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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, n ' e 

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 z 

boron nitride using a three-dimentional mapping technique. 

The above quantities varied in the fellowing ranges: 10
12 < 

ne < 10
15 

particles/cm3 , 3500 < T < 11000°K, and 200 < v
2
< 

1200 cm/sec. 

The absence of excitation equilibrium for the lower ex-

citation population including the ground state under certain 

conditions of T and ne 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 

obtained 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 xNO were determined gas-chromato

graphically and varied between 0.0012 < xN0 < 0.0055. The 

temperatures were measured pyrometrically and varied between· 

1300 < T < 1750°K. The observed rates of decomposition were 

orders of magnitude greater than those obtained by the previ

ous workers under purely thermal reaction conditions. The 

overall activation energy was about 9 kcal/g mol which was 

considerably lower than 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 atomic nitrogen which was probably 

formed as the result of reactions between excited atoms and 

ions of argon and the molecular nitrogen. 
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INTRODUCTION 

The plasma jet is 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 jet. 

A plasma may be defined in general terms as the ionized 

state 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 

R d
(l, 2) 

in this study was similar to that described by ee . 

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 operatic~ 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 spect~um, and it is readily available in 

high purity. 
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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 in this 

process are reported by Timmins and Amm~n( 4 ). The reactions 

of compounds of nitrogen and oxygen are also of interest in 

the problem of re-entry of space vehicles in the terrestrial 

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(5, 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 rate of 
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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 

references CS, 9). 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 excitation 

levels from the spectroscopic observations is 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 deve~oped for the 

quantitative determination of nitric oxide and nitrogen in 

the study of decomposition of nitric oxide. The range of 

temperatures 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. 
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A number of publications related to the work are reported 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. 
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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-4. 

A plasma generated by induction heating with a radio

frequency unit similar to that described by Reed(l, 2 ) was 

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 l/min into the inner quartz tube 

which was 25 mm in diameter, and was tapered to 20 mm diame-

ter at its tip. The inner quartz tube extended right to 

the upper turn of the RF coil. The cooling gas, which was 

also argon, was introduced at a rate of 11.9 l/min into the 

annular gap between the inner quartz tube and a coaxial 

quartz tube which was 35.5 mm O.D. I 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 . 
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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. ~he os

cillator current and the net power output 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 Nt(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-fluoride 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 could be 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 

magnification factor for the image was 0.21. 

The spectrophotometer was a 0.5-meter, Ebert-type unit 
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having a grating with 1180 grooves/mm which gave a dispersion 
0 

of 16 A/mm in the first order. Curved slits were used for 

maximum efficiency. The entrance slit was 60 microns x l.5mm 

and the exit slit was 60 microns x 3mm. An RCA type 1P28 

photomultiplier tube was used as the detector. The usable 
0 

wavelength response of the detector was between 3000 - 7000 A. 

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 
(10) 

manual • 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 chart recorder having a full-scale 

sensitiv_ity of 1 mV. The recorder was fitted with an 
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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. Figure I-4 shows a scan of the spectrum of argon 
0 

I made by the spectrophotometer, between 3600 - 5700 A. 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 is 

shown in Figure I-5. A 1.5-m spectrograph of the grating 
0 

type, covering the spectral range of 3700 - 7400 A and having 
0 

a dispersion of 15 A/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 instruments. The 

1.5-m spectrograph was originally designed for a photographic 

analysis, and it was provided with a chamber for inserting a 

photographic film. Using the photographic record ·of the 

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

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 in 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 probabilities 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 
0 

I in the range of 5000 - 6500 A, determined experimentally. 
0 

The transition probability of the line at 3834.68 A reported 

in Table 1 of Appendix A-4 was 

revised straight-line plot of 

Figure 1 of Appendix A-5. The 

-1 sec 

improved on the basis of the 

I A . 
loggC~)A~: vs. E(n) shown in 

improved value was 5.6 x 10
5 

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 scale 

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 technique was based on the slope of the plot of 
I A 

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

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

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

t
. (12) 
ies • The following equation could be obtained by taking 

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

tion (1) of Appendix A-4: 
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E(p) - E(q) 
kT 

(I-1) 

The temperature could be obtained from the above equation 

rearranged in the following form: 

T = a 

Iqs 
b + log Ipr 

(I-2) 

w~ere 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 "ratio method", two lines of argon 
0 0 

I at 4300 A and 5739 A were selected on the basis of their 

isolation from the rest of the spectrum, and their 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-rn spectrograph as described above. 

The spectroscopic data related to the two lines are given 

below: 

:\ = 4300 A :A = 5739 A pr qs 

3.9 
5 -1 5 -1 

Apr = x 10 (sec) Aqs = 10 x 10 (sec) 

g(p) = 5 g(q) = 5 

E(p) 
-1 

E(q) 
-1 = 116999.4(crn) = 123505.S(crn) 

The intensities measured by.the side-on observations 
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were converted to the radial intensities by the use of Abel-

~nversion procedure which is described in Appendix A-3. The 

radial distribution of temperatures in the plasma jet was 

then calculated in accord with equation (I-2). 

The third technique which will be referred to as the 

"reference-temperature method11 was based on the following 

form of equation (1) of Appendix A-4. 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 axis of 

the plasma jet where the temperature was previously deter-

mined by the "slope method 11
• The pertinent equation for cal-

culating the radial distribution of temperatures in the above 

manner was: 

I Tref 
Iref = -T-- e 

E(n) (1 1 \ 
k1' T - Tref J (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 O.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-

ing point of 1900°K, and being relatively non-conductive of 

heat, was a suitable material for this technique. Correc-

tions for the stagnation 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 yielded 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 tern-

peratures determined pyrometrically. 

The uncertainty in the measurement of temperature by 

the ratio method was estimated as: 

at 6ooo°K 

Assuming the error in the relative intensity measurements to 

be ±5 per cent, the corresponding uncerta~nty in the measured 
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temperatures was ± 7 per cent. The uncertainty could be re

duced by choosing the two lines with widely separated energy 

levels, but in that case, the assumption of equilibrium 

between these levels may be questionable. 

For the reference-temperature method, the uncertainty 

in the temperature was: 

~T 

T ~AI ~Tref] = 0.034 y- + 29 T 
ref 

at 6000°K 

It is 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 typical case, 7 

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
I A. 

ed from the plot of log nm nm vs. E(n). The reference 
g(n)Anm 

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-4, 

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 4he 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 velocity 

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 10 - 5 sec(l3 ). Aft th" id t" · d t' er is n uc ion perio , ne same 

kinetic temperature would pressumably 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 how~vet, 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 

H 
(15) 

quantitatively. McWhirter and earn 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 quantum number p is main-

tained by the processes of excitation and de-excit-

ation: 

ddn~p) = (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 considered in the model are: 

excitation and de-excitation by electron impact, 

ionization and recombination b~ 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. 

4. The relaxation-time constant of the ground state is 

orders of magnitude longer than that for the excited 

system of an atom. As a consequence, the changes 

in the excitation population may be regarded as in-

stantaneous in comparison with the change in the 

ground-state population. This is the quasi-steady 

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 

(lG) measured the instantaneous line intensities in a helium 

afterglow at low pressures and deduced that the excitation 

levels with a principal quantum number less than 3 were not 

in equilibrium 
0 

at temperatures of the order of 2000 K. 

Hattenburg and Kostkowski(l 7) observed an off-axis peak in 

the intensity 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(l8) claimed that the excitation temperature of 
0 

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 series 

limit of the resolvable lines. Bott(l9) observed in 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 

(20) 
different techniques. Bott's work on an argon arc plasma 

gave clear evidence regarding non-equilibrium of the 2p 2 
(21) 

level in argon I below 8000°K or so. Freeman found that 

in an arc-heated argon plasma jet, the composition of elec-

trons, ions, ground-state atoms and metastable atoms was 

consistent with a complete thermodynamic equilibrium. Scholz 

and Anderson( 22 ) investigated the central core of an RF-heat-

ed-argon-plasma jet at different pressures and concluded that 

deviations from equilibrium set in near the 3p 6 level of AI 

(23) 
at pressures below 0.1 atm. Brewer and McGregor observed 

that the line radiation from an argon-plasma jet was much 

higher than its equilibrium value. They proposed the ex-

istence 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 nt~n(l) as: 
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n(p) = 0p) e kT n(l) fil.21) 

E(2) - E(2) 

+ (!tltl kT 

zm 
e ~) ~ e- kT n(2) 

(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 erroneous conclusions. For 
(24) 

example, Chu and Gottschlich ' measured the temperatures 

in an alkali seeded argon plasma by both pyrometric and the 

absolute-line-intensity methods and concluded that the elec-

tron temperature 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 case equation (1) of Appencix A-4 

would yield 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 spectra-

scopic data are given in Table I-2. In each of the obser-
o 

vations, the selected line was scanned at a rate of 2 A/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.~72, 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: 

I = ~c A n(n) 
nm Anm nm (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 straight lines shown in Figure 

1 of Appendix A-7 on the vertical axis gave nE(l), which 

~as the hypothetical ground-state population in equilibrium 

with the higher excited states, and according to the partial 

equilibrium 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 
n( 1) ~ nt = kT = 

0.734 x l0 22 P 3 T (particles)(cm)-

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: 

,,.0( 1 ) _ n ( 1 ) 
- nE(l) (I-7) 

Figure I-9 shows the 

tion of the parameter 

ground-state population as the func-

1 
2.303kT . 

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: 



log!lil?J_ 
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nE ( 1) 
= logg(l) ~ kT (I-6) 

Figures I-SA through I-SD 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 function of the energy level are shown 

in Figures lA through lE of Appendix A-7. The plots of 

log n(n) 
g(n) vs. E(n) are shown for 11 radial positions for the 

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

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 ter~eratures in 

~ccord with equation (I-6). The radial distributions of 

temperatures 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. 
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(I-8) 

The radial distributions of electron density are shown in 

Figure 3 of Appendix A-7. 

Discussion 

The experinental 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 ±13 per cent. The error in the absolute-

transition probabilities was ±18 per cent, which placed the 

error in the population densities at ±31 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. The experimental 

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 temperatures 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 thermodynamic 

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 deexcitation due 

to electron recombination. The process of recombination 

between electrons and ions being quite slow, its influence 

on the equilibrium-ground-state population is not exhibited 

clearly in Figure I-9. 

The equilibrium-ground-state pop~latj_on can be repre-

sented by means of an equation of the form: 

P( 1) = g(*)n(l) e 
g(l)n(*) 

where E(*) is the slope and 

E(*) 
k'T"" 

log g(*)n(l) 
g(l)n(*) 

is the intercept 

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(p) _ n(p) nE(l) 
n ( * ) - nE ( 1 ) x n ( * ) 

It may be seen that the term in the first bracket becomes 

unity if the state p belongs to the partial-equilibrium 

population, and that (*) denotei 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-4 

at a fixed electron density of 8 x 1012 particles/cm3. The 

value of E(*) from the slope of this straight line at the 

lower end of temperatures is 126000 cm- 1 , which is close to 

the first ionization level in argon (127110 cm-1 ), meaning 

that the partial equilibrium model breaks down at lower tern-

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 noted that the value 

of p(l) by itself does not denote the state of equilibrium 

in the plasma. At about 6500°K, the value of p(l) is unity, 

but the value of E(*) is close to the metastable level 
-1 

(93143 cm~). Therefore at this temperature, a partial 

equilibrium exists among the entire excitation population 

and the degree of excitation 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 excitation population behind the 

processes of energy loss results in rapid underpopulation 

of the ground state. On the other hand, when the plasma is 
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being excited, the ground state will be overpopulated. A 

stable, complete thermodynamic equilibrium can be attained 

probably in a plasma, in which the temperature gradients 

are small, and the electron densities are high( 2 l). An en

closed arc comes close to these requirements(l9). 

In Figure 1 of Appendix A-7, the critic~l energy level is 

the point of departure of the plot of log n(p) vs. E(p) grpr 
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 nE(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: 

p(p) 
n(p) B C 

= nE(p) = 1 - AT ne (I-9) 

using a least-squares fit. Table I-2 gives the values of 

constants A, B and C in equation (I-9) for 4 energy levels. 

The higher energy levels were omitted because their 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 is to bring the excitation population closer to 

equilibrium and that the effect of temperature is very 

small. 

(15) 
McWhirter and Hearn expressed the results of their 

calculations for hydrogen-like plasmas in the form of the 

following equation: 

(I-10) 

where r
0

(p) and r 1 (p) are coefficients which are functions 

of temperature and electron density. In the present case, 

excitation from the ground state could be neglected because 

of the low ground-state population, so that p(p) ~ r
0

(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 field of argon 

ions was assumed to be unity. An effective principal quan-

tum number Perr defined by the following relationship: 

2 
Zeff X 109737 

= 127110 - E(p) (I-11) 

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 tern-

perature and electron-density conditions were assumed: 

T = 8000°K 
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The calculated values of Peff are listed in Table I-2. 

Figure I-10 shows a comparison between the values of r
0

(p) 

from McWhirter and Hearn's theoretical work and the experi-

mental values of ,o(p) for argon for the given values of T 

and ne. Considering the approximations involved in the 

comparison and considering the great sensitivity of ,o(p) to 

the values of zeff and Peff, the agreement is reasonably 

good. It can be however noticed that the experimental 

values of p(p) are always greater than the theoretical 

values of r 0 (p). To resolve this discrepancy, one must look 

into the assumption~ 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) ( 2S) 

p(p) 

(I-12) 

where p(2) is the fractional departure from equilibrium of. 

the metastable density, and r 2 (p) is a coefficient which is 

also a function of the temperature and electron density. 

