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ABSTRACT 

Spectral Analysis of Mechanisms and Kinetics of Thermal 

Energy Reactions of Long-Lived Energetic Helium 

Species with Simple Molecules 

by 

Jerry L. Dunn 

Low energy inelastic collision processes have been studied 

in a flowing steady state helium afterglow. Rate coefficients 

for thermal energy reactions of Ar, Kr, WL, Op, IU, NO, CO, and 

CO« reactants with long-lived energetic helium species have 

been measured. The (2-3s) metastable atom, Hem, the (a^) meta- 

stable molecule. Hep, the ground state atomic ion. He , and 

the ground state molecular ion. He«, were the helium reactants. 

An optical spectroscopic technique for determining rate coef- 

ficients has been developed and utilized for measuring the 

decrease in energetic helium as a function of added reactant 

concentration. Relative concentr tion measurements of the 

helium species were made by introducing a "second reactant" 

to the afterglow and monitoring relative intensities of the 

resulting spectra. Individual reactions involving single 

helium syecies were studied by observing transitions of the 

second reactant whose upper states were preferentially excited 

v 

tgggfmmam 



by the energetic helium species tc be measured. Rate coef- 

-9    -13  3   -1 
ficients were limited to the range of 10 ^ to 10 "'cm sec . 

Penning ionization reactions with He and ion-neutral reactions 

with He have been compared to published values. Cveral] 

agreement of the rates reported in these experiments and pub- 

lished values measured by optical absorption and mass spectro- 

metric techniques gives confidence in the general method. 

In addition, nitrogen spectra selectively excited in a 

helium afterglow were studied in order co understand details 

of the excitation processes. Photographic spectra of the 

o 
nitrogen emission in the 2300 to 87OQA wavelength region con- 

tained band systems originating in the A TI, B E, and D TI 

electronic states of Np, the C "Tl, and B •% states of N2, 

and atomic nitrogen lines. Distributions of population over 

the rotational and vibrational levels of the excited electronic 

states were obtained by measuring relative intensities of the 

resulting transitions. Relative changes in population dis- 

tributions were observed for a variety of experimental condit- 

ions designed to change concentrations of the energetic helium 

species relative to one another. A low power microwave field 

applied to the afterglow removed atomic and molecular helium 

ions by ambipolar diffusion loss to the walls. Hydrogen added 

to the afterglow prefeientially removed He since its rate of 

reaction with He is significantly larger than with the other 

vi 



energetic helium species. Correlations of the observed excited 

states of nitrogen with the energetic helium species were made 

by using Franck's resonance rule, Massey's adiabatic hypothesis, 

and the Franck-Condon principle for excitation from the ground 

state. Mechanisms for reactions of He2 and He,, with KL are 

discussed in terms of the available energy of the molecule 

which undergoes dissociation upon reacting. The observed 

pressure dependence for intensities of the perturbed rotational 

levels in the (1,0) band of the B   L - X   2l  first negative 

system is discussed in terms of the excited state populations 

and subsequent collisional energy transfer. 
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I. INTRODÜCTIOK 1 

During the last two decades theoretical and experimental stud- 

ies in atomic collision processes have been stimulated by interest 

in such fields as gas scintillation counters, aeronomy of ■ehe upper 

atmosphere, astrophysics, radiation damage, reentry physics, con- 

trolled thermonuclear fusion, and gas lasers. Inelastic collisions 

involving electrons, ions, excited atoms and molecules at near- 

thermal »nergies make up an area of particular interest to spectro- 

scopists studying atomic and molecular structure as veil as the 

kinetics of collision processes and chemical reactions. Gas dis- 

charges, afterglows, shock tubes, flames, and molecular beams are 

but jcme of accessible laboratory techniques. The following effort 

has been dedicated to the investigation of inelastic collision proc 

esses occurring in a helium afterglow. This is, essentially, the 

study of excited helium in the time following the removal of the 

electrical source of excitation. This particular method lends 

itself to studies of thermal-energy collisions since the electrons, 

ions, and excited species have been allowed to relax to a kinetic 

temperature near to that of the ambient gas (—SOO^C corresponding 

to an average energy of 0.01* eV.) before the measurements are per- 

formed. 

*vss* 



1.1 Properties and Origin of the Afterglow in Pure Helium 

A considerable number of studies of atomic and molecular col- 

lision processes occurring in afterglows of discharges through 

helium have been reported in the literature. Various methods have 

been used to study properties of this afterglow determined by the 

thermal-energy collision processes to be investigated. The princi- 

ple experimental techniques include : (l) Langmulr probes; (2) radio 

and microwave frequency methods; (3) mass spectroscopy; (h)  optical 

absorption; and (5) emission spectroscopy and interfercmetry. 

Langmuir probes have been used to measure electron and ion den- 

2 
sities as well as mean electron energies in afterglows and plasmas . 

Numerous problems have been encountered in the interpretation of 

experimental probe data and considerable work is required to obtain 

meaningful measurements. 

A microwave probing technique has been developed by Biondi and 

3 
Brown to measure the spatially averaged electron densities in the 

afterglow. Resonant frequency shifts of a microwave cavity caused 

by presence of an afterglow axe interpreted in terms of a coaplex 

dielectric constant of the ionized gas from which the average elec- 

tron density and electron collision frequency can be calculated. 

Because the microwave signal is sufficiently weak not to disturb 

the electron energy, this method has found wide vse in determining 

the removal processes of free electrons in the afterglow. 



3 
Maes spect.roscopy recently has teconie one of the most Important 

methods used in the Identification and concentration measurements 

of the ion species in tht sfterglov * , The differentially pumped 

radio-frequency macs spectrometer has sufficiently fast response to 

6 
follow ion decay as a function of time . Analysis of ion products 

and inteimedlates of charge transfer and other ionization reactions 

gives quantitative information concerning the mechaniaui a«?d paths 

of the reactions studied. 

Afterglow optical absorption method refers specifically to the 

detection and concentration measurements of metastable and in some 

7 
cases ground state species . Fractional absorption of external 

radiation traversing the afterglow region by metastable atoms or 

molecules raising them to higher radiating states can be interpreted 

in terms of a concentration of the absorbj.^g species. 

