E-10
17E-10
20E-10

51E-11
14E-10
16E-10
18E-10
18E-10

11E-10
16E-10
17E-10
17E-10
17E-10

Dissociative
. Molecular
Ion apqr

0.94E-12
0,10E-11
0.12E-11
0,27E-11
0.14E-10

0.15E-11
0.16E-11
0.20E-11
0.46E-11
0.20E~10

0.22E-11
0.25E-11
0.34E-11
0.78E-11
0.28E-10

0.31E-11
0.37E-11
0.58E-11
0.13E-10
0.38E-10

0.41E-11
0.54E-11
0.91E-11
0.19E-10
0.49E-10
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TABLE 3. (Cout.)

Values of o in (cm)3/(particles)(sec)

Axial Radial Temperature Electron Density  Experimental Collisive Dissociative
Position Position °K Re %exp Radiative Molecular
(cm) (cm) (particles)/(cm)3 acr Ion opyp
9.51 0 7097 0.10E 15 0.30E-11 0.11E-10 0.54E-11
9.51 0.3 6286 0.64E 14 0.56E-11 0.13E-10 0.76E-11
9.51 0.6 5379 0.31E 14 0.11E-10 0.15E~10 0.13E-10
9.51 0.9 4301 0.12E 14 0,.19E-10 0.17E-10 0.25E-10
9.51 1.2 3291 0.29E 13 0.46E-10 0.17E-10 0.58E-10
10,46 0 6802 0.66E 14 0.69E-11 0.10E-10 0,.73E-11
10.46 0.3 6095 0,40E 14 0.10E-10 0.11FE-10 0.11E-10
10.46 0.6 5204 0.19E 14 0.16E-10 0.12E-10 0.18F-10
10.46 0.9 4079 0.78E 13 0,.29E-10 0.16E~10 0.32E-10
10.46 1.2 3122 0.21F 13 0.67E-10 0.17E-10 0.69E-10
11.42 0 6442 0.38E 14 - 0.13E-10 0.90E-11 0,10E-10
11.42 0.3 5829 0.24E 14 0.17E-10 0.95E-11 0.15E-10
11.42 0.6 4983 0.12E 14 0.23E-10 0.11E-10 0.23£-10
11.42 0.9 3935 0.51E 13 0.41E-10 0.14E-10 0,42E-10
11,42 1.2 3028 0.15E 13 0.93E-10 0.15C-10 0.86£-10

Including the effect of ionization
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PROPOSITION P-1

The proposition describes the use of functional deriv-
atives to test consistency of physical measurements.

One of the fundamental theorems in functional analysis
which is related to the fuﬁctional dependence of a set of
variables is due to Jacobi. Functional depeﬁdence of a set
of variables f,, fy, f3 evves Iy which are functions of

another set of variables x7, Xp, X3 seees X implies that

n
there exists at least one relationship of the type F(fl, f2
ceeee fn) = 0 which does not involve x;, x,, X3 eeeee X
explicitly. When f,, f5,, f3 +ee.. £, oand all their first
derivatives are continuous, the necessary and sufficient
condition for their functional dependence is that‘the

Jacobian should be identically zero:

- a(fl’ f2 DR Y fn)

J a(X:L, X2 «a s 8 0 Xn)
of, ofy . ., of
axl X5 Xy,
_jefo oty .., ofp
? aXl aX2 aXn
afn bfn PP afn
0x7 OXp OxXy,

(P1-1)

1
o
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For the proof of above theorem, the reader is referred
to reference (1).
Conversely, if J = 0 then it follows that there exists

at least one relationship of the‘type:

F(fl, f2’ LI S ST 'Y fn) = O (P1-2)

In many physical experiments, the physical quantities
fl’ f2 «ev.. fj are evaluated as functions of some indepen-

dent parameters X175 Xo, x3 erees X If it is known that

m*
some of the measured quantities are related to each other,
then one can test the consistency of thelr experimental
measurement by applying condition (Pl-1). On the other
hand, one can determine if some of the measured quantities
are related to each other or not by using condition (P1-2).
One 1mmediate result of the above theorem is that one should
vary at least n number of parameters in order to test n
number of observables 1in an experimental investigation, to
be able to test consistency of their measurement.