Although the limited number of experimental data did not 

allow evaluation of the coefficient r 2 (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 assumption 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 excited levels of 

argon. The temperature and the electron density were treated 

as independen~ 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. This 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 mapping 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 of 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 good only within the experimental boundaries which 

were 6 < z <18 cm and O <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 calibration 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 

correction 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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where Pc and Pp were the pressures of cooling and plasma 

gases respectively at the delivery side of the meters, Ve 
• 

and V were the corresponding volumetric flow rates; M, the 
p 

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 ideal gas, no angular or radial flow and of a 

constant pressure was written as: 

v
2 

- 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. 

. 
= m 

0 

By the use of the relationships: 

PM 
P= RT 

v 2 = f(r) x T 

the above integral equation became: 

~a~ x f(r)dr = 
0 

Rm 
~PM 

= 0.149 (I-14) 
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Equation (I-13) states that the velocity is proportional to 

the temperature at a given 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 distribution 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 is 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 - o.0362068r + 0.1275032r
2 

3 - 0.0801974r (cm)/(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 in the plasma jet was 

solved after knowing the temperature 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. The ideal gas law was assumed. 

Under these assumptions, the steady-state equation of energy 

was written as: 

(I-16) 
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where e was the radiated power of argon expressed as the 

energy radiated per unit time per unit volume. The conduc-

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

q = -K\7T 

The thermal conductivity of argon at high temperatures 

k 
( 2 6 , 2 7 , 2 8 , 2 9 ) and 

was investigated by several wor ers , 

their results agreed well within 7 per cent. In the present 

analysis, the following equation given by Collins and Menard 

(27) was used: , 

(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: 

- 0.246f(r)~; 

+ 1:_ bTJ 
r or 

(I-17) 

It can be noted in equation (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 powe~, e, was obtained as a 

point function in the reactor. The order of magnitude of e 
was the same as that of the conductive and the convective 

terms in equation (I-16). The values of£ are 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 eon the electron density. 

The relationship between e and Twas: 

e = 2.14 x 10-S x T2 ' 25 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 continuity for the electrons; 
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(I-19) 

where Da was the ambipolar diffusion coefficient for the elec

trons and ions. With the assumption of no angular variation 

of fluxes, the above equation was written in the cylindrical 

coordinates as: 

(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 

work of BeatyC 30) and Biondi and BrownC 3l): 

-7 2 
D = 8.69 x 10 T a cm2/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 

profiles of the temperature, electron density and the veloci-

ty obtained previously. As the result of the detailed solu-

tion of the equations, it was determined that the ambipolar 

diffusion velocity of the electron-ion pairs was less than 

10 cm/sec in either the r~dial 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 is 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
2

• The molecular ions of bimolecular 

gases such as N~, increased the rates 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 
0 

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 explanation of the quenching effect on the basis of the 

dissociative-molecular-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 species from the molecular gases. For example: 

+ 
N2 + e ~N + N* 

would yield a large amount of atomic nitrogen in a highly 
(32) 

excited plasma. It was pointed out by Bates and Massey 

that 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) Anm x 10 -5 Anm x 10 -5 

* 

0 
(cm- 1 ) sec-1 sec-1 A 

(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 122036.13 9 24.3 24.6 

6043.2* 
[122160.22 7 14.4 15.3 

123832.50 7 18.6 
6052.7 120619.08 5 L8 2.0 

6059,3 120600.94 5 3.7 4.2 
6145.4 123557.46 7 6.4 7.9 
6416.3 119683.11 5 18.o 12.1 

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. 



Table I-2 

Spectroscopic Data for The Observed Lines 

and The Corresponding Energy Levels 

Wave- Upper Term Statistical Transition Equivalent Equation I-9 
length Energy Value Weight Probability Principal Values of Constants 

Level of of p for The Quantum Determined by 
0 E(p) E(p) cm- 1 g(p)=(2J+l) Line x io-5 Number Least Squares 
A (Paschen) (sec)-1 Pe ff A B c 

6965 2p2 107496.463 3 67.0 2.18 8.5x103 0.122 -0.344 

4251.2 3pl0 116660.054 3 1.13 3.0 3,2x106 0 -0.54 
..i::-
0 

4300 3p 8 116999.389 5 3.94 3.06 5. 2x104 0 -0.414 

4345.2 3p 4 118407.494 3 3.13 3.29 2.8x106 -0.1 -0.52 

3 8.3 4 .. 7 4p5 121470.304 1 5.6 4.08 

5558.6 5d3 122086.974 5 14.8 4.34 

5572.6 5s "' 1 
123557.459 7 6,9 5,15 
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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 co or-
dinate coincide with the leading edge of the RF coil. 

RAO I AL AXIAL VE LUC I TV RAO I AL AXIAL VELnC l TY RADIAL AXIAL HLUC I TY 
POSITION PUSITIUN I :-1/SECl POSIT (0,~ POSITIJN 1"1/SfCI POS I l(Qt, PJSITl•JN ( ~l>ECI 

ICHI ICMI ICHI ICMI ICMI I C"ll 

0.831 4. 597 8.077 i.2aa 5.639 3.6C7 r.809 ;.69'> 7. 1'18 
0.673 5dl8 1.122 o.311 6. 32 5 1. d91 0.6'>3 6.AS3 1.~25 

1.173 8.026 3.735 l.097 8.992 3.607 0.965 11. 3<)3 3.505 
0.841 10.617 6.299 l.069 9. l 'l 5 4.140 lo l ~ l 11.201 3.~07 

1.125 ll .4dl 3.404 0.820 11.862 3.d6l Oo8dl 11.862 5.~42 

0.427 ll.9o3 5.486 0.627 12.344 5.563 l.031 12.446 4.4'1~ 

0.1,21 14. 275 5.496 l.Oll 'l. 373 4. 3'14 0.945 4.394 4.f'l74 

1.090 4. llS 4.490 O.A43 4.369 60655 o.155 ... 36'l i:t. j 1 ! 
0.155 4.-.96 9.804 0.315 6.071 8.230 C.526 12.979 c1.12 8 
o.1a1 14.199 5.201 lo 317 13.'>40 5.2c1 0.022 13.411 C>o04~ 

0.417 13.0ol 6.147 c.092 12.421 5.740 0.163 11.Q89 b.4-,2 
0.81>9 ll. 30 3 4.801 0.833 ll. 2rJl 4.699 Cd89 11.10c 5.~01 

0.660 5.5~7 7.493 o.506 5.201 s. 331 0.7:>5 3.8~6 8.LZR 
Oo8d9 ~.093 6.248 0.691 9. 754 6.24A o. 7a2 ~.4~3 6.24A 
0.678 a. 763 6.045 0.493 10.871 6.24d 0.121 a.992 6.756 
0.371 cl.204 7.823 0.036 ll.989 7.188 0.37~ 15.1~9 6ol47 
0.691 10.516 5.740 l. 234 15.291 5.4lJ 0.513 ll o 9S9 5.J09 
0.439 ll .405 7.087 a. H3 ll.303 6.55~ 0.952 10.414 5.J04 
o.8a4 io. 871 4.699 a. 988 9.093 4.166 l.074 d.763 4.064 
l.034 a. 534 4.166 lo 05 9 a. 103 4. 2~ 7 0.404 5.'l44 6 • .?99 
1.275 9.601 3.099 l.166 10.465 3.099 0.437 ll.'lb~ 4.0~9 

lo090 13.106 3.693 0.910 13.360 4. 267 0.810 l3. 79 2 4.597 
0.757 lo.58o 4.750 0.262 10.033 6.553 0.818 13. 716 4.343 
O.B9Z 5.232 6.375 0.086 12.~27 60629 c.744 16.053 4.496 
o. 714 16. 40 8 4.902 o. 17 Z 13.183 6.147 0.825 lo.231 4.Jl3 
0.617 16.586 4.267 c.556 10.346 5.740 0.330 lC.744 o.147 
1.057 9d57 o.375 C.483 a. n5 5.893 O.lo5 8.458 6.>29 
l 0430 3. 378 3.175 0.41 7 8. 332 o.706 o.544 7.849 6.375 
0.190 00807 7. ll2 0.462 l3. 614 5.410 o.~44 15. 900 4.166 
0.447 ll. 709 o.553 o.87'l ll.351t 4.750 0.12 7 ll.354 5.893 
0.330 9.'157 5.91>9 O.l'lO 8.'l'l2 6.62'l 0.4ll 4.089 B.941 
o.5.H 4. 978 6.706 0.427 6. 375 7.620 0.47~ 6.121 7.366 
1.346 3.759 3.607 1.257 6.731 3. 937 0.859 7.772 5.893 
l.100 8.026 4.267 1.125 8.280 4.267 l.143 9.246 3.o83 
0.09> 10.312 8.026 0.121 11.709 1.z<io C'.643 u. 284 s.140 
0.991 l 3 .18 3 4.496 0.361 1·2.294 6.553 0.673 8.026 5.740 
0.96d 9.246 4.572 0.658 10.211 4.674 0.493 12.395 5.740 
o.765 13 .43 7 4.826 o.a31 6.706 o.7C6 0.467 ll.709 7.51~ 

0.704 14.148 5.893 0.556 13.614 i;.969 0.317 15.977 5.~93 

0.820 6.421> 7.696 l.333 5.766 3. 32 7 o.a23 o.325 1. '.ll ~ 
l.359 7.087 3.505 o.aoo u. 716 1>.121 1.151 12. 294 5.436 
0.968 12.217 5.436 1.12 d 11. 7 35 5.232 o.577 15.545 o.~45 

1.059 14. 249 4.013 l.140 14.554 3.505 l.090 12.116 4.547 
1.125 6.·477 5.690 0.696 15.646 5. 944 o.351 14.529 6.553 
l.082 12.978 5.690 1.227 13.335 3.683 1.052 a. 763 5.944 
o.831> 7.925 6.553 o.366 12.649 6.198 o.19a 11.379 6.121 
0.254 11.100 6.655 o.11a 9.703 1.010 o.<,5 3 10. 230 b. l Z1 
0.744 3.454 6.883 o. 732 3.886 7.214 0.622 6.045 7.306 
0.229 :i. ld2 8.687 0.378 5.004 8.17'1 0.005 80966 6.219 
0.975 l0.262 5.258 1.125 3.200 6.071 0.450 4.826 9.'>52 
l. l .. 3 o.2'19 4.039 o.086 9.144 ·3.1C3 c. 302 9.C68 1.112 
0.754 do 280 5.817 0.838 s ... ss 5.568 l.587 ll.303 2.%5 
0.14, 1,.113 5.893 0.650 14.656 6.147 O.'l2 7 9.500 5.105 
l. l 73 8.534 4.445 c.846 8.357 l>.807 0.648 8.02'> o.477 
0.643 7.671 6.883 0.434 a.103 5.512 1.003 10.0% 4.n9 
o.a10 12.243 5.G29 l.044 13. 81 B 3.910 0.597 15.291 5.J29 
o. 391 16.485 4. 775 o.046 13. 030 6.477 0.478 9.068 6.299 
0.856 7.671 4.928 o. 775 7.5'>5 5.664 0.120 7.061 6.147 
1.074 o.909 4.445 o. 345 l4.24'l o.477 o.u~ 13. 970 6.477 
0.102 1.2J<i 7.849 0.098 5.'>13 1>.011 o. 31 7 ll.811 6.B3 
1.021 l 3. o9l 't.445 a.ass 11. 379 7.6Q6 o.o7o 10.414 6.5~~ 
0.696 7.823 7.239 0.134 13.7~2' 5.436 0.894 13.614 4.q1e. 
1.052 15.240 3.353 l.z12 9.l6q 3.42'l 1.197 9.652 4.521 
1.191 10.516 4.064 0.577 7.518 7.417 0.617' 6.375 7.41 'f 
O.lt27 5.893 8.153 0.986 5.10 5 7.23'l o.'712 4o l4C' 7.23~ 
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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 Eiectron Radiated 
Density Power 

OK 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 4.3E 14 22.0 
9207 4.lE 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.lE 14 12.4 
3377 1. SE 14 1.0 
7088 l.6E 14 15.5 
6810 1. 3E 14 16.5 
6530 1. lE 14 14.0 
6363 9.6E 13 6.5 
6060 7.7E 13 8.2 
5772 6.0E 13 8.7 
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Figure I-2 

Reactor assembly used for spectroscopic study of 
the plasma jet . · 
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Figure I-3 

A typical measurement of spectral intensity with 
1P28 photomultipiier tube. The bold line shows 
shape of the intensity curve and the thin line 
shows electronically integrated value of the 
intensity. 
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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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Schematic diagram of the apparatus used for the measurement 
of velocities in the plasma jet by the use of particles of 
boron nitride. 
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Figure I-7 

Comparison between temperatures measured by different 
spectroscopic techniques. 
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Radial intensity distributions for 7 lines of argon I. 
Intensity is expressed in absolute units as watts/crn3. 
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 is expressed in absolute units as watts/crn3. 
The axial distance is measured below the leading edge of 
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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 is expressed in absolute units as watts/cm5. 
The axial distance is measured below the leading edge of 
the RF coil. 
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Figure I-10 

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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Figure I-12 

Improved velocity distribution in the plasma jet 
obtained by the use of function f(r)~ 
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Figure I-13 Effect of impurity in argon on the line 
radiation from the plasma jet. The axial distance is 
measured below the leading edge of the RF coil. 
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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: 

2NO 

~H
0 = 21.6 kcal/g mol (II-1) 
f 

in the presence of the argon plasma. Tl1e reverse reacticn 

of formation 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 decay-

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 in 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. Examples 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, and 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 comparat:vely 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 CoatesC 33 ) in a CO flame. They observed that the yields 

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 

fl t: h 1 d 1 · th t• Zeldovi"chC 34 ) ame mus., ave p aye roes in e reac ion. 