Emission spectroscopic and interferometric techniques refer to 

the considerable amount of information available from an analysis 
o 

of optical radiation emitted from afterglows . Intensities of 

atomic and molecular radiation can be interpreted in terms of 

relative concentrations of emitting species. The time development 

and decay of excited state populations can be generally analyzed 

in connection with other afterglow measurements such as electron, 

ion, and metastable concentrations to detennine the histories of 

the species and their decay and formation rates. The kinetic energy 

of radiating species can be calculated from the observed widths of 

o 
the Doppler broadened emission lines . In ionized gases in which 
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the radiating species are subject to strong electric fields, the 

emirsion line profiles are broadened by the Stark effect from which 

information about the electron density can be obtained . High 

resolution measurements of the line profiles are generally made with 

Fabry-Perot interferometers. 

As each aethod yields measurements of the afterglow parameters, 

the investigation of a particular atomic or molecular collision proc- 

ess generally requires a selected combination of various techniques. 

Recently, Mosburg  determined the helium atomic ion-electron reccan- 

bination coefficient as a function of electron density and tempera- 

ture by applying several of the enviously mentioned techniques to 

tudy the afterglow in helivi. Measurements of the atomic line 

intensities and wheir project brightness profiles, the electron 

density and t^tperature, and the optical absorption by metastables 

were made as a function of time after cessation of the discharge. 

In afterglows of an electrical discharge thru helium, the prob- 

lems of the origin of atomic and molecular emissions and their re- 

lation to electron-ion recombinaclon processes have received a con- 

siderable amount of attention in the litereture. Early measurements 

of the electron-ion recombination coefficient were made by observing 

the decay of electron density as a function of time by the microwave 

cavity method ' ' . These results were complicated by failure to 

take intj account the electron decay due to diffusion in higher 

13 22 ih 
order modes . It was the opinion of several investigators ' 

k 
that only the experiment of Chen, Leiby, and Goldstein had pro- 

duced am afterglow which was recombination controlled. 

,wmL JL r- 



5 
Until recently the observed decay of electron density in the 

helium afterglow was interpreted to proceed primarily hy dissocia- 

+ 12 
tive recombination of He«  , Develppment of the theory of 

^lllsional-radiative recombination by Bates, Kingston, and 

McWhirter  suggests a coUislonal radiative mechanism for the 

electron-ion recombination process. Moreover, the newly revised 

l6 
molecular helium potential curves by Mulllken  predict small rate 

constants for the dissociative-recombination reaction except in the 

case where the molecular helium is vibrationally excited. The 

mechanism of co5J.lsiona3-radiative recomblnatioii nas the form of a 

three-body reaction where the third boäy Is usually an electron 

which can absorb the energy defect of the reaction as kinetic 

energy, i.e. 

He+ + e + e - He* + e (l.l) 

and He2 + e + e - He« + e (1.2) 

*     * 
where He and Hep represent the excited upper states of the transi- 

tions producing the afterglow emission. 

Results obtained from spectroscopic studies of the helium after- 

glow occurring in a flow system have been interpreted to support the 

17 
collisional-radiative recombination mechanism . Hinnov and 

18 
Hirschberg  who investigated the recombination rate and character- 

istics of the atomic emission in a magnetically confined afterglow 

of the B-l stellarator discharge, attributed the atomic emission to 

a three-body recombination process of the type (l.l). The critical 

11 
investigation by Mosburg  of the time dependence of atomic and 

-—¥■ ■■- ■ ^^«m-^» 



molecular emissiou intensities, electron density and temperature, 

and metastable helium density gives values for the atomic ion- 

electron recombination coefficient in reasonable agreement with 

collisioaal-radiative recanbination theory. Recently, Gerber, 

19 Sauter, and Oskam  made simultaneous optical and mass spectro- 

scopic measurement."' of the atomic and molecular radiation and of 

tiie corresponding ion densities as a function of time after the 

discharge. Analysis of the two sets of measurements strongly 

indicate that the three-body reactions predicted by the collisionai 

radiative recombination theory are responsible for the observed 

Ih 
results. Ferguson, Fehsenfeld, and Schmeltekopf  give a compre- 

hensive discussion of the new theoretical developments as well as 

experimental measurements associated with the molecular helium 

ion-electron recombination problem. 

1.2 Impurity Spectra Excited in a Helium Afterglow 

An electric discharge maintained through a mixture of rare gas 

with trace quantities of a second gas has been used by spectro- 

scopists for nany years as a source of radiation of the trace gas. 

This source has proved to be useful as a method to study normally 

occurring weak band systems or those strongly overlapped in dis- 

20 
charges through the pure gas . 

Early investigations of the selective-excitation of impurities 

21 
in helium discharges were carried out by Duffendack and Smith , 

22 23 2k 
Takahashi , Richardson , and  others . me resulting spectra 

w*^. 



7 
were first attributed to inelastic collisions with the helium atonic 

1     ^ 
ion and metastable atoms in the 2 S and 2JS  states. There was a 

considerable amount of difficulty in interpreting xhe selectively- 

excited spectra in terms of energy conservation and Franck's reso- 

nance rule applied to collisions of the second kind with the pre- 

25 
dieted energetic helium species. Meyerott  surveyed the literature 

on spectra excited in a hel van. discharge and suggested inelastic 

collisions with molecular helium ions and metastable molecules in 

the a^C state to be responsible for the discrepancies observed in 

the resulting spectra. Moreover, he deduced energies of the 

metastable molecule and molecular ion fron levels of the observed 

spectrum. Meyerott's calculated values for repulsive energy of 

the ground state molecule upon deexcitation of the metastable mol- 

ecule and ion suffered from uncertainties in the known helium mol- 

ecular energies. A definite correlation of the selectively- 

excited spectra with energetic helium species was undoubtedly com- 

plicated by appearance of emission spectra excited by collisions 

with high energy electrons in the discharge. 

26 
Herman, Felenbok, and Herman  investigated population distri- 

butions over vibretional levels of the BE state of Ng excited in 

the afterglow of a helium-nitrogen discharge. The distribution 

was cempared to that observed for excitation of CO by inelastic 

27 
c ollis ^ )ns with metastable Xe . The effect of energy resonance on 

population distributions was found to be much sharper for collisions 

without ionization. 