The advantage of above method is that it can be applied

pointwise. For example, 1f fl, f2, eeses [, are measured in

n
a certain field of x;, X5, +ee.. X, then only the first de-

rivatives of f, are needed at a polnt to test 1f the data
are consistent or not at that point.

Another great advantage is that the nature of the re-
lationship between f,, need not be known to test the con-

sistency of their measurement. The method can also be used
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to f11l up missing data or to correct the experimental
values, It should be noted that equation (P1l-1) may be
easily written in a dimentionless form. Thus, only re-
lative variations in the functions f,, are important, and
absolute values are not needed. In many experiments,
absolute quantities may be difficult to obtain, because
of large systematic errors.

A useful criterion for the consistency of a set of

measurements can be defined as the Jacobian error:

(P1-3)

Where Jp is the net value of the Jacoblan evaluated at point
p, and N 1is the total number of points in the set.

A few examples will illustrate the method. Suppose
that an experiment consists of measuring the reaction rate
constant k, which is assumed to be a function of tempera-
ture T only. The measurements are made in a tubular flow
reactor and after solving material and energy-balance

equations etc., the following functions are obtained:

k k(r,z)

T

T(r,z)

These functions may be expressed as graphs, arrays of data,

polynomial equations etc... Now if k = f(T) then from
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condition (P1-1), one should obtain:

ok ok
or oz
J = | =0 (P1-4)

oT 2T

or oz
at every point in the reactor. The partial derivatives can
be obtained from the functions k = k(r,z) and T = T(r,z) by
numerical methods. In practice, one may find that J # 0O
within the limits of error of the experiment and analysis
of the data. Then the assumption k = £f(T) is not valid,
and one must introduce another dependent variable like the
concentration C of some reacting species such that the
new quantity k' = ¥(k,C) will satisfy (P1l-lU) everywhere.
Then it follows that k' = &(T). Note that introducing the
third dependent variable C(r,z) exceeds the available de-
grees of freedom. Hence the form of ¥(k,C) must be known
(or guessed). However, the form of &(T) still need not
be known for the purpose of testing the consistency of the
data. _

If condition (P1-4) is not satisfied only in restrict-
ed regions of the reactor, then i1t must be due to unexpect-
ed external purturbances, 1. e. due to experimental errors.
Consider another experiment in which the composition

of a planet's atmosphere is sought by measuring emissivity
of the atmospheric gases. The emissivity expressed as

energy radiated pef unit time per gm. mole Qf the 'gas is
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exclusively a function of the temperature of the radlating

gas:
€ = &T)

The "Surveyor" mission has two probes which scan €1G,¢ﬂ and
T(0,P) for a given height from the planet's surface, where

© and & are the spﬁerical coordinates. In order to check
if the temperature and emissivity data are consistent, one

has to substitute the partial derivatives 1in the equation:

%
06 =0
2T AT |
29 o
Again note that knowledge of the relationship &= £(T) is not
necessary for testing the consistency of measurements.
A concrete example will be given now, to demonstrate

the usefulness of the criteria developed above. The veloci-

ties were expressed in a dimentionless form:

\Y

Vinax

where Vp.x is the maximum velocity in the region of interest.
The temperature distribution in the same region was measured
spectroscopically (cf. Section I) and also expressed in a

similar dimentionless form:

T
Tmax

e =
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Function (r,z) and ©(r,z) are displayed in Tables P1l-1 and
P1-2 respectively. To check whether the velocity and temper-
ature measurements are functionally related, the following

Jacobian was evaluated numerically on IBM 7094 computer.

Yy o¥
or 02z '
J = _.gy.—.’_—e_)_ = (Pl_S)
(r,2) 29 20
or 9z

The increments in r and =z were taken as unity. The
values of J(r,z) are shown in Table P1-3. From the expected
errors in measurements of the gradients, the error in J 1is
expected to be 1.5 X 10‘3. Examination of Table P1-3 re-
veals that the Jacobian is in fact less than its expected
numerical value, at most points of measurement. The Jacobian
error defined by equation (P1-~3) had a value of 1.3 X 10'3,
which is less than the expected experimental error of 1.5 X

10’3. Hence one can conclude that a functional relationship

of the type:
¥ = F(O) (P1-6)

exists between the velocity and the temperature. In Section
I, a relationship between veloclity and the temperature at a

point was obtalned from the equation of continulty as:

YV = &r) x 6
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where &(r) is the dimentionless radial distribution function.
Figure V-11 shows that &(r) has almost constant value of unity
over the region of interest, in whiech case, the explicit form

of (P1~-6) is .
YV =60

The above example was chosen from the main thesis for the
purpose of illustration, but the principle developed above

1s perfectly general. Other applications of the above cri-
teria include measurement of thermal conductivity, viscosity,
diffusivity and other transport properties, P-V-T data, ex-
perimental fluid flow measurements and most experiments in
which more than one parameters which may have functional

dependence, are measured independently.
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Dimentionless velocity distribution, temperature distribution and
Jacoblan evaluated as a point function. Radial distance increases
horizontally and the axial distance increases vertically.

TABLE Pt -| v (r,2)

1.0000 10058 140CCT 0e9853 049602 Ce9262 048839 0.8339 0,7769 09,7136 0.6446 045707 (,46923 01,4103
Ce9176 Co9159 Co909C C.B966 C.B783 C.8536 0.8222 C.T782T 0,73T5 7.6835 I,6210 (45499 0,4695 00,2796
0.8620 0.8529 0,842C 0.8311 0.8161 0.7969 0.7T24 C,Té4l4 F, 7028 0.6556 N.5985 C.5306 0,4506 0,357%
0e8268 CoB81l15 Co7SBC Ca7849 Co7T706 047536 C,7326 N,7059 0,6T21 Ne6297 2.5772 05131 00,4359 0,344}
048061 Cu7863 C,T7695 047542 CoT3B87 CoT721¢ Co7013 Co6763 0,6449 N,6057 D,55T1 044976 C,4255 0,3394
0a7939 CoT7721 (Co753C 047352 07175 0.6985 06769 Co6515 00,6208 0.5836 71,5386 N,4844 (6198 90,3434
CeTB40 0e7635 047439 067244 0.704C Co6821 06579 046305 Ce5992 N.5631 (,5216 (.4738 M,6198 9,356C

CeTT03 CoT553 0e7378 067177 006952 06701 Coeb6424 0o6122 Ca5795 No5642 0,5063 044659 (44229 N,3773

TABLE PI-2 e (r,z)

1.000C Co9S7C 0e9919 Ca9838 Ca9767 09656 0.9464 0.9211 0,8765 00,7915 ",6538 05425 (4555 (,.3765
Ce9246 Co9219 0.9168 0.9108 Co9C23 C.8880 0.8616 008240 00,7655 0.6650 N,5522 CoéTlh 0.,4066 743484
CaB44l Co8350 (0,8256 00,8117 CaT966 CoTTT3 0.7490 0,TL105 00,6559 Co5709 N,4858 044251 00,3735 (,325¢
0eT€63 (o748 Co.7289 047089 00,6859 C.6626 046350 Ce6012 Co5574 (44981 10,4392 00,3929 (,3497 0,3073
Ce6943 Co668C 066377 046123 C€o5830 C.5567 C.5314 0.5042 C.67274 0,4403 N,6069 Co369 00,3320 72,2915
Ce6589 C,634)1 0,6C5F 0.5796 045503 €,5241 0,497C C.4690 C0.4365 0.4052 043734 (3432 0.3108 0,2766
Ce6377T (6174 0.59%1 C.5688 C.5415 N,5162 0.4858 0,4555 0.4180 0.3806 (0.3462 (3188 (€,2905 (,2632

Ce6051 Ca58T4 00,5672 045446 Co5188 Ce4940 0.4650 (43463 £.3994 0,3646 00,3307 €3040 C.2799 (€.256%

TABLE PI-3 J (r,z)

=0.0004 0.0C01 0.,00C2 04,0009 0.0012 0€,0015 9.0723 10,0031 C.7037 0.0041 0.0041 n,0031 0N,0015 -0,0005
C.0001 C.C004 0,00C% 0,001lC 0.0014 0.C01T7 C€.C022 0,0025 0.7C23 0,0023 C(,0024 (0021 6.0015 0.0005
€.0005 00,0005 0.200% 0,00C7 0.0Cl1 <C.0Cl4 O0.CC19 0,002) 0Q.7C18 0.0016_ 0.0016 C.0014 0.0013 0,0N11
0.0008 C€.,2C06 0,00C7 0,00C7 C.0010 0.0013 ¢€,CO01l7 0.0919 C.0017 0.C013 C.0011 ©.0010 0,012 0,0014
C.0NrC4 (€o0C01 0.,00C1 =0,0C00 C.CO0C 0,00C1 C.0002 0,00C3 C,ICN6 0.C709 0.,0011 Cl,0013 ¢C,0N14 0,0015
C.0002 C(C,0C0C =0,00C1 =Ne00C2 =0,0002 =C.0NM3 ~0.,0003 =0.0002 CeC00l 0,0005 0.0009 040712 0,°Cl4 0.0014
0s0003 Co7CC4 00,0004 0,00M3 Ce0003 Co00C1 Cl.0NCI =2,000C ~0.0001 0.7900 3,0006 N,0006 0.,0008 040012