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: 

--'--NO + N 
~ 

~ NO + 0 
-.:---

- 47 kcal/g mol 

+ 4 kcal/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 sho~ed that the decomposition 

of nitric oxide was apparently second order in NO, and the 

apparent activation energy was 86 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 

the flow reactor. Kaufman and Decker( 36 ) also studied re-

action (II-1) in the presence of oxygen at about 1600°K. 
(37) 

Wise and French studied reaction (II-1) in a static 

flask between 872 - 1275°K and pointed out that the reaction 

is heterogeneous with an activation energy of 12 kcal/g mol 

at temperatures below l000°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 reaction. 

Freedman and DaiberC 39 ) 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) 

(II-3) 

After the steady-state concentrations of the atoms have been 

established, the Zeldovich chain mechanism would prevail. 

Wray(
4
o) 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 extrapolated to higher temperatures. 

Wray(
4 i) 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 N0
2 

with excess oxygen and then analysing the amount 

of N0
2

. 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 jets 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 rat·es. A correc

tion was applied for the saturated vapor pressur~ of w~ter at 
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the prevailing temperature. The mixing system is 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 

the suppliers. The major impurities were N2 and N2o, and 

their presence was not expected to affect the results. T~e 

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 0, D./0.02 in I. D. was 

inserted into the reactor through slightly oversize 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 II-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 4 in piece of Teflon tubing provided 

flexible connection between the stainless-steel tubing and 

the probe~ In order to fill the 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 sample loop was mea~ured to 0.1 in Hg with a mercury 

manometer, and a cor~ection for the same was applied in 

calculating the concentrations. Typically, a negative pres-

sure of 2 in of mercury was required to maintain 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 decomposition of 

NO. A basic problem associated with the analysis of NO by 

gas chromatoeraphy was the tailing of the NO peak which 

reduced the sensit~vity of the instrument and made a quanti

tative analysis difficult. Sakaida et a1C42) carried out 

the separation of NO from N2 on a silica-gel colurn."1 with 

a limited success. Trowe11C 4 3) reported a good separation 

on 13X-molecular sieve, but the life of the column was limit

ed to a few months. DietzC 44 > eliminated the tailing of the 

NO peak by using 5A-molecular sieve. In all the above 

attempts, an extremely careful pretreatment of the column 

before its use was essential, and the reproducibility of the 

performance of the column was poo~. The. pretreatment varied 

from a rapid flushing of the column with a stream of helium 

at 2 5 0 o C ( 4 3 ) . t i me ( 4 4 ) • to passing NO and o2 . for an extended 
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. (45) 
Hollis could separate NO from a mixture containing o2 , 

A, N2 and NO with some success on microporous polymer beads, 

commercially known as Porapak-Q. Improved results were 

(46) 
obtained by the use of a longer column , but the reso-

lution between NO, A, N2 and 02 was not satisfactory. 

Experiments were done with Porapak types P, Q, R, S 

and T which have different degrees of polarity. It was 

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

of NO-A-N2-o2 mixture. Oxygen was however unresolved from 

argon. 

Initial experiments with a chromatograph constructed in 

the laboratory using a standard thermal-conductivity detector 

confirmed the observations of Wilhite and HollisC 46 ) that 

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 stainless- steel tub-

ing having an I. D. of O.l in. The tube was washed with 

reagent-grade acetone and dried with air before packing, to 

remove 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 
0 

contrary, heating the column above 120 C for more than 2 hr 

under a stream of helium se2med to deteriorate the separa-

tion of NO, Excessive tailing of the Nb 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 

perfor~ance 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 tte detector did not seem to affect the 

base line of the output, which was more sensitive to the 

changes in the amnient temperature. The output of the bridge 

circuit associated with the detector was recorded on a poten-

tiometric recorder which ~ad a full-scale sensitivity of 1 mV. 

The size of the sample was 0.2 ml. The column was 
0 

operated at 30 c, but the inlet section was designed to oper-
0 

ate approximately 15 C higher than the column. The detector 

operated at 165°C which assured the optirrum performance from 

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 4 per cent. The peak height was used as the 

measure of concentration resulting in nearly linear relation

ship between the peak height and th_e concentration, because 

the shape of the peak remained almost triangular. 

A sample chromatogram for the NO-N2-A system is shown 

in Figure II-4A and that of N
2
-o

2 
system is shown in Figure 

II-4B. The calibration curves for NO and N2 are shown in 

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
2

, it was 25 ppm. 

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 N2 + 420 

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 N2 , but this effect was 

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

to' the highly laminar nature of the plasma jet, mixing b~tween 
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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 j~ts 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 axial position, and the results 

at a given position agreed within ±4 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 ± 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
2 

and NO were converted 

to mole fractions with an assumption of ideal behavior 

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

of mole fraction ·of NO and N
2 

for the two experiments, 
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respectively. The results are shown as smooth curves drawn 

through the experimental data points. 

The measured brightness temperatures of the mullite 

tube were converted to absolute temperatures, assuming EAT = 

0.44 and '?:A= 0.9 (see Appendix A-1). The temperature dis-

tributions in the reacto~ for the two experiments are shown 

in Figures II-9 and II-10 respectively. The temperature 

distribution without injection of any gas is shown in Figure 

II-11. 

The velocity distribution required to resolve the 

concentrations as a function 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 in a 

manner described in Section I in connection with recombi-

nation of electrons. For example, n and D in equation 
e a 

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

diffusion coefficient for NO was expressed as: 

using the Chapman-Enskog theoryC 47). 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 analysis of the data was limited upto 

the radius of 1 cm. 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 

qonstants 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 !'eactions were assumed to be 

"frozen" at the time of sampling. Extensive calculations of 

A d T. . (48) . . 
mman an immins indicated that the composition of the 

sample would not alter significantly if the initial temper

ature was below 3000°K. The quenching rate in the present 

experiment was ·at least 10 5 °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: 

Calculations based on the rate data presented by Morrison et 
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a1< 49) showed that the decrease in NO concentration by the 

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

the initial concentration of .NO were held below 0.55 per 

cent. The time lag between the reactor and the gas chro

matograph was less than 10 sec, and the estimated time 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 ±5 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 velocities 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 

effect 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: 

d(NO) 
dt = A e 

the values of the parameters being: 

A cm3/(g mol)(sec) 

E cal 

n 

Experiment No.l 

1.9 x 105 

8453 

1.33 

(II-4) 

Experiment No.2 

i.07 x 109 

9807 

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 N2 , as seen in Fig~res 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: 

d(NO) 
dt (II-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 4 than the rates obtained with pure NO or NO diluted 

in ~rgon(4 l). This observation substantiates Haber's hypoth-

esis of non-thermal character of the reaction in the presence 

of electrons and ions. 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: 

(II-6) 

(II-7) 

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

equations (II-6) a~d (II-7): 

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

least 40 times its equilibrium. valueC 5o), so that one can 

neglect the rate of the reverse reaction shown in equation 

(II-8). In.that case, equation (II-8) reduces to: 

d(NO) 
dt = 

2k
1 

(N) (N0)
2 

(k_1 /k2 )CN2 ) + (NO) (II-9) 

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

form of equation (II-9) is identical to that of equation 

(II-5) 

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 

(II-9): 

= 1.73(±0.2) x 10 3 e 
13900(±700) 

RT 

2.26(±0.17)e 
4325(±300) 

RT 

(II-10) 

(II-11) 

The experimental data covered the following conditions: 

1.2 x 10- 3 < XNO < 5.5 x 10- 3 

6.0 x 10- 4 < XN2 < 2.7 x io-2 

1300°K ( T ( l 750°K 

The indicated limits of error were obtained from the 

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

fit was ±28 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 

which acts as a chain carrier can be written as(5l): 

1 

(N) = (:~) W 

where ri and rb are the rates of chain initiation and chain 

breaking steps in which the term (N) has been excluded and 

w is 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 mechanism of chain 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: 



77 

(II-12) 

(II-13) 

(34) 
Zeldovich considered the effect of (0) for which similar 

equations can be developed. Let the activation energies 

corresponding to k 1 , k_ 1 etc. be denoted by E1 , E_ 1 etc. 

Taking the value of the overall activation energy for reac-

tion (II-1) to be 64 kcal/g mol as quoted by Kaufman and 

(38) 
Kelso 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 E1 + E2 - E_ 2 = 64 - 59 = 5 

kcal/g mol. Assuming the principle of microscopic reversi-

bility for reaction (II-7), E2 - E_ 2 = 4 kcal/g mol, so 

that E1 = 1 kcal/g mol. After consideration of equations 

(II-10) and (II-12), one can conclude that the activation 

energy for the chain initiation reaction for the nitrogen 

atoms in the present experiment must have been close to 13 

kcal/g mol. This value of Ei is far less than the heat of 

formation of atomic nitrogen which is 112.5 kcal/g mol. In 

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 vaiue 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 ions 

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 excitation population 

and electron population. According to Figure I-9, the 

degree of excitation in the argon plasma was approximately 

10 15 times its thermodynamic equilibrium value at about 

2000°K, and the corresponjing value of electron density was 

about 109 - 10 10 particles/cm3. The decay of the excitation 

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 the presence of molecular gases was the 

dissociative-molecular-ion mechanism such as: 

(II-14) 

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

Gause reactions of the type: 

N 
2 

( X1 ~; ) + A ( 1 s 
5 

) ---').. N ( C 3 I1) . + A ( 1 p 
0 

) 

N
2

(c 3rr) + A(lp
0

) + KE ~ N(4S 0
) + N( 2D0

) + A(lp
0

) 

(II-15) 

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

the plasma was presented. The presence of N2 (c3rr) molecules 

in quantity above its equilibrium value could be deduced 

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

which a spectroscopi6 evidence wiJl 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 amo~nt 

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 bright region of the plasma. Figures II-12B and 

II-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 was 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 ~which arises from the 4d 4 level is visible. Another 

line at 6740 ~ from the same level was detected but it was 

quite weak. No other lines of the spectrum of nitrogen I 

were detected, including the usually strong lines at 4100, 
0 

4110 and 4935 A. A series of bands of N2 (2 +ve) radiation, 
0 

starting at 3804.9 A are also visible. These molecular bands 

arise from the upper excited state of c3n 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 ~ with that of argon at 6965 A, with 

help of the spectrophotometer, at a point where the concen-

tration of the 2p
2 

level giving rise to the argon line was 

known, gave an estimation of the population density of the 

4d 4 level of nitrogen which was of the order of 103 - 10 4 

particles/cm3 at around 2000°K. According to the thermody

namic calculations of Burhorn and Wienecke(50), the equi

librium concentration of (N) under the conditions of the 

experiment should be less than 107 particles/cm3 at 2000°K. 

The excitation energy for the 4d 4 state is 13.7 eV. Then, 
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it is not possible to account for the observed concentration 

of the 4d 4 excited level of nitrogen if one assumes thermo-

dynamic equilibrium in nitrogen, 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 4d 4 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 4d 4 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 likely mechanisms for the production of nitro-

gen atoms in their ground state and excited states were dis-

cussed earlier. 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 is inserted into the 
second hole counted from the top. 



Figure II-2 A photographic view of the 
mixing system used for the reactants. 
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Figure II-8A 

Concentration distribution of N2 in the reactor for the 
case in which no excess N2 was premixed. z denotes 
axial distance measured below the injection plane. 
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Figure II-8B 

Concentration distribution of N2 in the reactor for 
the case in which excess N2 was premixed. z denotes 
axial distance measured below the injection plane. 



92 

EXPERIMENT NO. I 

1500 

0 

QUARTZ WALL-...,.. 

0 0.5 1.0 1.5 

RADIUS (CM) 

Figure II-9 

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. z denotes axial distance measured below 
the injection plane. 
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Figure II-10 

Temperature distribution in the reactor when excess nitro
gen was premixed with nitric oxide. The temperatures shown 
are absolute temperatures. Scattering of the experimental 
data points was within ±5°K from the curves. z denotes 
axial distance measured below th~ 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 p0ints 
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 was an RF-coupled, atmospheric-

pressure, argon-plasma jet. An electric field was absent in 

the region of interest. 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 
0 

of the higher excited states and varied between 3000 - 11000 K 

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 

varied betw~en 10 12 - 10 1 5 particles/cm3, The axial veloc-

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 spectra-

scopic studies. The values of transition probability for 18 
0 

lines of argon I in the spectral range of 5800 - 6500 A 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: 

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

The departure from equilibrium of the ground state is shown 

as a function of the parameter 2 • 3 ~ 3kT in Figure I-9. The 

ground state showed a great tendency to be underpopulated 

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 velocity 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 j~t 

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 dissociative-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, mainly because of 

the following reasons: 

1. The collisive-radiative model does not take into account 

the effect of the metastable 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 is the formation of 

a large amount of atomic species which are reactive. 

The decomposition of nitric oxide was studied in the 

argon plasma in the range of temperatures between 1300 - 1750 
0 

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 N
2 

were determined by a gas-chroma~o

graphic technique. The rates of decomposition of NO were 

qbtained by solving the equation of continuity for NO. The 

observed rates of decompo~ition 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 excess N also de-
2 

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 mechanism involving atoms of 

oxygen and nitrogen. The proposed chain mechanism is given 

by: 

NO + N 
kl 

0 + N2 K=-1 
k2 

N + o2 NO + 0 --
K:2 

and the corresponding rate expression is given by: 

d (NO) = 
dt (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) 
(N)k1 = 1.73(±0.2) x 10 3 e RT 

4325(±300) 
k 
-1 - 6 + K:- - 2.2 (_0.17) e 
2 

RT 

The experimental data covered the following conditions: 

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 

as 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 require~ for_ the 

c~l~ulation of the steady-~tate 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: 

in contrast with: 

k = f (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 elements 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 dete~mine its wavelength response. 

The following procedure makes use of a standard tungsten 

strip lamp placed in the position of the plasma, as the 

source of radiation for determining the absolute spectral 

response of the experimental setup. 