"nnwn 



8 
To avoid many difficulties in interpreting selectively-excited 

28 
spectra occurring in a discharge, Collins and Robertson investi- 

gated excitation of several gases added to a flowing, steady state 

beliua afterglow. Excitation of the added gases was attributed 

exclusively to collisions of the second kind with energetic helium 

species normally occurring in the afterglow. Excitation by colli- 

sions with high energy electrons common to discharges was considered 

negligible due to low electron temperatures present in the after- 

29, 
glow * ' A study of excitation processes responsible for the impu- 

rity spectra was presented in which a correlation of the excited 

levels with energetic helium species was made. Several techniques 

were developed which produced afterglow conditions favoring an 

individual excitation mechanism. The relative occurrence of 

reactions involving He(2 S) or Hem, He , and Het was found to de- 

pend on downstream pressure. A microwave field applied to the after- 

glow quenched ion reactions relative to the metastaMe. A third 

difference in the observed, spectra v&s  the rate of decay of ener- 

getic species as a function of time  or axial distance downstream 

fron the discharge. 

30 
Recently, Robertsor»  analyzed the distributions of population 

over the vibrational levels of the An - Xn and b S - a IT systems .%.A   -■A-   K 

of 02 and the B X - AS system of N« selectively excited in a helium i2^ - A 

afterglow. For euch band system studied, no enhancement of popula- 

tion was observed for those levels of close energy resonance with 

the exciting species but the population distributions v ^roximately 
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followed that predicted oy the Franck-Condon principle for excita- 

tion from the ground state. 

1.3 Fraction Kinetics in a Flowing Steady State Afterglow 

Within the last decada, thermal or near thermal energy reactions 

have received considerable attention in the literature with partic- 

ular emphasis or reactions of interest in aeronomy. Improved meth- 

ods for defecting and identifying reactants and products such as 

development of mass spectioscppic techniques have resulted in a 

considerable amount of data on rate constants of thermal energy 

reactions. Present experimental techniqjaes for studying low energy 

reactions have been discussed by Paulson  which include; (l) in- 

ternal ionization, (2) pulsed source, (3) drift tube, (k)  ion and 

neutral beam, and (5) afterglow methods. In addition to the 

electron-ion recombination problem discussed briefly in Section 

1.1, ion-molecule, charge transfer, and Penning ionization reactions 

are studied in afterglows. 

Numerous recent reviews of e.-perimental and theoretical 

Investigations of low energy collision processes are available. 

32 
Particular attention is directed to the worK of Glese  for ion- 

molecule reactions with an emphasis on mass spectroraetric meas- 

33 
urements. Ferguson, Fehsenfald, end Sclaneltekcpf  have summa- 

rized the theoretical studies of thersal ene^jy ion-molecule reac- 

tions and have compared available exp^rimex   -ata with the various 

theoretical models. In another recent study, Stebbings^ reviewed 
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many theoretical and experimental areas of charge transfer reac- 

tions and gives references of important work in the field. Penning 

ionization reactions and general collisions of electronically ex- 

35 
cited atoms and molecules are discussed in the works of Hasted , 

McDaniel , and Muschlitz37. 

The technique of using afterglows of gas discharge for studying 

thermal energy reactions gained considerable interest with improve- 

ments in ion detection methods brought about by mass spectrometric 

techniques. Steady-state concentrations of ion, electron, and 

metastable species in an afterglow are governed by rates of proc- 

esses such as electron-ion recombination, ion-molecule reactions, 

charge transfer, radiation. Penning ionization reactions, and dif- 

fusion. The technique of measuring rate coefficients for thermal 

energy reactions by observing the temporal and spatial dependence 

of reactant concentrations requires detailed description of other 

processes affecting the reactants. Fite et al , Langstroth and 

Hasted , and Sayers and co-workersJy studied thermal energy reac- 

tions between ions and neutrals in afterglows of gas discharges 

where reactant and product concentrations were monitored by high 

speed mass spectrometric methods. 

As an extension to the static afterglow technique, Ferguson 

kO 
and h' colleagues  developed a flowing steady-state afterglow 

system in which a wide variety of thermal energy reaction rates 

have been measured. Reactants and products are detected with a 

radio frequency mass spectrcmeter located downstream from the 
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reaction. A fast pumping system capable of producing flow veloci- 

k -1 ties on the order of 10 cm sec  enable fast reactions on the 

-9  3   -1 order of 10  cm sec  to be measured with uncertainties leas than 

l.k   Description of Present Experiments 

Rate coefficients for thermal energy reactions involving sev- 

eral reactant gases with long-lived energetic helium species are 

measured in a flowing steady state helium afterglow. The helium 

reactants include the (2^8) metastable atcm, Hem, the (a"^) 

metastable molecule. Hep, the ground state atomic ion. He , and 

the ground state molecular ion, Hep. Reactant gases added to the 

helium afterglow include the species Ar, Kr, K2, Op, Hp, NO, CO, 

and COp. 

A general technique is developed for measuring rates of reac- 

tions of energetic helium species with neutral reactants added to 

the afterglow. The observed rate constants are compared to values 

measured by other techniques when available. Decrease in helium 

concentration as a function of added reactant flow rate is inter- 

preted in terms of a rate constant for the reaction. Relative 

concentration measurements of the helium species are made by intro- 

ducing a "second reactant" to the afterglow and monitoring relative 

intensities of the resulting spectrum. Individual reactions involv- 

ing a single helium species are studied by observing those transi- 

tions of the "second reactant" whose upper states are preferentially 

excited by the energetic helium species to be measured. 

.mijmifim^,.  ii. 



12 

ID the search for emission spectra of various reactants selec- 

tively excited by a single helium species, nitrogen was found to 

produce a number of strong band systems of Np which merit further 

study. Particular attention is given to the analysis of rotational 

and vibiatlonal population distributions of the ITE - Xi,  first 

negative system for the following reasons; (l) it is the most 

readily observed band system of Np in different sources including 

Impurity excitation in helium afterglows, (2) the vlbrational levels 

are in close energy resonance with the energetic helium species, 

He and Hep, (3) Franck-Condon factors are known for excitation 

from the ground state of Np, and (U) relative population distribu- 

tions over the rotational levels of the (1,0) band which are per- 

turbed by the close-lying levels of the An state, contain addi- 

tional information about formation and relaxation mechanisms for the 

ITS and A n states. 