Cs00CO0 0.0C02 C.CLC4 (,C004 Co0004 3,00C3 Q.0002 0.00CC -C.N201 -0,0002 N,0001 €,0004 £,0006 0.0012

66T
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PROPOSITION P-2

The following proposition illustrates how the size of a
continuous stirred tank reactor may.be chosen to obtain the
maximum weight fraction of a polymer with some specified
degree of polymerization.

Distribution of molecular weights plays a vital fole in
determining the physical properties of polymers. Control
over the molecular welght distribution is highly desirable
in the manufacturing processes. Polymerization reactions
are quite commonly carried out in a continuously stirred
tank (CST) reactor. - One of the important properties of the.
C3T reactor is the distribution of 1ts residence time.

It is proposed to evaluate the effect of the residence time
distribution on the distribution of molecular weight of the
polymer for a simple case,

The polymerization reactions are quite complex as they
involve chain mechanism(l’ 2). The following discussion
assumes linear polymerization, first order overall reaction
and chain termination by chain transfer, Further, the prin-
ciple of equal reactivity of the functional groups irre-.
spective of the degree of polymerization is.assumed(3).

If p 1s the probability that a given chain is con-
tinued, then (1-p) is the probability that if is terminated.

By our last assumption of equal reactivity, the apriori

probability of bond formation remains the same for all
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molecules at any instant. Then the apriori probability is
also equal to the total number of bonds formed divided by

the total number of possible bonds. It may be expressed as:
' N
p=1- N (P2-1)

The probability that a molecule has exactly x recurring

units (x-mer) is given by:
p* 1 (1-p)?

Hence the total number of x-mers is given by:

2 xe
Ny = No(l-p)°p*~t

And the weight fraction of the x-mer 1is:

Wy =xN_ /Ny = x(1-p)°p*~? (P2-2)

Now, for a first order reactlon, the extent of the reactlon

is given by:
N = Noe—kt (P2-3)

where k 1is the first order rate constant. Substitutlon of

(P2-3) in (P2-1) gives,
p=1- ekt (P2-1)

with this value of probability, the weight-fraction distri-

bution at any instant is gived by:

—kt)X—le—2kt (PZ-B)

W, = x(1 - e
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It can be seen from equation (P2-5) that the distribution of
molecular weights changes with the change in the age of the
material inside the reactor. If different portions of the
product stream emerging out of the reactor have different
ages, then the overall distribution of the weight fractions
will be governed by the residence-time-distribution function
of the reactor as well as the kinetics of polymerization.
For an ideal CST reactor, the residence-~time-distribution

function is given by(u):

In an actual CST reactor, the effects of imperfect mixing,
hold-up volume and time-lag make the form of the residence-
time-~distribution function more complicated than the one
shown above, A typical form of the function 1s shown in
Figure P2-1.

The average-welight fraction of the x-mer in the product
stream is given by:

co
Lw> = t;fowxdF(t)

Using the expression for the most probable welght-fraction
distribution:

=2kt

Zw> = [ x(1-eTEHH T i q(e/E)
0 .
(P2-6)

where F' is the slope of the residence-time-distribution
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function. Equation (P2-6) was solved numerically on IBM 360
digital computer for different values of x and kTt for the
residencé—time—distribution functicon shown in Figure P2-1.
The solution is shown gfaphically in Pigure P2-2 in which

the average-welght fraction of the outlet stream is given as
a function of the number of polymer units. It can be seen
from the figure that the effect of a large average-residence
time of the reactor is to increase the relative weight frac-
tion of a polymer having a larger molecule. The effect of
the spread in the residence time is manifested by the brcad-
ening of the weight-fraction distribution. At very low values
of kT, the unconverted monomer will be present predominantly,
while at very large values of kt, a uniform distribution of
molecular weight will be obtained. In the industrial prac-
tice, 1t may be necessary toc obtain the maximum weight frac-—.
tion of a specified x-mer. One can choose the appropriate
value of kt by the procedure outlined above, and can cbtain

the volume of the reactor from the following formula:

n
VR = p

Because of the effect of the spread in residence time, it

will be desirable to connect a number of reactors of volume

Vg chosen 1in the above manner, in parallel, rather than

carrying ou% the reaction in a single large tank.
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PROPOSITION P-3

This proposition is a critique on the mechanism of
oxidation of ethanol to acetaldehyde on a silver catalyst.
An explanation is sought for the observations made by
several workers regarding the overall rate, its temperature
dependence, and dependence on the concentration of the
reactants.

Partial oxidation of ethanol to acetaldehyde has been
traditionally carried out at about 500°C on silver or copper

(l’ 2, 33 u’)

catalysts in either pure or supported form The

stolchiometric equation for the reaction is:
CoH50H + %02 —+~CH3CHO + H50

AH% = =42 kcal/g mol

(P3-~1)
It should be pointed out that in absence of oxygen, dehy-

drogenation reaction takes place according to the equation

AH% = 11 kcal/g mol

(P3-2)
The proposed mechanism says that the oxidation reactlon

shown 1in equation (P3-1) actually proceeds via two steps,

the first step being reaction (P3-2) and the second step



204

being the reaction:

1
Hy + 502 —>H,0 AH% = =53 kcal/g mol

(P3-3)

Reaction (P3~3) being irreversible and faster compared with
reaction (P3-2), the latter controls the rate of conversion
of alcohol., The amount of oxidation taking place 1s then a
function of the amount of oxygen reaching the reaction sur-
face by diffusion. The maximum ratio of oxygen to ethanol
molecules diffusing towards the reaction surface is %, which
occurs when all the hydrogen liberated at the surface is
oxidized., If the bulk concentration of oxygen is in excess
of the value which will yield this maximum ratio, then the
bulk phase concentration of oxygen will have no effect on

th order

the conversion of alcohol. In that case, a zero
dependence of conversion of ethanol with respect to oxygen
can be expected.

The following observations recorded in the literature

regarding the reaction in question support the above

mechanism,.

1. Higher pressure decreased the yleld of acetaldehyde
while higher temperature favored the yield(S).
Application of Le Chatelier's principle suggests

that reaction (P3-2) should be the rate controlling

step, and that reaction (P3-2) should be independent
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of reaction (P3-3).
The overall oxidation reaction was observed to be

zeroth order with respect to the bulk concentration

of oxygen(6). Further, in a cognate reaction of
butyl alcohol, not more than 13 per cent of the
theoretical oxygen was consumed. Higher amount of
oxygen favored further oxidation of the aldehyde(7).
It 1s possible that in the reaction of butyl
alcohol, the critical valuve of the ratio of oxygen
t0o alcohol molecules diffusing towards the surface
was reached when 13% of the theoretical oxygen was
used, To amplify this point, let the ratio of oxygen

to ethanol molecules reaching the reaction surface be

denoted by . Then

*
_ Mo D0 o = P) (P3-1)
my Dy (Py - PJ)

.

Y

to the first approximation,.

Since reaction (P3-3) is irreversible and fast,
p; ~ 0 and since rezction (P3-2) is quite slow, a
small driving force for diffusion of alcohol molecules
is sufficient. Tor the sake of estimation we will
assume p* = 0.8p1. The ratio of diffusivities, ac-

1
cording simple kinrnetic theory is approximately:

= 1,52
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Then, from equation (P3-4) for ¥ = %, Pg/P1 = 0.066.
The theoretical ratio being po/pl = 0,5, Hence the
predicted ratio of po/p1 = 13% Qf the theoretical
value is in accord with the observation.

The observed rates of oxidation of ethanol on sup-
ported silver catalyst do follow the dehydrogenation
kineties.