The radiation from the tungsten lamp can be calculated 

by the use of nodified Planck's equation: 

(Al-1) 

(1) 
The emissivity CAT for tungsten is given by DeVos as a 

function of wavelength and temperature. The lamp had a 

quartz envelope, for which the transmission factor r-cA is 

close to unity. ~urther, the quartz tube used to confine 

the plasma has about the same transmission factor. 

Therefore '?'A was ignored in the calculations. The values 

of Planck's constants are as follows(
2

) 
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-12 c1 = 3.7405 x 10 

c2 = 1.43879 

2 
(watt) (cm) 

(cm) ( ° K) 

The lamp was operated at 5 volt d.c. and its surface temper-

ature was measured with an optical pyrometer with an accura-

cy of ±3°K. ~he 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 inside the 

spectrophotometer unit was necessary. The resolution of the 

incident light is 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 34A, 74 and 29 which have peak responses at 
0 0 0 

4500 A, 5200 A and 6400 A and have a bandwidth of about 
0 

900 A. These filters were put in turn in the optical path 

of the incident light and the recorded output was compared 

with the output without any filter. Allowance was made for 

the transmission characteristics of the filters which were 

previously determined with the help of a mercury lamp, which 

has a well defined spectrum. Further analysis with Kodak 
0 

filter 2C, which cuts off radiation below 3500 A, but trans-

mits most radiation between 4000 - 6000 A indicated that the 
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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: 

aij 

n 
Il. + -~ J=l 

= 0 for 

a .. I~b 
lJ J 

j < i 

(Al-2) 

Here I~b is the observed intensity at wavelength Ai and Ii 

is the incident intensity. The coefficients aij are char

acteristic of the spectrophotometer, a~d their experimental 
0 

values based on a wavelength interval of 250 A are listed in 

Table Al-1. The table indicates that scattering becomes irn
o 

portant below 3700 A or so. It was found that use of Kodak 
0 

2C filter which c~ts off radiation below 3500 A adequately 

evaluates the net scattering below this wavelength and a 

detailed analysis using the aij coefficients is not neces

sary. 

The spectral response was calculated as the ratio of 

divisions on the chart recorder obtained after t~e 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 in the focal distance of the scan~ing mirrors, 

but no such effect could be detected except at wavelengths 
0 

below 3400 A. The results of the calibration are tabulated 
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in Table Al-2. Figure Al-1 shows the results in a graphical 
0 

form. The response below 3400 A 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 

the 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, I~ 

refers to the energy radiated per unit time by unit surface 

of the strip in unit wavelength interval and in unit solid 

angle. To obtai~ total radiation in a spherical volume, one 

must multiply by a factor of 4Tr. Further, to obtain the 

total radiation from a spectral line, one must integrate 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-4. 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 -c-· The ra-

diation calculated in the above manner always represents 

total radiation arising from the unit cross-section o~ 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-2 

Spectral response of the setup. The corrected intensity 
is obtained after subtracting.scattered intensity from 
the measured intensity. Response is expressed as: 

__ corrected intensity 
GA - EAT 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. 
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Figure Al-1 

Spectral response of the setup. G is the ratio of measured 
chart divisions to the actual intensity of the standard 
source. Curve shown is 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 Carbide Corporation and had 

stated maximum impurities of 40 ppm; mostly H2 , N2 , H2o, 

co2 and some hydrocarbons. Preliminary 6bservations in the 

plasma indicated that small amount of impurities in t~e 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-l. The scheme for mixing the impurity 

gas was the same as that shown in Figure II-2. It can be 

seen that the radiation from the plasma jet changes consider-

ably with increasing amount of impurities in the feed gas, 

and the fla~e 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 impurities was undertaken. 

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

be removed from helium gas when it is passed over cupric 

oxide at 490 - 500°C. Gibbs et al ( 
2

) found that granules o-f 

copper heated to 6oo 0 c remove oxygen from argon almost quan-

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 lov/ 3 ) . 

The method for removal 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-4A-molecular sieve held at very low temper-

ature. 

The purification train is shown pictorially in Figure 

A2-2 in which the essential constructional details of the 

apparatus are shown, disregarding dimensions. Argon from 

the storage cylinder bank was passed through a stainless 

steel tube, ~ in I. D. and 36 in long, containing 350 g 

of CuO 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 it 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 down to room 

temperature in a forced circulation type cooler (C), of the 

variety used in household refrigeration. T~e 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 li in in diameter and 

16 in long. The packing was Linde type 4A molecular sieve, 

in the form of 1... in pellets. Liquid nitrogen evaporating 
16 

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 system, the 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 cooling 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, ~nown amounts of nitrogen, ·namely 300 pp~ and 



120 

+ 700 ppm were premixed with argon and the intensity of N2 (1-) 
0 

band radiation at 3881A band head was recorded, at the same 

fixed point in the plasma. In the second part of the test 

the purified gas was ~sed 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 thP. open end of the 
tube. The white tail was mainly 
due to N2 (2 +ve) and N+(l -ve) 
radiation originating from the 
ambient air coming i.n contact 
with the highly excited argon. 

Argon + 0.13% N2• 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 + 0.3J% N2. 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-l Effect of impurity in argon on the 
radiation characteristics of the plasma jet. 
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Apparatus for purification of argon. Indicated temper
atures are normal steady-state values. 
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APPENDIX A-3 

On Abel-Inversion 

The Integral transform 

I(r) = -k Jo 
x=r 

d I(x) 

~x2 - r2 

solves the Abel type integral equation 

I(x) = 2 ~o I(r) rdr 

r=x yr2 - x2 

(A3-l) 

(A3-2) 

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-l 

illustrates the geometry of spectroscopic intensity measure-

ments in which a cylindrically confined plasma is being 

scanned laterally. 

Since the shape of the intensity curve is arbitrary, one 

must have recourse to numerical methods to solve equation 

(A3-l). 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( 2 ), 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-l), making the problem of 
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inversion very susceptible to the errors of measurement. 

(3) 
Nagler 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 

f h Olsen ( 4 ) used d · t · 1 h or eac zone, a irec numerica approac 

in which he set: 

where 
2 

= 1Tb.X Ci-1, j-1 for i=j 

for i<j 

B·. iJ = 0 for 

and c .. iJ 

P 
(1) 1 . earce has a so given 

( 5 ) . 
Bockasten fitted 

(A3-3) 

a similar numerical technique. 

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 Bij' 

Bockasten's calculations(5) 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 

numbe:!:"' of observations. His calculations substantiate the 

noise-amplifying character of the Abel-inversion process. 
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Gorenflo has pointed out( 2 ) that location of the center 

(r=O) of the source having cylindrical sy~-~etry may intro

duce a large error. Woodward( 6 ) carried out numerical cal-

culations using typical 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 B~ckasten. Table A3-l gives the comparison in 

a tabular form. He conc~uded 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 GegenUber 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 

all the methods studied. Bocl(asten( 5 ) has noted that in most 

practical casesJ 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 taker. by side-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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polynomial method for smoothing out the data is quite 

effective in the central part of the intensity curve, 

but does not yield good results near the boundary, 

where the change in intensity may be abrupt. 

2. The center of the curve should be determind accurately. 

When possible, the side-to-side curve can be folded 

to determine the center. Cylindrical symmetry of the 

source is an essen~ial condition in using the Abel 

transformation. 

3. The Abel transformation assumes tnat tne intensity at 

the boundary i~ zero. Residual intensity at the 

boundary if any, should be subtracted fr~~ all other 

intensities, or otherwise, forced to a zero value. 

4. 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 obtained at approximately r = 0.5r0 • 

An assumption implicit in equations (A3-l) and (A3-2) 

is 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 A( 7), one should verify 

(8) 
it in each case. Freeman and Katz have developed a rneth-

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(9) have described the use of an in-line analog corn-

puter in conjunction with a rotating prism for rapid scann-

ing of the plasma, to obtain the I(r) values immediately. 

Paquette 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 experirrental 

noise unfiltered and give erraneous results. 

In the present work, Pearce's method using Aij coeffi

cients was preferred because it is 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 is 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- l 

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 

o.oo 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 f--' 

0 '2-0 0.960 0.997 0.112 0.937 0.034 0.941 0.034 w 
f--' 

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 o.878 o.874 0.021 
o.4o o.84o 0.923 0.138 0.828 0.033 o.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 o.64o 0.741 0.163 0.631 0.021 o.64o 0.020 
o.65 0.578 0,578 0.016 
0.70 0.510 o.417 0.161 o.493 0.019 0.505 0.018 
0.75 o.438 o.441 0.014 
0. 80 0.360 o.466 0.168 0.346 0.021 0.363 0.021 
o.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 o.ooo 0.133 0.173 



Table A3-2 

Numerical Values of Ai~ in Pearce's Solution of Abel's Transformation. 
(Numbers in super cript denote power of 10 to be multiplied) 

N 1 2 3 4 5 6 7 8 9 10 

0 0 -1 -1 -1 -1 -2 -2 -2 -2 
1 5.000 -2.887 -8.207 -3.692 -2.068 -1. 315 -9.086 -6.647 -5.073 -3.997 

0 0 -1 -1 -1 -2 -2 -2 -2 
2 0 -2.887 -1. 415 -4.827 -2.416 -1. 454 -9.743 -6.996 -5.274 -4.122 

0 0 -1 -1 -1 -2 -2 -2 
3 0 0 -2.236 -1.038 -3.651 -1. 879 -1.159 -7.928 -5.796 -4.437 

0 -1 -1 -1 -2 -2 -2 
4 0 0 0 -1. 890 -8.531 -3.029 -1. 57 4 -9.814 -6.784 -5.008 I-' 

w 
0 -1 -1 -1 -2 -2 l"\.l 

5 0 0 0 0 -1. 667 -7 .398. -2.635 -1.375 -8.618 -5.990 

0 -1 -1 -1 -2 
6 0 0 0 0 0 -1.508 -6.616 -2.359 -1.234 -7.750 

0 .:..1 -1 -1 
7 0 0 0 0 0 0 -1. 387 -6.037 -2.153 -1.127 

0 -1 -1 
8 0 0 0 0 0 0 0 -1. 291 -5.586 -1.992 

0 -1 
9 0 0 0 0 0 0 0 0 -1.213 -5.222 

0 
10 0 0 0 0 0 0 0 0 0 -1.147 
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I<x.> 

Figure A3-l 

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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APPENDIX A-4 
J. Quant. Spectrosc. Radial. Transfer. Vol. 8. pp. 1721-1730. Pagamon Press 1968. Printed in Great Britain 

SOME NEW TRANSITION PROBABILITIES OF ARGON I IN 
THE RANGE OF 5000-6500 A AND THE ROLE OF A 

NONUNIFORM SOURCE TEMPERATURE 

S. V. DESAI and W. H. CORCORAN 

California Institute of Technology, Pas:idena, California 91109 

(Recrired 17 April 196S) 

Abstract-New or improved experimental values for certain transition probabilities of argon I were obtained 
using a radiofrequency, induction-coupled argon plasma as the source of excitation. Intensities of twenty-six 
lines of the argon I spectrum in the wavelength range of 3000-6500 A we1 e measured with a photomultiplier tube. 
The transit;on prob:ibilitics of eighteen new lines were determined from the known values for eight lines. assuming 
local thermodynamic equilibrium. The radial temperature gradient introduced a slight deviation from linearity 
in the plot of log (1,,,,1.,,.,!g,A,m) vs. E,, but because the effect was very small it was practically obscured by the 
larger errors iri experimental measurements.For the gas under observation the measured temperature is the space
averagc temperature f., defined by the relation>hip . 

E (n,JT,> 
r=l 

n, 

where n, is the number of atoms per unit volume at radial position r in the 11th excited state, and 111 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 true 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 homogeneous gas is given by: 

I 
hcgnnoAnm - E /kT = e n 

nm AnmQO 
(1) 

Here, Anm is the Einstein transition probability for a transition from the upper energy level 
designated by the subscript 11 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 degree of accuracy_(!> For complex spectra such as argon, attempts have been made 
to calculate the transition probabilities,(2) but the results do not agree well with the experi
ments except for a few lines. Experimental values of A 11111 for argon I have been reported,< 3.4> 
and a previous publication from this laboratory< 5

> gave dependable values of Ann, for 
twenty-eight lines of argon I. 

The method of evaluation of A,,"' is based on equation (1) rearranged in the following 
form: 

(2) 

1721 
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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 probabilities and to establish new values of 
transition probabilities 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 RErn16> was the 
source of radiation. The feed rate of argon to the plasma generator was 2·51/min for the core 
and 121/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 spectrophotometric slit. The 0·5-meter spectrophotometer, a 

COOLING GAS STREAM 

PLASMA GAS 
STREAM 

~ FLOW ~ 
METERS 

MECHANICAL 
CHOPPER 

ARGON 
SUPPLY 

LOCK-IN 
AMPLIFIER 

SPECTROPHOTOMETER 

FIG. I. Schematic diagram of the expc-rimental 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 11 SO grooves/mm 
which gave a dispersion of 16 A/mm in thdirst order. An RCA type I P2S photomultiplier 
tube was used as the detector, and a Jock-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 allo\\'ed a measure of line intensity 
to be obtained immediately. The entrance slit was 1·5 mm in height and 60 JI in width, and 
the corresponding dimensions of the exit slit were 3 mm and 60 Jt. 

Overall spectral response of the system was obtained by the use ofa 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 difTerent wavelengths was calculated by multiplying 
the Planck function by the emissiYity for tungsten as reported by OEVos.<7

> 

EXPERIMENTAL PROCEDURE 

In the first part of the experiment, eight different lines of the spectrum of argon I for 
which the values of the transition probabilities were known were scanned at the rate of 
2 A/min for six difTcrcnt positions along a line pcrpc1~dicular to the axis of the plasma jet, 
starting from the center. A preliminary scan indicated that the plasma jct 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 intensities. 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 argon I, 
including the eight lines for which the transition probabilities 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 three times. Agreement of the intensities was within ± 5 per cent 
for a given line at a given position. The inte1:sitics could be reproduced within ± 5 per cent 
after shutting ofT the plasma and re-lighting it. 