A study of population distributions over the vlbrational levels 

2   2_     2 + 
of the excited A T» BE, and D TI states of Np is made under dif- 

ferent experimental conditions designed to change the concentrations 

of exciting helium species relative to one another. Rotational 

population distributions are measured in the (0,0) and (1,0) bands 

of the BL  - XL first negative system for the same set of condi- 

tions. Relative intensities of perturbed and unperturbed lines in 

the (1,0) band are analyzed in an effort to give insight into 

mechanisms of formation of excited levels and mechanisms of collls- 

ional energy transfer. In addition to the selectively-excited 
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altrogen spectra, the short-lived "pink" afterglow**'1" of an electri- 

cal discharge through pure nitrogen wus studied a& a source of Np 

emission. 

A model consisting of the reaction mechanisms involving ener- 

getic helium and nitrogen is presented to account for the obterved 

excited state nitrogen products. 
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II    EXPfiRIMENTiM. APPARATUS AND TECHNIQTJS 

2.1 Geueral Description 

The experimental apparatus consisted of three separate flow sys- 

tems in which thermal-energy reactions and the corresponding emis- 

sion were studied in a eteady-state afterglow of helium with added 

reactant gases.  The basic differences between the three arrange- 

ments were the mode of excitation of the £.as, the flow rate, and 

the pressure reuige. 

The lower pressure-larger diameter system is shown in Fig. 2.1. 

The discharge-afterglow reaction vessel was a pyrex tube of 900 mm 

length and 59 JW» diameter. Pure helium (less than 10 ppm total 

impurities) was introduced into the system as the carrier gas. Im- 

purities such as nitrogen, oxygen, hydrogen, and water vapor were 

decreased by another order of magnitude by passing the helium 

through an activated charcoal trap cooled to liquid nitrogen tem- 

perature . 

Prior to the discharge region, the gas flow was interrupted by 

a medium fritted disk which was used to establish a unifonn flow 

over the diameter of the tube at that point in the flow. When the 

pumping parameters were adjusted to give laminar flow with no tur- 

bulence, the velocity profile of the carrier gas was known as a 

function of distance down the tube. With such a parabolic velocity 

h -1 
distribution, average velocities on the order of 2 x 10 cm-sec 

3   -1 were obtained with a flow rate of 185 atmosphere-cm sec  and a 

downstream pressure of 0.6 torr. 
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Excitation of helium was produced in a continuous d.c. discharge 

maintained between a stainless steel hollow cylindrical cathode 

65 mm diameter by 80 mm long and a 65 mm grounded-ring anode. Volt- 

age was applied to the discharge throujh a resistor of 3000 ohms and 

incident power varied from 5 to 80 watts. Except when the depend- 

ence of discharge power was studied, the kinetic and spectroscopic 

measurements were performed with an incident power of 20 watts. 

This typical operating condition was chosen as a compromise between 

maximum afterglow intensity and a minimum of electrode sputtering. 

It is now known that aluminum electrodes cause much less sputtering 

than stainless steel or nolybdenum. 

To determine the effect of photo!onization of reactant gases by 

Uelium resonance radiation, the discharge was operated in a single- 

pulse manner. Breakdown of the flowing helium was acconplished by 

charging a 105 microfarad 2500 volt capacitor to a value (—350 volts) 

slightly below breakdown and then initiating the discharge with a 

trigger pulse from a trigger transformer. From the transformer 

circuit, a pulse of about 1 volt was used to trigger the horizontal 

sweep of a cathode ray oscilloscope whose vertical deflection was 

connected to the photomultiplier of a grating monochrometer. 

Downstream from the discharge in the afterglow region, two ports 

were provided for adding reactant gases at distances of 3 and ih cm 
k -1 from the anode. With an average flow velocity of 10 cm sec , 

these distances corresponded respectively to times of 0.3 and l.k 

milliseconds after the discharge. In the region of each reactant 

— ■ p» '■- 
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gas input port, fused quartz windows transmitting up to 50$ at 

ITOCfi were provided for spectrosccpic measurements. The reactant 

gases were added with flow rates small compared to the helium flow. 

Pressure was measured with a capacitance manometer connected to 

the reaction tube by an on-off valve. A pressure range fron 0.2 to 

5.0 torr was used. In addition to the factory calibration, the 

manometer was calibrated against a McLeod gauge with a liquid nitro- 

gen cold trap. Helium was used because it was the carrier gas in 

the experiment and with the adied advantage that the systematic 

McLeod gauge error due to mercury streaming to the cold trap was 

expected to be minimum for helium. The manometer had a full scale 

sensitivity of 30 torr on the maximum scale and eight scale steps 

to a minimum full scale sensitivity of .01 torr. The overall accu- 

racy ox' the pressure measurements in the range 0.2 to 5-0 torr was 

better than 5^« This calibration was good for other non-condensible 

gases since the manometer was 1 ^sensitive to the type of gas meas- 

ured. 

The vacuum punq? used to obtain high flow rates of helium was a 

Roots blower high speed pump backed by a mechanical rotary pump 

capable of speeds ox better than 500 liters-sec . The actual pump- 

ing speed at the end of the reaction tube was reduced by impedance 

due to the connecting lines and valves. Kinetic and spectrosccpic 

measurements were performed with the pump valve open since the 

faster flow rates were normally required to spatially resolve the 

afterglow times down the reaction tube. The pressure could be 
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changed for a given mass flow rate by control of a valve at the 

exhaust of the reaction tube 

A second flow system designed to operate with a downstream pres- 

sure range of 1 to 20 torr was a scaled-down model of the d.c. 

dischJirge-afterglow system shown .n Fig. 2.1. The reaction vessel 

was a pyrex tube of 500 mm length and 19 mm diameter. The pumping 

system, mode of excitation of helium, method of adding reactant 

gases, and observation of afterglow emissions was similar to the 

first system described previously. 