(8, 9)

Balandin et al have studied dehydrogenation

of lower alcohols on copper catalyst and the reaction

has been found to be a surface reaction controlled

(10)

first order reaction involving adsorption equi-

librium. The rate of decomposition of ethanol can be

represented as:

~ B
RT
= -g—fc-(- = +Ople L', (P3—5)
p; * p, + 0. Py

k

From the similarity of structure between copper and
silver, it may be assumed that the form of equation
(P3-5) holds good for a silver catalyst.

Day studied oxidation of ethanol on silver cat-
alyst supported on pumice in a tubular flow reactor
(ll). The catalyst was 2.7928 g of silver deposited
on 9 ml of pumice stone in 12 mesh size. The feed
gas was heated to 105°C., One set of his data 1is

analysed below, on the basis of dehydrogenation

mechanism.
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The material balance for an integral flow

reactor is gilven by

X
W [ ax (P3-6)
i j. r
0
The stoichiometry of the reaction gives:
p b p
1 . 2.3 (P3-7)
1l -x X X

substituting (P3-5) and (P3-7) in (P3-6) one obtains:

X

E

W 1 + 1.4x RT -

& ./‘.—§T§———e dx (P3-8)
) -0

The temperature within the reactor will be assumed
constant for a given run. Then equation (P3-8) can

be integrated to give

1 E
1 - RT

1.4 x In(g3) — 0.bx

=

Using the followiling variable

Y = 1n% - 1n(1.4 lne—i— - 0.Lx)
B 1 X

a stralight line should be obtained between Y and

in the form:

Hi=
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Table p3-1 gives the feed, temperature and conversion re-

ported by Day and the corresponding values of Y and %.
Figure p3-1 is the resulting plot between Y and % which

can be seen to be quite close to a straight line. A least

squares analysis gave the followling results:

kg = 4.1 x 107"
E

= 2860 kcal/g mol

The value of activation energy for silver determined above
is much smaller than the value of 12 kcal/g mol for copper
(9), which may explain why silver is a more efficient cata-
lyst for this reaction.

Understanding of the physical and chemical steps in-
volved in a reaction is highly desirable for the design of

12
a reactor for 1ndustrial-scale operation( ).
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Table P3-1

Analysis of A. R. Day's Data on Ethanol Oxidation

over Sllver Catalyst

Run F = Feed Rate of 02 _ Reaction Conversion Y = iy
No. Feed Rate of Air EtOH Temperature of Alcohol T
Alcohol in g mol/sec x X 103
g mol/sec M °K
x 10
X 10”
1 2.73 6.4 0.495 744 0.806 9.723  1.345
2 2.68 6.4 0.503 Th2 0.807 9.743 1.349
3 2.25 5.25 0.492 701 0.822 9.863 1.427
b 2.20 5.25 0.501 695 0.824 9.878 1.440
5 1.715 4,09 0.501 642 0.856 - 10.018 1.559
6 1.685 4,09 0.509 649 0.854  10.018  1.540

0Te
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Figure P3-1

Comparison of the proposed mechanism for catalytic partial
oxidation of ethanol with the experimental data of A. R.

Day. Y represents the rate constant parameter as defined in
the text.
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NOMENCLATURE

Anm Einstein transition

probability for radiation

from energy level

n tom (sec)~1
A(p) argon atom in the pth

excited state, p=1 for

ground state p=2 for

metastable state etc.
A¥ argon atom in some

exclted state
A; excited molecular

intermediate of argon
c veloclity of light in

vacuum (cm) (sec)™t
C an instrument constant

Cl’ Cy Planck's first and second

radiation constants

Cp heat capacity at constant
pressure (cal) (g mol)~1(ok)-1
D Fick diffusivity | (em)?(sec)-1
D, ambipolar diffusivity (em)2(sec)~1
E activation energy (cal)(g mol)~—1
E(p) excitation energy |
th

of the p~" excited state (cm)'l_or eV



F(t)

g(p)
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ionization energy of

argon

ionization energy of the

z fold ionized atom
absorption oscillator
strength

feed rate of alcohol
residence time
distribution function
statistical weight of
the pth excited level
wavelength response

as defined

Planck's constant
intensity of radiation
incident intensity of
radiation

intensity of radiation
per unit wavelength
intensity of radiation
per unit frequency
intensity of 1line
radiation

intensity calculated

at a radial position r

(cm)'l or eV

(cm)‘l or eV

(g mol)/(sec)~ 1

(erg) (sec)