RES UL TS A ND DISCUSSION 

For the determination of the nineteen new or improved transition probabilities of the 
argon I spectrum reported in Table 2. a straight-line plot of Jog(/ nm(_x)}.n,,/gnA"",) vs. En was 
prepared in accordance with equation (2) using the measured intensities of the eight lines 
with fairly accurately known transition probabilities cited in Table l. Figure 2 is the 
resulting plot. /n,,.(x) represents the measured intensity of line radiation and is to be 
distinguished from I n111(r) which is subsequently used to denote the calculated intensity at a 
given radius. The values of logl,,".(x)i. 11,jgnAnm and hence the transition probabilities for the 
eighteen lines reported in Table 1 were obtained from this plot. The spectral line at 6043·2 A 
arises from two difTercnt 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 probabilities and some previously reported values.<4 > 

TABLE I. TRANSITION PROllA!l!LlTIES OF ARGON I USED TO ESTABLISH STRAIGHT LINE IN FIG. 2 

Wavelength E. 
g. 

A.mxio-' 
Reference (A) (cm- 1) (sec- 1) 

3406·17 124 749 89 1 3-53 (5) 
3834·68 121 470·30 1 6·91 (5) 
4198·32 117 563-02 1 24·22 (5) 
4200·67 116 942·81 7 8·01 (5) 
4251·18 11666005 3 0·89 (5) 
4345·17 118 407-49 3 2·73 (5) 
5558·6 122 086·97 5 21·7 • 
5572-6 123 557-46 7 11·3 * 

*Unpublished work from this laboratory. 

TABLE 2. EXPERl~IENTAL TRANSITION PROllADILITIES OF ARGON I 

Wavelength E. 
·A.,,,xlO-' A.m xlO-' 

g. sec- 1 sec- 1 

(A) (cm- 1) (present work) (Ref. 4) 

5118 125113·48 5 11·45 
5162·4 123 468·03 3 26-2 
5177-6 124 771·67 5 6·7 
5187·3 123 372-98 5 209 
5373·6 124 692·02 5 5·75 

5424 123 903·30 5 12·5 
5495·9 123 653·24 9 28·5 
5506-4 119 212·93 7 2·55 
5606 121 932·91 3 28·65 15·0(±253) 
5739·7 123 505·54 5 15-68 

5888·7 122 440·11 5 21·3 
5912-1 121 011·98 3 15·24 
6032·1 122 036·13 9 33·2 21-0(±253) 

6043·2* { 122 160·22 7 19-6 
123 832·50 7 30·6 

6052·7 120 619·08 5 2·19 2-5(±25%) 

6059·3 120 619·08 5 4·38 3-8(±253) 
6145·4 120619·08 5 6·85 
6416·3 119 683-11 5 19·5 

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

ADCOCK and PLU~ITREE's<4 > values for the transition probabilities related to the lines at 
5558·6 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 6S00°K with a.standard deviation of less than ±2 per cent. 
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NUMBERS ADJACENT TO 
EXPERIMENTAL POINTS ARE 
WAVELENGTHS IN ANGSTROMS 

s.ooi~~~~,~,~5,707070~~172~0.~0~070~-c-:,2~s~.o~o~o:----:-1~30~.700~o=--~~ 

En (CM-I) 

FIG. 2. Determination of transition probabilities. Plot of log Unm(x)i.nm!gnA,.,) vs . E. for determina
tion of transition probabilities. The v:due of the temperature corresponding to the slope of the line is 

5700°K. 

1725 

Examination of Gericke's papcr18' which is referred to by ADCOCK and PLUMTREE14 ' 

revealed that Gericke used photographic techniques to measure intensities of lines with 
wavelengths higher than 4500 A. The photoelectric method used in the present work is 
inherently more reliable because of better reproducibility arid 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<9

> and also 
in Borr's work110

> it has been shown that in an atmospheric argon plasma, local thermo
dynamic equilibrium among the higher excited states docs 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 oft he valw:;s 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 I. For example,-Gericke used the absolute transition probability 
of the argon II line at 4348 A as given by OLSEN< 11

> to normalize his values<3
> which were 

further improved by AococK and PLU:\ITREE<4
> and_ MALONE and CoRCORAN.<5

> 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 / 111,,(x) represented the sum of the intensities arising from a non
isothcrmal 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 

FIG. 3. Cross-section of a cylindrical plasma jct 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 

(3) 

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

I ( hcAnmtix ~ llogn -E lkT 
nm x) = ---- L., --e "· ,. 

)_nm r= I Qo 
(4) 
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where the true radial intensity is given by 

I nm(r) = hcAnmgnllo e-E./kT,_ (5) 
)·nrnQo . 

The excitation temperature for the isothermal case is established from the slope of the 
straight line passing through the plot of log(/ nn).nmf gnAn111 ) vs. En, 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 

• L (nogJkT,Qo) e -E./kT, 

r= l (6) = • 
2·303 L (n

0
g,./Q0 ) e-E./kT, 

r= l 

Consideration of equation (5) gives the slope as: 

• L [I nm(r)/k T,] 
Slope= 

r= l 

" 
(7) 

2·303 L I(r) 
r= 1 

Because (n 0gJQ0) e-E./kT, represents the number-density of atoms in the given cell which 
are in the 11th excited level, the above equation may be written as 

• • L [I nm(r)/kT,] I: (n,/kT,> 
Slope= 

r= l r= l (8) 
2·303kT" • 2·30311, 

2·303 L Jnm(r) 
r= 1 

where 111 is the average number-density of the 11th excited state in the strip under observa
tion, and the quantity f,, is the space-average temperature of the nth excitation level. The 
average temperature f,, can thus be established experimentally by measuring the slope of 
the line obtained by plotting log(ln111(x)).n 111/gnAnn1) vs. En. It has the property that the total 
gas under observation will emit line rac!iation 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 numerical evaluation of the radial intensities, Bockasten's aik coefficients< 121 were 
applied to the measured intensities at different positions. The resulting. true radial intensity 
distributions arc shown in Fig. 4 for the eight lines considered in earlier work in this labora
tory. True radial temperature distributions were obtained from the slopes of the straight 
lines passing through the plots of log(/ nm(r)}.,"'JgnAnm> VS. En at ten different radial positions. 
The experimental space-average temperature distribution was obtained in a similar way by 
using the measured intensities I nm(x) inste~d of the radial intensities I nm(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 bet\veen 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 aik coefficients in conjunction with equation (8). The space-average 
temperature distribution calculated from the inverted intensities of the lines at 4521 A and 
3406A having energy levels of 116 660·05 cm- 1 and 124 749·89 cm - 1, respectively, is also 
included in Fig. 5 in order to illustrate the efTect of the energy level on the space-average 
temperature. The space-average temperatures arc 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. 5 that a plot oflog(J ""'(x)}.nmfg"A""') vs. E" would tend to show a slight negative curvature 
in spite 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 ~-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 probabilities. 
That discrepancy in temperature will give rise to a slight amount of curvature in the plot of 
log(/ ""'(x)).nm/g"A""') vs . En, but the curvature will be probably obscured by other larger 
errors in measurements. 

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

transition probability for radiation from energy level n tom 

velocity of light in vacuum 
spectroscopic constant 

E. upper energy level 

g. 
h 
I.,. 
/..,(x) 
/.,..(r) 

statistical weight of the upper energy level 
Planck's constant 
intensity of line radi'1tion for transition from energy level n to level m 
measured intensity of line radiation for transition from energy levtl n tom per unit area 
calculated radial intensity per unit volume 

sec 

cm/sec 

cm 

sec/cm 
W/cm 3 

W/cm 2 

W/cm 3 
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Boltzmann constant 

total number of atoms in unit volume 
number of ii.toms per unit volume at radial position r, in the nth excited state 
average number of atoms per unit volume in the entire strip in the nth excited state 
partition function of neutral atoms 
radial position 
total number of temperature cells prc3cnt in the strip under observation 
absolute temperature 
space-average temperature of the 11th excitation level 
temperature of a cdl 
transverse position 
wavelength of spectral line for radiation from energy lc\d n tom 
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(1) 
The National Bureau of Standards recently made a critical 

compilation of tl1e transition probabilities, A , of various elements 
nm 

including aq~on I. Use of those values of A showed that tlic 
run 

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

low. As a consequence, the values of A for the lines arising from 
nm 

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

(2) 
paper tended to be too high. 

I >. 
1 f 1 nm nm 

A new p ot o · og ---A-- vs. E is shown in Fig. 1 using the 
gn nm n 

i roved vnJues of ' sun ested b NBS (l) and noted in Table 1. The mp " - 'run ..,g Y 
0 0 

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

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

seemed too high on the snme basis noted above. Data from the earlier 

papcr(2) arc included for comparison. 

Table 2 gives the improved values of A obtained from the new plot 
I ). M 

nm nm 
of log --A·-- vs. E , and the earlier data are also shoHn. A few 

gn run n 
errors in the values of E in the original table were pointed out by 

n 
(4) Dr. N. M. Nerheim for which the authors are grateful. Use of the 

improved values of transition probabilities gave a corrected temperature 

distrib1.1tion to replace Fig. 5 of rP.ference (2), and the new plot is 

shown here as Fig. 2. 
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Tt.J-;LF. 1. 

TRANSITIO!l PROBAllILITIES OF ARGO:\ I USED TO ESTABLISH THE CORRECTED STRAIGHT LINE IN FIG. 1 

_s 
Wavelength E gn A xlO Reference n run 

• _1 _l 
(A) (cm ) (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 (1) 
5558.6 122,086,97 5 14.8 (1) 
5572.6 123,557.116 7 6.9 (1) 

-------------



149 

TABJ.E 2. CORREC'fED EXPE!tU!ENTAL TRANSITION PROBABILITIES OF AltGO:\ I 

Wavelenr;th 

• 
(A) 

5118 
5162.4 
5177 .6 
5187.3 
5373.6 

5421.4 
5495.9 
5506.4 
5606.7 
5739.7 

5888.7 
5912.1 
6032.1 

* 60113. 2 

6052.7 

6059.3 
6145.4 
6lil6. 3 

* 

E 
n 

-1 (cm ) 

125,113,/18 
123,468,03 
124,771.67 
123,372.98 
124,692.02 

123,903.30 
123,653.24 
123,773.92 
121,932.91 
123,505.511 

122,440.11 
121, 011. 98 
122,036.13 

p22,160.22 
123,832.50 
120,619.08 

120,600.94 
123,557.46 
119,683.11 

5 
3 
5 
5 
5 

5 
9 
7 
3 
5 

5 
3 
9 
7 
7 
5 

5 
7 
5 

A xl0-5 
nm 

-1 (sec ) 

Ref.(2) 

11.45 
26.2 
6.7 

20.9 
5.75 

12.5 
28.5 
2.55 

28.65 
15.68 

21.3 
15.24 
33.2 
19.6 
30.6 

2.19 

4.38 
6,85 

19.5 

Corrected 
Values 

6.23 
16.6 

3,73 
13,11 

3.2 

7,53 
17,7 

4.96 
21.3 
10.0 

14.9 
12, I; 
24.3 
14 .11 
18.6 
1.84 

3. 70 
6.35 

18.0 

Arises fro;n two transitions havini; almost equal differences between the upper 
and the lower energy levels. The reported value of A is based on the total 
measured intensity. nm 
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NUMDERS ADJACENT TO 
EXPERIMENTAL POINTS ARE 
WAVELENGTHS IN fl.NGSTROMS 
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Figure 1 New values of the inte~sity function 
based on improved val~es of Anm \1) 
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MEASUREMENT 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.1 
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 
et al.2 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 

REFLECTED SIDE VIEW FRONT VIEW 

FIG 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.8 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 

00'--~~~-o~.5~~~~1~.0~~~~1~.5_, 

RADIAL POSITION CM 

FIG. 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 
cleviation 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. Fristrom4 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
mint; 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 µ 

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 µ 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 ±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 particles 
were obtained from the pictures. The velocitieii 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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INTRODUCTIO:-! 

Recombination of electrons tdth ions j s a process of fundamental impor-

tance in the control of physical and chcriical ch,'.!nges 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 clensi.ties of the various species present will tend to a new 

steady state. Mcl!hirter and llcarn (l) showed that the time cons tan ts 

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, rec01:ibination of ions and electrons must be accompanied 

by equal population of the ground state, whicl1 is a slow process. 

Recombination of electrons witl1 ions is usually denoted by a second-

order process corr~sponding to the equation 

+ a 
A + e ~A 

so that the rate of recombination becoraes 

dn e 
- Cit = a n n 

e + 

where a is the recombination coefficient. 

(1) 

(2) 

The inverse process of ionization can usually be neglected in 

decaying plasmas, at least in the initial stage, because of the low 

population in the ground state. The recombination coefficient a will 
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in general be a func t :ion of electron density and terapera tu re, depend in~ 

on the mechanism of reco!llbination. A. simple recombination of an atomic 

ion and an electron as indicated bv equation (1) is highly improbable 

because of the large arnount of energy which r1ust be dissipated in the 

process. 