The higher pressure flow system in Fig. 2.2 was used primarily 

for spectroscopic studies of nitrogen excited in the helium after- 

glow, the "pick" afterglow of a pure nitrogen discharge, and the 

pressure dependence of rotational perturbations in the nitrogen 

emission spectra. The entire system shown in the figure was made 

of pyrex with separate components for greater flexibility. The dis- 

charge part of the tube was connected to the main reaction vessel 

with a standard taper ball and socket Joint vactsum sealed with 

Apiezon hard wax. The charcoal trap was similarly connected to the 

discharge tube by a standard taper Joint. In this manner, both the 

discharge tube and trap could be changed for /arious experiments. 

Pure helium from the liquid nitrogen-active charcoal trap flows 

2 
through a deLaval nozzle to the main reaction chamber . One type of 

discharge nozzle used was a pyrex tube of 11 mm I.D. which was con- 

stricted abruptly to a 0.5 mm diameter opening and then formed a 

gradually diverging taper to 11 mm I.D. again. Variations on this 

^pw^RS^" 
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design were used. High pressure operation required a smaller diam- 

eter discharge tube of T ram I.D. A similar quartz nozzle was 

available for use with continuous high power operation because of 

the large amounts of heat generated. 

The discharge was maintained in the region of the nozzle by a 

high frequency field of 2^50 Mc sec  coupled to the gas by a 

l/U-wave cavity of a special design . The source of microwave power 

was a fixed-frequency magnetron and power supply capable of 125 

watts maximum power. The position and tuning of the cavity was 

optimized by maximizing the helium afterglow intensity. This condi- 

tion corresponded closely to a minimum in the reflected power from 

the cavity. Since the experiment was suspected to depend upon the 

presence of microwave fields in the afterglow and reaction region, 

the microwave cavity was shielded with aluminum foil. The presence 

of stray fields in the afterglow region have the effect of increas- 

ing the electron temperature which Increases the ambipolar dif- 

fusion of electrons and positive ions less to the walls. 

Reactant gases were added to the helium flow 10 to 15 cm down- 

stream from th'3 discharge at flow rates small cempared to those of 

helium. Mixing was accomplished by adding the reactants in the form 

of a concentric sheath as shown by the insert in Fig. 2.2. In the 

same region, an additional port was provided for adding a second 

reactant gas. With this configuration, the two reactants were added 

to the helium afterglow approximately in the same region and dif- 

ferentiation between the resulting: emission for each reactant was 

not attempted. 
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A fused quartz window was provided at the region of mixing for 

spectroscopic investigations. The axis of the reaction tube was 

supported in a vertical direction since the spatial extent of the 

emission region could more easily be focused to fill the vertical 

spectrometer slits. 

Pressure was measure by a Bourdon tube gauge with a maximum 

reading of 100 torr. Downstream pressures of 1 to k-O torr were 

used with pressure upstream of the nozzle estimated to be at least 

one order of magnitude larger. A mechanical rotary pump was used 

wit.h a capacity of 65 liters-sec' since high flow rates were not 

necessary with the relatively high pressures used. A valve at the 

exit of the reaction tube was used to change toe downstream pres- 

sure for a given helium flow rate. 

The glassware in both systems was cleaned by washing with soap 

and hot distilled water, rinsing with distilled water, etching with 

a 12^ hydrofluoric acid solution, and then rinsing again with dis- 

tilled water. The individual pieces of glassware were vacuum con- 

nected to each other either by welding or by standard taper ground 

glass joints. Each joint was sealed by Apiezon hard wax with a 

softening temperature of 80 C which provided a rigid joint at room 

temperatures. This method generally gave fewer leaks than lower 

temperature vacuum greases. The glass reaction tube wan connected 

to the pump and flow control valve by vacuum tight epoxy seals to 

metal flanges. The remaining vacuum connections to the discharge- 

afterglow tubes were made interchangeable by using l/h  inch O.D. 

syiwam^, i^^JJiiu. 
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tubing. In this manner, standard \/k  inch plumbing fixtures, 

tubing, anc   ^a could easily be used. Polyethylene tubing was 

used for interconnecting the various components. When the tubing 

was used on the high vacuum side of the valves, the length was 

kept at a minimum to lessen the possibility for leaks and outgassing. 

As optical spectrometers were the primary diagnostic tool used 

in the experiment, their interchangeability and optical alignment 

were made easier by placing the reaction regions and the corre- 

sponding fused quartz windows at a height of 1 meter from the floor. 

In a similar manner, the various spectrometers were rnounted 1 meter 

from the florr on casters and could easily be moved to the different 

systems and aligned. 

Whenever a discharge-afterglow system was initially constructed 

or brought to atmostpheric pressure, the entire system including 

the Interconnecting tubing was pumped for about 2h hours before an 

experiment was started. 

2.2 Gas Flow Apparatus and Techniques 

The quantitative study of reaction kinetics in a fast flow sys- 

tem requires careful consideration of the gas flow in the reaction 

tube and the method of mixing of ;he reactant gases. The flow rate, 

Q, is defined a'j the product of the volumetric flow thru a plane 

normal to flow and the pressure at that point, 

Q = PdV/dt (2.1) 

3   -1 where units are torr-cm sec . Flow in a cylindrical tube is 
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classified as laminar when the ratio of the mean-free-path, L , to 
h 

the radiue,, a^ of the tube satisfies the inequality . 

L /a < 0.01 (2.2) 

In the present experiment, the mean-free-path for helium at a tem- 

perature, T = 3ÖCiK,  and an average pressure, P = 0.6 torr, was 
-2 k 

given to be L = 2.5 x 10  cm . With the radius of the cylindrical a 

reaction tube, a = 2.95 cm, the condition for laminar flow is satis- 

fied since Eq. (2.2) gives the value, La/a - 0.009. 

It has been experimentally shown for the laminar flow region, 

the flow can be described by by Poiceuille's equation, 

k 

where 1 is the tube length, Tl is the viscosity of the gas^ P. and Pp 

are the upstream and downstream pressures measured a distance 1 

Q = 5STP(PO-PJ (2-3) 

apart and P is their arithmetic mean value. The average velocity 

across a plane normal to the axis of the tube at a pressure, P, is 

defined by 

Z=  Q/na2? (2.10 

As the radial pressure gradient of the gas flow is rendered uniform 

by the location of the fritted disk in the flow pattern, the radial 

velocity distribution downstream is best described by a parabola. 