(watts) (em)~3

(wat}‘cs)(cm)"3(ster')"1
(watts) (sec) (em)~3(ster)~1
(watts) (em)™3

(watts) (cm)=3



nm

J(p)

n(p)

21k

intensity measured in
the line of sight at
transverse position x
Jacoblan as defined,

a function of point p
Boltzmann constant
specific reaction rate
constants for forward

reactions

specific reaction rate
constants for reverse

reactions

frequency factor in
Arrhenius expression

for rate constant
thermal conductivity
mass of argon atom

mass of electron

mass flow rate

molecular weight, also
third body in a reaction
population density of

the pth excitation

S level

(watts)(cm) =2

(em)~L(°k)~1

(cm)3(g mol)~d(sec)-1

or similar units

(cm)3(g mol)=1l(sec)-1

or similar units

(watts) (em)~1(°K)~1
g

g
(g)(sec)™t

(particles)(ecm)=3
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nE(p) equilibrium population (particles)(cm)_3
density
f(p) average population

density of the pth
excited level (par‘cicles)(cm)_3

nr(p) population density of the

pth excited state at

radial position r (par"c:'.cles)(cm)"3
Ny population density of

neutral atoms of

argon (particles)(cm)—3
ny population density of

argon ions (particles)(cm)~3
ng population density of

electrons (particles)(em)™3
N total number of particles

per unit volume (particles)(em)~3
n, population density of

zth ions (particles) (em)~3
N total number of molecules

present at time ¢
NO | total number of monomer

units intially present
Nr molar flux of reactant in
NZ} in radial and axial ‘ (g mol)(em)~2(sec)~L or

directions respectively (particles)(em)~2(sec)~1



N ¥

ctl
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excited nitrogen atom
partial pressure,

also denotes principal
quantum nember.of
excitation level
partial pressure of the
gas at catalyst surface
total pressure

heat flux (vector)
radial position,

also designation of
temperatdre cell,

also reaction rate based
on unit weilght of the
catalyst

radius of the boundary
of the plasma jet
gas—law constant

rate of recombination
of electrons with ilons
total number of
isothermal cells in the
strip under observation
lonization coefficient
time

average residence time .

(atm)

(atm)
(atm)

(watts)(cm)'2

(g r_nol)(g;)"l(sem)"l

(cm)

(atm) (em)3(°K) "1 (g mo1)~t

(par'ticles)(cm)-3(sec)_1

(cm)?’(péﬁr'ticles)_l(sec)-l
(sec)

(min)



T(p)

i<
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-absolute temperature

space-average temperature
of the pth excitation
level

velocity (vector)
velocity 1n the axilal
direction

volume

volumetic flow rate
weight fractlon of a
given x-mer

average weight fraction
of a given X-mer

weight of catalyst
fractional conversion

of a alcohol,

also number of monomer
units,

also transverse position
mole fraction of the gas-
denoted by subscript
rate constant parametef
as defined

axial position in the

plasma jet

-also nuclear charge

(°K)

(°K)

(cm)(sec)'1

(cm)(sec)"1
(cm)3

(cm)?’(sec)'l

(g)

(em)

(cm)
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partition function of
neutral argon
partition function of
metastable argon
partition function of
singly ionized argon
partition function of

n fold ionized atom

Greek Symbols

x

X

A(p)

recombination coefficient
for electrons

decay coefficient
frequency

critical collision
distance

Stefan's radiation
constant,

also collision radius
Jacobian error as defined
molar density

fractional departure

from equilibrium of the
pth exclted state as
defined

total emissivity

(cm)3(par‘ticles)"l(sec)-1
(cm)3(particles)'l(sec)—1

(sec)"l

(%)

(watts)(°K)’u

&)

(g mol) (em)~3



AT

nm

(e

Special

monochromatic
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emissivity for a given

temperature and
wavelength
wavelength of
radiation

wavelength of

(em) or (X)

radiation arising from

a transition from level

n tom
steric factor
radiated power

gamma function

Notation

)
AHf

(NO)}
(N,)

Special

standard heat of
reaction

parentheses indicate
concentration of the

reactant gas

Subscripts

=W N = o

oxygen
alcohol
hydrogen
aldehyde

argon

(em) or (K)

(watts)(cm)"3

(cal)(g mol)-1

(g mol)(em)~3

Special Subscripts

e electron
m, n refers to the

excited level