Various 111echanisn:s have been proposed to explain the observed rates 

of recombination in laboratory plasmas. The collisive-radiative model 

of Bates, Kingston and McWhirter( 2
) takes into account two processes, 

namely, a three-body recor.1bination process in which the third electron 

absorbs the recombination energy and the radiative recombination process 

in which the excess energy is di~sipated 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. llinnov 

and Hirschberg have verified the collisive-radi<l.tive model in a helium 

f f 
(3) B (4,5) afterglow at a pressure of a ew microns o mercury • ates 

observed that the rates of recombination in helium plasma at 10-30 mm Hg 

as measured by Biondi and Rrown( 6
) were orders of magnitude larger than 

those predicted by the collisive-radiative mechanism or the electron

attachment mechanism (7) ancl suggested a d:i.ssociative mechanism involving 

diatomic helium ion: 

+ * He 2 + c 4 Uc + He 

(8) . 
Craggs suggested that in a helium plasma at atmospheric pressure l1is 

evidence supports the mechanism of dissociation of a molecular ion. 

Biondi and Holste:f.n(9) and Giondi(lO) carried out experiments with a 
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helium plast!la at a pressure of SO mm of Ilg. 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 

. (11) 
formation of taolccular ions, Later, Mulliken pointed out that in 

molecular helium, only higher vibrational states can lead to dissociation. 

Therefore the dissociative-recombination mechanism is not likely to be 

important unless a hig~ degree of vibrational excitation takes place. 

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

of dissociative states of tl1e molecule arc available, hence the dissocia

tive recombination is entirely likely to be important, Collins(l2Y 

proposed a dissociative-collisive recombination model which overcomes 

the difficulty raised by Mulliken by assuming a three-body collisional 

stabilization of the dissociating molecular ion. 

In most of tl1e experimental studies on rates of recombination, attempts 

have been made to propose a certain mechanism and supp~rt 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 variables. Electron 

densities were in the region from 10
12 

to 10
15 particles/cm

3 
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. 

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

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

A previous publication 

described the experimental setup and the procedure for determination of 

wavelength response. The quartz tube extended 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 wl1ite glow was present at the open end of the 

tube, and it was found to be mainly due to N2+ (1-) band radiation arising 

from tl1e hot argon coming in contact with atmospheric nitrogen. 

Injection of less than 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 lengtl1 with increasing amounts of nitro3en. Therefore in the interest 

of reproducibility, great prec~ution was taken to use pure argon in ci1e 

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 tl1en over hot 

copper metal to remove H2 and o2 , respectively. Tlrnt 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 ppm nitrogen, and other impurities were in undetectable amounts. 

~erimental Procedure 

By spectroscopic means, intensity measurements were maJe on seven 

different lines of the argon I spectrum for which spectroscopic data are 
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given in Table 1. Measurements were made fron one side of the plasma 

jet and along a line of sight parallel to the< dinr:icter of the stream. 

Data were collected over 5 planes perpendicular to the axis of the jct 

and at positions 4.267, 6.172, 8.077, 9.932 and 11.890 cm from the 

bottom turn of the RF coil. At each plane, line :i.ntensities 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 synnetrical about its axis. Each 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 

±3 per cent during the experiment. Over a period of weeks, after shutting 

off the plasma and religl1ting it, the reproducibility was +5 per cent as 

compared to previous runs. 

The measured line intensities were converted to true, radial inten

sities by the use of a numerical Abel transfornation(l4). Population 

densities of the upper energy levels giving rise to the observed lines 

were calculated from the absolute intensities of tl1e lines by means of 

the following equation 

(3) 
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Where the IJoltzm•rnn distribution prevails, there should be a 

straight-line relationship between 103 n(n) and E as follows: 
gn n 

E 
n (4) 

log loa 
~' -k"r 

The subscript E denotes tl1at the levels in question arc in equilibrium 

with each other. Figures l(A) through l(E) 

a function of E for the experimental data. 
n 

. · n(n) 
show plots of log ~~- as 

gn 

Results arc shown for 7 lines 

of argon I for 11 radial positions in each of five planes 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 tl1e third and fourth planes, 

Only the central position is sho11n in Fir,ure l(E) for the last plane 

because the intensities dropped sharply beyond a short radius. 

Figure_ 1 shows that the lover excited states, in particular the 
0 

2p2 state which gives rise to the spectral line at 6965A, show substantial 

departure from equilibrium. The states which arc 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-electron 

temperature under the above conditions, can be evaluated fro~ the slope~ 

of the straight lines passing through the higher excited states. 

To establish the temperature profile below 3000 °K in the cooler part 

of tl1e plasm3, the temperatures near the quartz wall were obtained by 

inserting a ceramic tube through small apertures made through the quartz 

wall and reading the temperature of the glowing ceramic tube with an 
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optical pyrometer. Figure 2 shows thC' temperature distribution in the 

plasma up to a radius of 1.4 cm in the test zone, Temperatures between 

3000 °K and 15UO °K arc interpolated values, and the correspondinR 

positions of the straight lines shown in Fip,ures lA through lD are only 

approximate. 

The llolt%1nannline given by equation (3) was then used along with 

the Saha equilibrium relation to oLtain electron densities in tl1e plasma. 

An assumption was made that A+ ions carry t:lost of the charge and th:it 

they arc equal in number to the free electrons. Then the Saha equation 

gives: 
-(E+ - En) 2 211m kT 3/2 z+ n kT e 

2 { e ) e (5) 
nE(n) h2 gn 

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

In addition to tlie profiles for temperature an<l electron density, 

velocity profiles were require<l for time resolution of the data in order 

to obtain rates of reco~:ibination in the flow system, Veloc:l.ty cl:!stribu-

tions had been previously obtained using particles of boron nitride as 

(15) 
tracers • 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 = f(r)T z 
(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 variatio11 due to experimental errors was noticed in actual cal~ulations. 
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These mi.nor variati0ns 1.'ere srtoothcc! out, and the improved values of f (r) 

were used to calcula tc the vcl0d.ty profiles from the spectroscopically 

determined tempcrnture profiles. An assumption involved in calculatinr, 

the velocity profiles in tl1e nanncr described was that the radial 

component of the ve:locity Has ncelir;ible. The velocity profiles arc 

sliown in Figure l1. 

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

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

v • (D V n ) + R = 0 a e e 

where V is the ambipolar diffusion coefficient, .:ind R is the rate of 
a e 

recombination of electrons in particles per cuhic centimeter per second. 

A detailed solution of the continuity cquntion using a value for the 

(6 16) 
ambipolar diffusion coefficient obtained fro~ mobility data of arzon ' 

ions showed that under the experimental conditions the effect of ambipolar 

diffusion on the reco111bination rate H<is negligible. The recombination 

coefficient a as defined in equation (2) was obtained as a point function 

from tl1e neasure<l rcco~bination rates. An empirical equation relating the 

observed values of a to_ tl1e tempernture and the electron density uas fitted 

to the data points and found to have the follm-~in~ form: 

a = 1. 28 • 10 5 • T-l.S • 10 
- .ill.Q 

T -o. 64 
• n cm 3 I (particles) (sec) 

e 
0) 
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DISCUSS IO~~ 

In the above analysis, the free-electron temperature was assumed 

to be equal to the kinetic temperature of tl1e 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 S µsec. 

Because the test zone was sufficiently below the RF work coil, the above 

assumption is well justified. The temperature was treated as an indepen-

dent variable although in principle the change of temperature was coupled 

(17) 
with the microscopic rate processes within the plasma • Treatment of 

the' tempera tu re es an independent variable in the present s tucly was 

reasonable because attention \·:as 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 t~ 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 f3 per cent and ±30 

per cent, respectively, corresponding to the error 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 temp~ratures (3000-11000°K) and 
15 

electron densities (10 12 
- 10 particles ~er cubic centimeter) covered by 

the experiments, one can view the variation of the recombination coefficient 

a vith T and n as given by equation (7) with some confidence in spite of -e 
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errors in the absolute values of a by as much as a factor of 2. A 

significant fact is that a decreases ~ith increasing electron density. 

According to i..he collisive-radiativc model, a sl10uld have dependence 

a on n of the fon:i n , where 0 < a < 1. For purely radiative 
c e 

recombination, a ~ 0, and for purely collisive recombination, a ~ 1. 

Thus the observed value of a < 0 cannot be explained on the basis of the 

collisive-radiativc model. 

The observed recombination rates are consistent with the dissoctative 

rnechanis1n involvinG r.1olecular argon ion as postulated below: 

(a) Fon:ia tion of A2 + rnolccule by a three-body process 

+ k1 + 
A + A(l) + A(l) 'Kli /·.2 + A(l) (8) 

(b) r.:on-radi<1tivc, two-·Loc:y recoe:biaation of the r.:olecular ion with a 

free electron to form an excited molecular intermedi~te 

(9) 

(c) Decomposition of the nolecular interne<ltate into two atoms, at least 

one of which is in the excited state 

* * A2 --""")' A(l) + A (10) 

* Recombination leading to a highly dissociative molecular state A2 

* is quite possible when the potential vs. atomic separation curve for A2 

+ (11 18) 
crosses the similar curve for the A2 molecule ' • Because the 

* intcrncdiate state A2 is l1ighly dissociative, it may be assumed that the 

* formation of A2 is the rate-controlling step between equations (9) and 
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(10), so that one may write 

k2 
---~) A(l) +A* (1 t) 

Now a steady-state approximation for the concentration of A2+ is 

introduced at this point and can be justified by the experimental 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. In this situation, 

the overall rate of recombination may be written as: 

_ dne = 
dt 

k1k2n/nt2 
(12) 

where ci~ population density of the ground state is replaced by the total 

population density nt without loss of precision, and it may be calculated 

from the ideal-gas law. The recombination coefficient becomes: 

a = 
+ n e 

(13) 

It can be noted that equation (13) predicts decreasing values -0.f a with 

increasing values of n in accordance with the experimental observations. e 
( 19) (20) (21) 

Expressions for k 1 were developed by Tolman • Loch and Kassel 

wherein they applied kinetic theory to a ternary reaction. Kassel took 

into account the short-range repulsive forces betHecn colliding atoms, and 

in his analysis, the three-body rate constRnt is given by 

(14) 
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Equation (14) was used in the present analysis. E is the activation 

energy for the three-body interaction. The steric factor ¢ accounts for 

non-effective collisions. The quantity a is the collision radius which 

can be obtained usually from ihe measurement of transport properties and 
0 

has a value of 2.89 A for argon. A collision is defined as the presence 

of the three particles within a certain distance 6 of each other. Frost 

(22) . . 
and Pearson indicate that the available date for ternary rates of 

0 

reaction suggest that 6 is of the order of lA. In the present analysis, 

6 was assumed equal to a for the lack of better knowledge. 

'l'able 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 (10 to give the best 

values of ¢ and E which are shown in Table 2. Variation of k1 '/k2 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 argu~ents, 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) is 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), and in shock-tube experiments at 

3000°K and at pressures of 30-90 mm Hg<23>, the values of a for argon were 

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

had no dependence 6n 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 ne. Lower temperature would favor the formation of A2+ ions. 

In that case, the rate-limiting step in the recombination of electrons 

would indeed be the reaction shmm by equation (11). 

A comparison among the experimental values of a denoted by a , 
exp 

the collisive-radiative values(2) denoted by aCR' and the dissociative-

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

nuclear charge of unity was assumed in calculating aCR" The negative 

values of aCR at temperatures above 8000 °K indicate incipient ionization 

which should take place as the result of overpopulation of the ground 

state accordine to the collisive-radiative model. In 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 aexp are in good agreement with aDMI over a 

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 of 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 o2 and NO, capable of forming mo~ecular 
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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 quenching 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: 

N/ + A(l) (15) 

The following reaction, similar to the reaction shown in equation (11), 

would rapidly deplete the charges: 

* N + N (16) 

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

. (24) 
same order of magnitude • The increased rate 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) 

would be considerably slowed, explaining the reduced rate of recombination 

in the dmmstream section. In case of helium, the reaction shown in equation 

(15) is 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 dissociative-molecular-ion model. 
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cm~CLUSIO:~S 

The an<"!lysis of the experimental results sugecsts that the 

collisivc-ra<liativc· model for hyclro:;en-likc plasmas is inadequate 

to explain theobscrved recombin<"!tion rates·in the argon plasma at 

atmospheric pressure. On the other hnn<l, the dissociative-molecular-

ion model with a steady-state approximntion for the molecular ion 

docs reasonably fit the experimental values for the recor.;bination 

coefficients over a range of temperatures from 3000 to 11000 °K and 

3 l 5 
for electron densities from 10 12 to 10 particles/cm • In partial 

support of the proposed mechanism it was obscrv.:d that addition of 

bimolecular gases capable of forming molecular ions resulted in 

quencl1ing of line radiation from the argon plasma as a result of 

increased r.'.'ltcs of recorihination of electrons. 
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NOTi\TION 

A(l) arr,on atoD1 in the ground s tatP. 

* A argon atom in the excited state 

* 
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A2 excited intermediate molecule of argon 

-1 
A Einstein transition probability from state n to m sec 

nm 
-1 

c velocity of light (cm) (sec) 

D 
a 

E 

E 
n 

E + 

h 

I nm 

k 

k1 

k1 I 

k2 

' k2 

ambipolar diffusion coefficient 

Activation energy for ternary reaction 

excitation energy of neutral argon at the 
nth level referred to the ground state 

ionization energy of argon referred to the 
ground state 

th 
statistical weight of the n excited level 

Planck constant 

intensity of line radiation 

Boltzmann constant 

specific rate constant for forward reaction 
in equation (8) 

specific rate constant for reverse reaction 
in equation (8) 

specific rate constant for forward reaction 
in equation (9) 

specific rate constant for reverse reaction 
in equation (9) 

2 -1 
(cm) (sec) 

-1 
cm or eV 

eV 

-1 
cm or cV 

(erg)(sec) 
-3 

(watts)(cm) 

-1 -I 
(cm) (°K) 

-1 
(eV)(°K) 

6 -2 -1 
(cm) (particles) (sed 

3 -1 -1 
(cm) (particles) ( sec) 

3 -1 -1 
(cm) (particles) (sec) 

3 -1 -1 
(cm) (particles) (sec) 



m 

m e 

n(n) 

r 
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T 

v z 

v 

a 

Anm 

\I 
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sp~cific 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; nE(l) refers to equilibrium 
population density 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 

gm 

gm 

(!'articles) (cm)-3 

(particles)(cm)3 

(particles)(cm)-3 

(particles) (cm)""3 

(particles)(cm)-3 

(particles)(cm)-3 

cm 

(particles)(secT1 Ccmr3 

sec 

(cm) (sec)-1 

(cm) (sectl 

cm 

• A 

(cycles) (secrl 

cm 
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Suh!:cripts 

m energy state m 

n energy stnte n 



175 

TAB.LE l. SPECTROSCOPIC DATA FOr.. Ti!C OBSERVED Lil\ES OF ARGO:~ I. 