The velocity at the center of the tube is then two times the average 

while the velocity at the walls is zero. Under tlris assumption, the 

velocity at a given distance, r, from the axis of the tube is given 
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u » 2 ü(l - ^r2/d2) (2.5) 

Kaufman has pointed out that serious errors can arise for 

kinetic experiments In fast flow systems If certain llmltacions, 

such as volume and surface reccmblnattcn, diffusion, and viscous 

pressure drop down the tube, are not accounted for. Helium ion re- 

combination and diffusion will he considered in the fc-'mulation of 

the reaction rate equations in Section 5«1' The magnitude of the 

viscous i/essure change down the tube can be calculated fron 

Poiseuille's equation. Following the discussion of Kaufman, Eq. 

(2.3) reduces to the following expression for small AP. 

AP/^ = 1.15 ^ 10"*6 üj/ a2 (2.6) 

~h        -1  -1 
in which the helium viscosity was 11-1.9x10  gem sec  at a 

temperature, T - 30uK , For an average downstream pressure, P = 

0.6 torr, the corresponding flow rate with the high speed pump open 

was Q = l.k x. ICr  torr-cm sec  . Taking the average velocity, 

—        ^     -1 
u = 8.5 x 10"' cm sec  calculated from Eq. {2.k)  and substituting 

in Eq, (2.6), the viscous pressure drop over an axial distance of 

about 1 ^ 14 cm becomes AP = 0.015 torr. The relative pressure 

change, AP/P, is then below 5^ and a distance of approximately 50 cm 

would be necessaiy to record a 1036 change in pressure. 

The application of kinetic equations for chemical reactions in 

flow systems is directly dependent upon the velocity diflt:~xbution 

in the form of the reaction time, T, defined as 

r = l/n (2.7) 

where 1 is a reaction distance determined by the location of the 
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reacten? gac ixsput  and the detection region. For a parabolic veloc- 

ity distribution represented by Eq. (2.5), there is a distribution 

of reaction times with-the average being twice the minimum. The 

question then arises as to whether the average reaction time should 

be used in the kinetic equations or a different time determined from 

the characteristics of the reaction such as flow and reactant mixing 

considerations. 

7 
Ferguson, et, al. have used the visible helium afterglow to 

obtain a number for the average velocity. This was accanplished by 

pulsing the discharge and then detecting the onset of the afterglow 

downstream with a photomultiplier which could be moved the length 

and width of the reaction tube. The time between the discharge 

pulse and the afterglow arrival was interpreted as the flow time to 

that point. 

A somewhat different method was used in the present experiment 

to measure the reaction times because of the different diagnostic 

methods used. The volumetric flow rate, dV/dt, was determined from 

the linear portion of the pressure increase in a calibrated volume 

into which the helium flow was introduced. Then, in the reaction 

tube, the flow rate was calculated from the expression. 

Q . PaV/at (2.1) 

By operating in the laminar flow region, the average velocity was 

calculated from Eq. (2.k).    However, a correction to the average 

velocity must be made as follows. The spatial extent of the nitro- 

gen and carbon monoxide emission region used in the detection of 

^y—«w 
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the excited helium species depended upon the flow and mixing param- 

eters. Since the emission was used aa a source for the spectrometer 

and at the same time was clearly visible, the estimated source 

height corresponding to the diameter of the emission was interpreted 

as a "effective" diameter of the flow pattern. For example, if the 

emiseion intensity was monitored for reactions occurring in a suf- 

ficiently narrow region along the axis of the tube, the maximum 

velocity or twice the average velocity would be used to calculate 

the reaction time. The average velocity for an Imaginary cylinder 

concentric with the axia of the reaction tube and with a diamter 

given by the emission source height was calculated. From Eq. (2.5), 

the velocity component at a distance r from the axis is, 

u = äl0(l> /d 2) (2.5) 
o 

where u is the average velocity corresponding to the actual diam- 

eter of the tube, d » 5-9 cm. The volume of gas flowing ciuough a 

concentric cylindrical tube of diameter, d, is then, 

fa/ , 
q = I 2 2rTr u dr  cm aec" (2.8) 

o 

Substituting Eq. (2,5) for u and integrating, 

q = ^! (l.jii)       (2.9) 

2       2d 
O 

As in Eq. (2.U), we can define an average velocity for the imaginary 

cylinder to be. 

U = TT,dj2 (2.10) 
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and obtain the following table for use In the kinetic studies. 

TABLE 2.1 

Source Diameter Average Velocity 

A - -1 d cm u cm sec 

1 1.97uo 
2 1.89 

3 l.lh 
k 1.5k 

5 1.28 

5.9 1.00 

A schematic diagram of the flow apparatus is given in Fig. 2.3. 

In addition, a fully developed velocity profile as described by 

Eq. (2.U) is shown downstream as wouM be expected for the laminar 

flow region. A large number of reactant gases added to the helium 

afterglow rep-t with the energetic helium and eaucc visible emis- 

sion. The extent of the emissiou rsftion as a function of reactant 

flow rate can yield qualitttivi information about the method of 

mixing and the rapidity of mixing. When reactant gas is added in 

large exceos, the downstream edge of the emission region appears tc 

form a parabola. Although no quantitative aeaRurements were made, 

this edge approximately' fits the calculated velocity profile for 

the experinental flow conditious. Reactant gases were added to the 

helium afterglow at flow rates small compared to the carrier gas, 

and are assumed to diffusive mix with the hflium to yield a uniform 

concentration. 
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Each input reactant line is provided with an on-off valve used 

in conjunction with a fine metering valve labeled "M" in Fig. 2.3. 

Fine-metering valves were used to set the gas flow with a relatively- 

fine adjustment. 

Volumetric flou rates were measured fron the resulting pressure 

increase in a calibrated volume. The capacitive manometer described 

in Section 2.1 occupies two places in the figure for clarity. Two 

on-off valves were provided such that pressure could be measured in 

either the reaction tube or the calibrated volume. V . A recorder 
o 

was driven by the output of the manometer in order to give a perma- 

nent record of the changing pressure as a function of time. The 

calibrated volume was a steel cylinder connected to an auxiliary 

pump through a gate valve. The volumt of the cylinder was carefully 

3 
measured to be. V = 5955 cm . In order to measure volumetric flow 

' o 

rates using the calibrated volume, the gas flow was first set with 

the fine metering valves. With the volume evacuated and closed to 

the auxiliary pump, the flow was redirected into the volume with 

the appropriate on-off valves. With a record of the change in pres- 

sure as a function of time, the differential, dP/dt, could be meas- 

ured from the graph for the linear portion of the change. For the 

kinetic experiments, the flow rate was measured both before and 

after a measurement. The estimated accuracy of this method was 

better than lOjt. 