Wavel~ngth Upper Level Designation of Statistical Energy of Transition 
). (A) (Paschcn) Upper Level \.7cight of Upper Leyel Probability 

Upper Level E (cm- ) for the Line 
gn n -s l 

x 10 (sec- ) 
Ref. 13, 25 

* 3834.68 4p 6p(l/2) 1 121470.304 S.6 
5 

4251.18 3p Sp(l/2) 3 116660.054 1.13 
10 

4300.10 3p8 Sp (2 1/2) 5 116999.389 3.94 

4345.17 3p4 Sp I (1 1/2) 3 118407.494 3.13 
0 

S558.6 Sd 3 Sd (1 1/2) s 122086,974 14.8 
Ill 0 

S572.6 5s1 5d I (2 1/2) 7 12355 7 .1159 6.9 

6965. 43 2p7 4p'(l/2) 3 107496.463 67.0 

* Improved value based on reference 25. 

,, 
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TABLE 2 

Summary of data for a pronosed renction r.o.eclwnisE1 for rccc»1bination 

of electrons in an atnosphcric argon rl;isi;1.:i. Equation nur:1licrs correspond 

to the text. 

Fori:1ation of r11olccular ion 

+ k1 + 
A + A(l) + A(l) P Az + A(l) (8) 

k1' 

Dissociative reco~binetion of molecular ion 

kz * A/+ e ----'> A(l) +A (11) 

Expression for recombination coefficient 

dn 
a = - _5=._/n n 

dt e + (2), (l.1) 

Expression for k1 

(15) 

Experimental values 

<P = 0.15 (± .03) 

E = 9900 (± 800)cm-1 or 1.23 (± O.l)eV 

kl I 18000 
1.5 x io-3 e - ~ kz = 

where k is the Boltzmann constant .. 0.69502 (cm!l (°Krl 

Error limits arc standard errors obtained in the lcast-squores fit 

to the data points. 



Axial 
Position 

(cm) 

4.74 
4.74 
4.74 
4.74 
4.74 

5.70 
5. 70 
5.70 
5.70 
5.70 

6.65 
6.65 
6.65 
6.65 
6.65 

7.60 
7.60 
7.60 
7.60 
7.60 

8.56 
8.56 
8.56 
8.56 
8.56 

* 
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TABLE 3 

Compari$on of values of the e,:perimental recombination coefficient for 

argon plasma with those predicted by the collisive-radiative<2) and the 

proposed dissociative-molecular-ion models. Values of aDMI were obtained 

from a least-squares fit of experimental data. (see Table 2). Numbers 

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

E 15 .!i 10 15 

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

Radial Temperature Electron Density Experimental Collisive Dissociative 
Position OK ne a Radiative* Molecular 

(cm) (particles)/(cm)3 exp 
acR Ion aoMI 

0 10530 0.77E 15 0.98E-12 -0,82E-09 0.94E-12 
0.3 10370 0, 72E 15 0 .lOE· 11 -0.69F.-09 O.lOE-11 
0.6 9896 0.58E 15 O.llE-11 -0.39E-09 0.12F.-ll 
0.9 7972 0.24E 15 0.32E-ll -0.17E-ll 0.27£-11 
1. 2 4718 0.28E 14 0.14£-10 0.22£-10 0.14£-10 

0 9681 0.47£ 15 0.13E-ll -0.30E-09 0.15E-ll 
0.3 9429 0.43E 15 0.16E-ll -0.20£-09 0.16E-ll 
0.6 8816 0.34E 15 0.23E-ll -0.69E-10 0.20E-11 
0.9 6764 0.13E 15 0.54E-ll 0.16E-10 0.46E-11 
1.2 4270 0.16E 14 0.20E-10 0.21£-10 0.20£-10 

0 8815 0.30E 15 0.17E-ll -0.72E-10 0.22E-ll 
0.3 8323 0.26E 15 0.23E-ll -0.21E-10 0.25E-ll 
0.6 7575 0.18E 15 0.40E-ll O.lOE-10 O. 34E-11 
0.9 5851 0.63£ 14 0.91E-11 0,17E-10 0.78E-ll 
1.2 3958 0.94E 13 0.28E-10 0.20E-10 0.28E-10 

0 7995 0.20E 15 0.22E-ll -0.51E-ll o. 31F:-11 
0.3 7231 0.16E 15 0. 32E-ll 0.14E-10 0.37E-ll 
0.6 6384 0.94E 14 0.69E-ll 0,16E-10 0.58E-ll 
0.9 5136 0.32E 14 0.16E-10 0.18E-10 0.13E-10 
1. 2 3731 0.58E 13 0.39E-10 0.18E-10 0.38E-10 

0 7407 0.14E 15 0.25E-ll O.llE-10 0.41E-ll 
0.3 6524 O.lOE 15 O. 39E-ll 0.16E-10 0.54E-ll 
0.6 5629 0.51E 14 0.80E-ll 0.17E-10 0.91E-ll 
0.9 4628 0.18E 14 0.17E-10 0.17E-10 0.19E-10 
1.2 3518 0.39E 13 0.43E-10 0.17£-10 0.49E-10 

Including the effect of ionization 
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TAl\LE 3. (Cont.) 

Values of a in (crn)3/(oarticles)(sec) 

Axial Radial Temperature Electron Density Experimental Collisive Dissocintive 
Position Position OK n Radiative * Moleculnr .e 0 exp 

(cm) (cm) (particles)/(cm)3 a CR Ion an:n 

9.51 0 7097 O.lOE 15 0.30E-ll O. llE-10 0.54E-ll 
9.51 0.3 6286 0.64E 14 0.56E-ll 0.13E-10 O. 76E-ll 
9.51 0.6 5379 0.31E ll1 O.llE-10 0.15E-10 0.13E-10 
9.51 0.9 4301 0.12E 1'i 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 ll1 0.69E-ll O.lOE-10 o. 73f.-ll 
10.46 0.3 6095 0.40E 14 0,lOE-10 O. llF.-10 0,llE-10 
10.46 0.6 5204 0.19E ll1 0.16E-10 0.12E-10 0.18E-10 
10.46 0.9 4079 0.78E 13 0,29E-10 O_. 16E-10 0.32E-10 
10.46 1.2 3122 0.21E 13 0.67E-10 0.17E-10 0,69E-10 

11.42 0 6442 0.38E 14 0.13E-10 0.90E-11 O.lOE-10 
11.42 0.3 5829 0.24E 14 0.17E-10 0. 95E-ll 0.15E-10 
11.42 0.6 4983 0.12E 14 0.23E-10 O.llE-10 0.23E-10 
11.42 0.9 3935 0.51E 13 0.41E-10 O. lliE-10 0.42E-10 
11.42 1. 2 3028 0.15E 13 0.93E-10 0.15E-10 0.86E-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 functional dependence of a set of 

variables is due to Jacobi. Functional dependence of a set 

of variables f 1 , f 2 , f 3 ...•. fn which are functions of 

another set of variables x1 , x 2 , x 3 ..... xn implies that 

there exists at least one relationship of the type F(f 1, f 2 

..... fn) = O which does not involve x1 , x 2 , x
3 

...•. xn 

explicitly. When f 1 , f 2 , f 3 ••••• fn and all their first 

derivatives are continuous, the necessary and sufficient 

condition for their functional dependence is that the 

Jacobian should be identically zero: 

ac f 1 , r 2 
J - o(xl, X2 

C)f 1 af 1 

ax1 ax2 

of 2 M2 
- OX1 ax2 

... 
af n arn 

ax1 ax2 

- 0 

..... 

• • • • • of 1 

axn 

..... ar2 
axn 

..... of n 
oxn 

( Pl-1) 
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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: 

(Pl-2) 

In many physical experiments, the physical quantities 

f 1 , f 2 ..... fn are evaluated as functions of some indepen

dent parameters x1 , x 2 , x 3 ...•. xm. If it is known that 

some of the measured quantities are related to each other, 

then one can test the consistency of their 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 (Pl-2). 

One immediate result of the above theorem is that one should 

vary at least n number of parameters in order to test n 

number of observables in 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, if f 1 , f 2 , ..... fn are measured in 

a certain field of x1 , x 2 , ..... xn, then only the first de

rivatives of fr are needed at a point to test if the data 

are consistent or not at that point. 

Another great advantage is that the nature of the re

lationship between fr need not be known to test the con

sistency of their ~easurement. The method can also be used 
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to fill up missing data or to correct the experimental 

values. It should be noted that equation (Pl-1) may be 

easily written in a dimentionless form. Thus, only re-

lative variations in the functions fr 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: 

(Pl-3) 

Where Jp is the net value of the Jacobian evaluated at point 

p, and N is 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 expresped as graphs, arrays of data, 

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

ak ok 
~raz 

J = - 0 (Pl-4) 
3T aT 
OrOZ 

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 ~ 0 

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
1 = ~(k,C) will satisfy (Pl-4) 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 (Pl-4) is not satisfied only in restrict-

ed regions of the reactor, then it must be due to unexpect-

ed external purturbances, i. 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 per unit time per gm. mole of the ·gas is 
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exclusively a function of the temperature of the radiating 

gas: 

~ = e(T) 

The "Surveyor" mission has two probes which scan e(e,¢) and 

T(0,¢) for a given height from the planet's surface, where 

e and ¢ are the spherical coordinates. In order to check 

if the temperature and emissivity data are consistent, one 

has to substitute the partial derivatives in the equation: 

ae ~e 
~e ~ = o 
oT ()T 
ae oc'.P 

Again note that knowledge of the relationship ~= tCT) 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: 

J) = v 
Vmax 

where Vmax 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 e = 
Tmax 
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FunctionJ)(r,z) and 9(r,z) are displayed in Tables Pl-1 and 

Pl-2 respectively. To check whether the velocity and temper-

ature measu~ements are functionally related, the following 

Jacobian was evaluated numerically on IBM 7094 computer. 

dVOY 
or oz 

J 
(V~9) 

= (Pl-5) = (r,z) ae oe 
or oz 

The increments in r and z were taken as unity. The 

values of J(r,z) are shown in Table Pl-3. From the expected 

errors in measurements of the gradients, the error in J is 

expected to be ±1.5 x lo-3. Examination of Table Pl-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 (Pl-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: 

'JI= F(0) (Pl-6) 

exists between the velocity and the temperature. In Section 

I, a relationship between velocity and the temperature at a 

point was obtained from the equation of continuity as: 

v = ~(r) x e 
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where ~(r) is the dimentionless radial distribution function. 

FigureV-11 shows that ~(r) ha& almost constant value of unity 

over the region of interest, in which case, the explicit form 

of (Pl-6) is 

v = e 

The above example was chosen from the main thesis for the 

purpose of illustration, but the principle developed above 

is 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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distribution, temperature distribution and 
a point function. Radial distance increases 

Dimentionless velocity 
Jacobian evaluated as 
horizontally and the axial distance increases vertically. 

TABLE Pl - I v(r,z) 
1.0000 1.005p l.occ1 o.9853 o.9602 c.9262 o.8839 o.e13a a.116q 0.1116 o.6446 o.51n7 r,4qz3 ~.41r3 

C,9176 C.9159 C.9090 C,8966 C,8783 C,8536 C,8222 r,78~7 ~.7375 1,6835 J.621" c.54qa 0.4~a5 0.~7q~ 

o.8620 c.8529 o.84~C o.8311 o.8161 o.7969 0.7724 r.7414 r.1n2e 0.6556 "·5985 r.5306 o.45n6 n.357~ 

0.8268 c.8115 r.798C c.7849 c.1106 o.7536 C,7326 n.7059 0,6721 ".62q7 ?.5772 n.5131 o.415q n.3441 

o.8061 c.78~3 c.16q~ o.7542 r.7387 c.121t c.1013 c.6763 n,644a o.6057 ~.5571 o.4976 c.4255 0.3394 

o.793q c.1121 c.753C o.7352 o.7175 0.6985 0.6769 c.6515 0.6208 o.se36 1.53~6 n.4844 r.4198 ~.3434 

o.7840 o.7635 o.7439 o.7244 o.704C c.6821 r.6579 o.63D5 c,5992 0,5631 c,5216 r.4738 r,41~~ ,,356r 

C.7703 C.7553 0.7378 0,7177 0.6952 0.67~1 C,6424 r..6122 C,5795 n.5442 0.5063 n,4659 Co4229 0.3773 

TABLE Pl-2 e ( r, z ) 
l.onoc c.997C 0.9919 c.9838 C.9767 o.9656 0.94b4 o.9211 o,8765 o,7915 ~.6538 o.5425 c.4~5S r.376~ 

c.9246 c.9219 0.9198 o.9108 c.9C23 n.88~0 o.8616 o.e240 o.7655 0.6050 n,5522 c.4714 o.4066 ~.3484 

c.8441 c.835n o.8259 o.8117 c.7966 c.7773 o.749~ 0.1105 c.6559 c,5109 o.4~58 o.4251 n.3735 0.3250 

Q,7663 C.7486 C.7289 0,708~ 0,6859 C,6626 0.6350 C.6012 C,5574 C.4981 n.43a2 r.3929 C.3497 ~.3073 

C.6943 C.668C 0,6377 0.6123 C,5830 C,5567 C,5314 0.504' C.4727 0.4403 n.4049 Co36a4 0.3320 ~.2915 

C.6589 C.6341 0.6C~9 0.5796 0.55C3 r.5241 0,497G C.4690 0.4165 0.4052 0,3734 r,34)2 0.310q o.2766 

c.6377 c.6174 o.59~1 c.5688 c.5415 n.5162 o.4858 r.4555 o.418~ o.3806 o.3462 c.318R r,2905 o.?632 

C.6051 C.5e74 005672. 0.~446 C.5188 C.4940 0.4650 C.4343 r,3994 0.3646 0,3307 C.3040 c.2799 C.256~ 

TABLE Pl-3 J ( r, z ) 
-0.0004 o.oco1 o.occ2 o.oco9 0.0012 o.001s 0.0~23 o.~031 c.1031 0.0041 0.0041 ~.0031 n,0015 -~.0005 

0.0001 c.0004 o.ooc4 o.001c 0.0014 0.0011 c.co22 o.0J25 o,rc23 o.cn23 c.0024 r.oc21 0.001~ o.oors 

c.0005 o.ooos o.~oo~ o.occ7 o.oc11 ~.OC14 o.~019 0.0021 o.~rl8 0.0016 0.0016 c.0014 0.0011 n.0~11 

o.oooe c.ocoh o,ooc1 o.ooc7 c.0010 0.0013 c.co11. o.G019 c.0011 o.co13 c.0011 c.no10 n.cr12 ~.0014 

c.orc4 c.oco1 o.ooc1 -o,r~oo c.cooc o.ooc1 c,0Jo2 o.ooc3 ~.nrn6 o.c~09 0.0011 c.0013 o.on14 o.no1s 

c.0002 c.ococ -o.ooc1 -o.ooc2 -0.0002 -c.oor3 -0.0003 -0.0002 c.coo1 o.coc5 o.~009 0.0~12 o.oc14 0.0014 

0.0003 c.~CC4 0.0004 o.conJ c.oonJ c.ooc1 c.ooc1 _,.core -o.coo1 o.no~o 0.oco4 r.ono6 o.oroe 0.0012 

c.ooco o.oco2 c.ccc4 r.coo4 c.oon4 a.ooc3 0.0002 o.occc -C.~)01 -o,ono2 n.poo1 n.ono4 "·Oco6 o.cn12 

I-' 
\D 
IJl 
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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 role in 

determining the physical properties of polymers. Control 

over the molecular weight 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 

CST reactor is the distribution of its 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 is the probability that a given chain is con-

tinued, then (1-p) is the probability that it 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: 

p = 1 - N ( P2-l) 
No 

The probability that a molecule has exactly x recurring 

units (x-mer) is given by: 

px-l(l-p)2 

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

And the weight fraction of the x-mer is: 

( ) 2 x-1 
Wx = xNX !No = x 1-p p (P2-2) 

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

is given by: 

(P2-3) 

where k is the first order rate constant. Substitution of 

(P2-3) in (P2-l) gives, 

p = 1 - e-kt (P2-4) 

with this value of probability, the weight-fraction distr1-

bution at any instant is given by: 

w = x(l _ e-kt)x-le-2kt 
x (P2-5) 
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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(4): 

F(t) = 1 - e -tit 

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 is shown in 

Figure P2-1. 

The average-weight fraction of the x-mer in the product 

stream is given by: 

co 

zw> = f wxdF(t) 
t=O 

Using the expression for the most probable wei~ht-fraction 

distribution: 

fOQ ,
1 

-kt)x-1 -2kt 
X\ -e e F' d(t/t) 

0 
(P2-6) 

where ~' is the slope of the residen6e-tirne-distribution 
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function. Equation (P2-6) was solved numerically on IBM 360 

digital computer for different values of x and kt for the 

residence-time-distribution function shown in Figure P2-l. 

The solution is shown graphically in Figure P2-2 in ~hich 

the average-weight 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 broad-

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 k~, a uniform distribution of 

molecular weight will be obtained. In the industrial prac~ 

tice, it may be necessary to obtain the naximum weight frac-

tion of a specified x-rner. One can choose the appropriate 

value of kt by the procedure outlined above, and can obtain 

the volume of the reactor from the following formula: 

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

will be desirable to connect a number of reactors of volume 

VR chosen in the above manner, in parallel, rather than 

carrying out 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 

catalysts in either pure or supported form(l, 2 , 3, 4 ) The 

stoichiometric equation for the reaction is: 

~Hf = -42 kcal/g mol 

(P3-l) 

It should be pointed out that in absence of oxygen, dehy-

drogenation reaction takes place according to the equation 

~Hf = 11 kcal/g mol 

(P3-2) 

The proposed mechanism says that the oxidation reaction 

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

the first step being reaction (P3-2) a~d the second step 
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being the reaction: 

6H 0 = f -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 is 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 s~rface 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 rto effect on 

the conversion of alcohol. In that case, a zeroth order 

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 yield 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). 

2. 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 is possible that in the reaction of butyl 

alcohol, the critical value of the ratio of oxygen 

to 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 

(P3-4) 

to the first approximation. 

Since reaction (P3-3) is irreversible and fast, 

* P0 ~ O and since reaction (P3-2) is quite slow, a 

small driving force for diffusion of alcohol molecules 

is sufficient. ~or the sake of estimation we will 

* assume P
1 

= o.8P1 . The ratio of diffusivities, ac-

cording simple kinetic theory is approximately: 
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Then, from equation (P3-4) for J/ = ~' p 0;p1 = 0.066. 

The theoretical ratio being p0 /p
1 

= 0.5. Hence the 

predicted ratio of p
0
/p 1 ~ 13% of the theoretical 

value is in accord with the observation. 

3. The observed rates of oxidation of ethanol on sup-

ported silver catalyst do follow the dehydrogenation 

kinetics. 

Balandin et al have studied(B, 9 ) dehydrogenation 

of lower alcohols on copper catalyst and the reaction 

has been found to be a surface reaction controlled 

first order reaction(lO) involving adsorption equi-

librium. The rate of decomposition of ethanol can be 

represented as: 

dx 
r = dt 

(P3-5) 

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 

(11) 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 is 

analysed below, on the basis of dehydrogenation 

mechanism. 
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The material balance for an integral flow 

reactor is given by 

x 
W = J dx 
F O r 

(P3-6) 

The stoichiometry of the reaction gives: 

(P3-7) 
x x 

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

x 

w = J F (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 

w 1 
F x 

1.4 x ln(l:x) - o.4x 

Using the following variable 

E 
= 1 eRT 

ko 

Y = ln~ - ln(l.4 ln
1 

: x - 0.4x) 

a straight line should be obtained between 

in the form: 

E 
Y = RT - lnko 

y and 
1 
if 
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Table p3-l gives the feed, temperature and conversion re-

ported by Day and the corresponding values of Y 

Figure p3-l is the resulting plot between Y and 

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

squares analysis gave the following results: 

k = 4.1 x lo-4 0 

E = 2860 kcal/g mol 

and 1 
T" 

1 which T 
A least 

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 industrial-scale operation . 
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Table P3-l 

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

over Silver Catalyst 

Run F = Feed Rate of 02 - Reaction Conversion y = 1 
No. Feed Rate of Air EtOH - Temperature of Alcohol T 

Alcohol in g mol/sec x x 103 
g mol/sec 

x 104 
OK 

x 104 

1 2. '13 6.4 o.495 744 0.806 9.723 1.345 
I\) 

I-' 
2 2.68 6.4 0.503 742 0.807 9. ·7 4 3 1. 349 0 

3 2.25 5.25 o.492 701 0.822 9.863 1. 427 

4 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 o.854 10.018 1. 540 
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Figure P3-l 

t 
p3-7 

DAY'S 
EXPERIMENTAL 
DATA 

1.6 1.7 

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 

A Einstein transition 
nm 

probability for radiation 

from energy level 

n to m 

A(p) argon atom in the pth 

excited state, p=l for 

ground state p=2 for 

metastable state etc. 

A* argon atom in some 

excited state 

A* excited molecular 
2 

intermediate of argon 

c velocity of light in 

vacuum 

C an instrument constant 

c1 , c2 Planck's first and second 

radiation constants 

Cp heat capacity at constant 

pressure 

(sec)-1 

(cm)(sec)-1 

(cal)(g mol)-i(°K)-l 

D Fick diffusivity (cm)2(sec)-l 

Da ambipolar diffusivity (cm)2(sec)-l 

E activation energy (cal)(g mol)-1 

E(p) excitation energy 

of the pth excited state (cm)-1 or eV 
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E+ ionization energy of 

argon 

Ez ionization energy of the 

z fold ionized atom 

f nm absorption oscillator 

strength 

F feed rate of alcohol 

F(t) residence time 

distribution function 

g(p) statistical weight of 

the pth excited level 

GA wavelength response 

as de fined 

h 

I 

Planck's constant 

intensity of radiation 

I' incident intensity of 

radiation 

I~ intensity of radiation 

per unit wavelength 

I~ intensity of radiation 

per unit frequency 

Inm intensity of line 

radiation 

Inm(r) intensity calculated 

at a radial position r 

(cm)-1 or eV 

(cm)- 1 or eV 

(g mol)/(sec)-1 

(erg)(sec) 

(watts)(cm)-3 

(watts)(cm)-3(ster)-l 

(watts)(sec)(cm)-3(ster)-l 

(watts)(cm)-3 

(watts)(cm)-3 



Inm(x) intensity measured in 

the line of sight at 

tra~sverse position x 

J(p) Jacobian as defined, 

a function of point p 

k Boltzmann constant 
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specific reaction rate 

constants for forward 

reactions 

k_ 1 specific reaction rate 

constants for reverse 

reactions 

k 0 frequency factor in 

Arrhenius expression 

for rate constant 

K thermal conductivity 

m mass of argon atom 

mass of electron 
. 
m mass flow rate 

M molecular weight, also 

n(p) 

third body in a reaction 

population density of 

the pth excitation 

·1evel 

(watts)(cm)-2 

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

or similar units 

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

or similar units 

g 

g 

(g)(sec)-1 

(parttcles)(cm)-3 
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equilibrium population 

density 

n(p) average population 

density of the pth 

excited level 

population density of the 

pth excited state at 

radial position r 

nA population density of 

neutral atoms of 

argon 

n+ population density of 

argon ions 

ne population density of 

electrons 

nt total number of particles 

per unit volume 

nz population density of 

zth ions 

N total number of molecules 

present at time t 

N0 total number of monomer 

units intially present 

molar flux of reactant in 

(particles)(cm)-3 

(particles)(cm)-3 

(particles)(cm)-3 

(particles)(cm)-3 

(particles)(cm)-3 

(particles)(cm)-3 

(particles)(cm)-3 

(particles)(cm)-3 

in radial and axial (g mol)(cm)-2(sec)-1 or 

directions respectively (particles}(cm)-2(sec)~l 
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N* excited nitrogen atom 

p partial pressure, 

also denotes principal 

quantum nember of 

excitation level 

p* partial pressure of the 

p 

gas at catalyst surface 

total pressure 

heat flux (vector) 

r radial position, 

also designation of 

temperature cell, 

also reaction rate based 

on unit weight of the 

c3.talyst 

r 0 radius of the boundary 

of the plasma jet 

R gas-law constant 

Re rate of recombination 

of electrons with ions 

s total number of 

isothermal cells in the 

strip under observation 

s 

t 

t 

ionization coefficient 

time 

average residence time 

(atm) 

(atm) 

(a tm) 

(watts) (cm)- 2 

(cm) 

(atm)(cm) 3 (°K)-1 (g mol)- 1 

(particles)(cm)-3(sec)-l 

(cm) 3(particles)-1 (sec)-l 

(sec) 

(min) 
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T absolute temperature 

T(p) space-average temperature 

of the pth excitation 

level 

v - velocity (vector) 

v 2 velocity in the axial 

direction 

v volume 
. 
v volumetic flow rate 

wx weight fraction of a 

given x-mer 

average weight fraction 

of a given x-mer 

w weight of catalyst 

x fractional conversion 

of a alcohol, 

also number of monomer 

units, 

(OK) 

( o K) 

(cm)(sec)-l 

(cm)(sec)-l 

(cm)3 

(cm)3(sec)-1 

(g) 

also transverse position (cm) 

mole fraction of the gas · 

denoted by subscript 

rate constant parameter 

as defined 

z axial position in the 

plasma jet (cm) 

also nuclear charge 



Z partition function of 

neutral argon 

Zm partition function of 

metastable argon 

z+ partition function of 

singly ionized argon 

Zn partition function of 

n fold ionized atom 

Greek Symbols 

2i8 

~ 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 excited state as 

defined 

€T total emissivity 

(cm)3(particles)- 1 (sec)-l 

(cm)3(particles)- 1 (sec)- 1 

(sec)- 1 

(~) 

(watts) (°K)- 4 

(~) 

(g mol)(cm)-3 
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€AT monochromatic 

emissivity for a given 

temperature and 

wavelength 

wavelength of 

radiation 

~nm wavelength of 

radiation arising from 

a transition from level 

n to m 

<l> steric factor 

radiated power 

r gamma function 

Special Notation 

.1Ho 
f 

standard heat of 

reaction 

(NO)} parenthes-es indicate 

(N2) concentration of the 

reactant gas 

(cm) or CR) 

ccm) or cR) 

(watts)(cm)-3 

(cal)(g mol)-1 

(g mol)(cm)-3 

Special Subscripts Special Subscripts 

0 oxygen e electron 

1 alcohol m, n refers .to the 

2 hydrogen excited level 

3 aldehyde 

A argon 