In addition to the calibrated voliane tecnnique, a floating-ball 

type flowmeter was used to measure the reactant gas flows. The 
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float was an l/l6 inch sapphire hall and the flovmeter WHS cap*b.le 

3   -1 
of measuriug nitrogen flow rates up to 1.6 cm sec ' at NTP. In 

the flowmeter line, a 100 psi fMil-scale Bourdon type pressure meter 

'«is connected such that the upstream pressure could be set accu- 

rately at the calibration value. The estimated accuracy of the 

floating-ball type meter was lOJt. 

2.3 Spectroscopic Apparatus and Technique 

Several spectrometers were used in this research including a 
o 

Fastie-Ebert uonochromator with photoelectric detection, a low 

9 
resolution Bass-Kessler grating spectrograph , a Huet double quartz 

prism spectrograph. The photographic spectrometers were used to 

obtain spectra of the helium afterglow and nitrogen emission in the 

wavelength region 2260 to 8500A. The grating monochromator was 

used for the high resolution spectra, helium absorption and other 

relative intensity measurements. 

Low resolution photographic spectra in the wavelength region 

3900 to 85OOi?was obtained in the first order with the Bass-Kessler 

spectrograph with a grating of 1200 lines per mm ruled over a 65 mm 

width and blazed for 5000 8. The instrument has a focal ratio of 

f/5.6 end the camera accepts a 3 l/U x h l/k glass plate. Eastman 

Kodak 103a-F and hypersensitized I-N plates were used in the 3900 

to 6000 Ä and 6000 to 85OO Ä wavelength regions respectively. The 

hypersensitization process carried out in total darkness involved 

washing the I-K plates in 12^6 ammonium hydroxide bath for 3 minutes, 
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rinaiag ia methyl 6ü.cohol for 2 minutes, and then rapid drying in a 

flow of dry air for 5 minutes. Using 100 micron slit widths, 

exposure times varied frcci about 5 seconds for the strong nitrogen 

band systems to 90 minutes for some weaker systems in the near 

infrared region. 

A second Bass-Kessler spectrometer with quarta optics having a 

grating with 1200 lines per mm and blazed at 3000 S in the first 

order -was used for the wavelength region 2300 to 3900 Ä. Eastman 

103a-0 spectroscqpic plates were used. With 100 micron slits, 90 

minutes was the longest exposure time used. 

In addition to the quartz Bass-Kessler, the Euet quartz prism 

spectrometer w!.th a f/3.5 fooal ratio was used in the region 2260 

to 3000 A where its resolution was comparable or better than the 

grating instrument- 

The grating monochromator was a double pass, 0.8 meter Fastie- 

Ebert mount with a focal ratio of f/lO and employed photoelectric 

detection. The grating with 1200 lines per mm ruled over 65 mm 

width was blamed for 5000 A in the first order. Measurements of 

the rotational structure in the excited nitrogen band spectra were 

Tiade in the second order of the grating and with 6 and 10 micron 

wide curved slits giving a resolution of about 100,000 and 80,000 

respectively. Observations of the relative vibrational and elec- 

tronic populetions were usually made in the first order with 200 

and 500 micron curved slits. The photomultiplier was an EMI 9558Q 

with a S-20 response and a quartz window. With this arrangement. 
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the wavelength range capability of the monochromator was 2000 to 

8250 A. To improve the signal to noise, the tube was operated in a 

cooled manner with dry ice. The photomultiplier was connected to a 

fast response picoannneter whose output drove a 10 millivolt recorder 

with a 1 second response. 

The relative intensity response as a function of wavelength was 

calibrated for the ccnrplete spectrometer including filters with a 

special factory calibrated irradiance standard composed of a high 

temperature quartz-iodine lamp and power supply. The determination 

of the spectral response of the monochromator was made for the wave- 

length region from 2500 to 8250 Ä. 

When the source height does not fill the collimator of the 

spectrometer with light, a common practice is to use a condensing 

lens to form an image of the source at the slit position in order 

to increase the illumlnatioi* of the spectrometer. With this optical 

arrangement, each point on the slit and hence each point on the exit 

slit was illuminated by a different point of the source. The nitro- 

gen emission excited in a helium afterglow appears inhomogeneous to 

the eye and the method of quenching of the nitrogen band systems 

relative to one another changes the emission source in a nonuniform 

way. Therefore, a different method of illumination was used in the 

present experiment to reduce the difficulty of the nonuniform illumi- 

nation. The condensing iens was placed near and in front of the 

spectrometer slit such that the source was reimaged on the colli- 

mator mirror. The source distance and focal length of the 

TEwspy^ggs 
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condensing lens could be adjusted to either magnify or danafe. ify 

the source such that its image just filled the collioator. Uniform 

illumination of the slit was obtained since each point on the source 

sends light to each point on the slit. 

For absorption measurements by the metastable helium, a second 

d.c. discharge with flowing helium was set up behind the reaction 

tupe along the axis of the grating monochromator. The flow and 

power applied to the discharge could be varied to give a steady 

bright atomic helium light source for the Hel 3889 A line. 

In order to measure the afterglow emission intensity as a func- 

tion of time for pulsed operation of the discharge, the grating 

monochranator was used with 200 micron silts. The output of the 

photcmultipller was connected directly to a cathode ray oscilloscope 

through a high gain differential amplifier with a sensitivity range 

of 1 millivolt to 50 volts and a band width for the 1 millivolt 

range corresponding to 0,3 Mc/sec. The output of the photcmulti- 

pller was recorded on Polaroid film. 

2.k   Helium Purity 

It is a well known problem that small concentrations HlO ppm) 

of inrpurities such as nitrogen, oxygen, hydrogen, and water vapor 

have a large quenching effect on the afterglow intensity in a helium 

flow system '   In many cases, the impurity concentration is 

approximately the same order of magnitude as that of the helium ion 

and metastable atom. Energetic helium species responsible for the 
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afterglow emission are removed from the flow by charge transfer and 

inelastic collisions with the impurities. 

A significant part of this experiment is concerned with the 

excitation of nitrogen in the helium afterglow and the description 

of t c detailed reaction mechanisms. Nitrogen impurity in the 

helium could easily be excited in the discharge region and give 

erroneous results. A somewhat different problem would occur if 

significant amounts of neon were present in the helium. Collisions 

with metastable helium excited in the discharge excite energy 

levels of the neon atom, some of which are metastable. Then in 

the reaction tube, the neon metastable» could excite nitrogen down- 

stream and compete * ch the helium. 

There exists several methods for obtaining very pure helium al- 

though for the most part they ore used in static systems, Ca^-apho- 

11 
resis  is one of the best metl"'' '"or «emoving impurity gases, but 

could not be used for the present experiments because of the high 

flow rates needed. Another purification method allows helium to 

12 
leak through a heated quartz wall , but again the method is not 

easily useful for large flow rates. Helium obtained by carefully 

evaporating the liquid was found to remove neon but to contain sig- 

nificant amounts of hydrogen . The Sorption of gases by finely 

divided solids such as active charcoal and alumina has found wide- 

ly 
spread use in hlgh-vacman technique . This last method was used in 

conjunction with high purity commercially available helium in the 

present experiments primarily because the method can be used for 

high helium flow rates. 
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There is a large amount of information on the Sorption data for 

k 
activated coconut charcoal and the btmospheric gases. Dushman 

gives extensive tables for the volume of gas adsorbed as a function 

of gas pressui-e and charcoal temperature. In the present experi- 

ments, it would be instructive to know the relative amounts of 

impurity gases adsorbed by the activated charcoal when they are 

present in concentrations on the order of 10 ppm in the helium flow 

system. Two grades of helium were used; one commercial cylinder 

was rated as 99-9Tf> pure and the other was provided with an impurity 

analysis having a total concentration of 4.9 ppm. The relative 

concentrations of selected impurities were recorded by measuring 

the relative intensity of their characteristic emission in the 

afterglow region. The grating monochranator fitted with 200 micron 

slits was used to record the relative intensities of Ne, H, 0, OH, 

+     + 
Og, and Np as well as the atomic and molecular helium emission 

spectra. 

Intensities were recorded to compare the two grades of helium 

and to determine the effect of the activated charcoal trap operated 

at room temperature and at liquid nitrogen temperature. The ratio 

of the impurity intensity to the atomic helium intensity was used 

for comparison because of the difficulty in exactly reproducing the 

same experimental conditions for the different gases and trap situ- 

ations. Changes in the ratio of the measured intensities was not a 

direct measure of the impurity concentration because the helium 

'rf*9^? 
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emission intensity itself depends on the type and amount of impu- 

rity, but gave qualitative estimates. 

Whenever the flow system was opened to the atmosphere, the sys- 

tem was evacuated overnight after the charcoal had been heated under 

vacuum. The high pressure flow systeo in Fig. 2.2 was used with the 

reactant gas input ports sealed near the tube to lessen the change 

of outgassing. 

The microwave discharge was operated with an input power level 

of 20 watts to the cavity. Downstream pressure was maintained at 

2 torr except for the neon impurity measurements where a pressure 

of 32.5 torr was required. 

In Table 2.2, the results are given for the particular impu- 

rities that could be identified. The intensity ratios preceded 

with an inequality indicate possible overlapping systems and the 

actual impurity intensity may well be less than the stated values. 

It has been assumed that the relative concentrations of the impu- 

rities were proportional to their corresponding intensities. Rela- 

tive values quoted in the table should be taken to show order of 

magnitude changes, since several of the intensity measurements, 

particularly those quoted in columns C and F, were made with signal 

to noise ratios of about one. Mass spectral analysis of the type A 

helium by the Bureau of Mines contain the following impurity concen- 

tration (in ppm): Hg (O.O); CH^ (O.O); H20 (2.8); Ne (0.7); Ng 

(1.1); 02 (0.3); Ar (0.0); and C02 (0.0). Type B helium is stated 

to be of 99-STf> purity by the supplier. 
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TABLE    2.2 

I (impurity)/! (He U921.9S) 

ABODE 

Hp (4861) .42 .42 <.004 .110 .093 .012 

OH (3078) .023 .027 .001 .068 .062 .001 

Ng (4600) .053 .055 .001 .278 .276 <.003 

0 (4969) .026 .030 <.002 .042 .034 .004 

Og (5632) .006 .069 .003 .069 •057 .003 

He2(4650) .057 .051 .123 <.01 .012 .127 

*He2(4650)   .216 1.83 *r •- — •*. .081 .450 

*Me (5401) .065 .031 «285 .030 .038 2.13 

* Measured at a pressure of 32.5 torr 

A--Type A Helium, no trap 
B--Type A helium, roan temperature trap 
C—Type A helium, liquid nitrogen temperature trap 
D--Type B helium, no trap 
E--Type B helium, room temperature trap 
F—Type B helium, liquid nitrogen temperature trap 

For the impurity gases, nitrogen, oxygen, and water vapor, it 

is evident that the use of the activated charcoal trap at room tem- 

peratures has no particular advantage over the no-trap condition. 

On the other hand, cooling the trap to liquid nitrogen temperature 

decreased the impurity concentration "by one to two orders of magni- 

tude. The relative increase of the molecular helium emission com- 

pared to the atomic upon cooling of the trap could be related to a 

canplex excitation mechanism depending upon the metastable helium 

species. As the charcoal trap removes the impurities responsible 
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for quenching the energetic helium, the relative production of 

molecular helium is increased. If the assumption that the primary 

excitation of the neon is due to the molecular helium ion, then the 

relative change in neon should follow the molecular helium emission, 

which it does. 

=—-vsujjpiiiwaw""" 
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II Figure Legend 

2.1 Low pressure d.c, dir charge-afterglow flow syetenu 

2.2 High pressure microwave discharge-afterglow flow system show- 

ing cross section view of deLaval nozzle and reactant gas input. 

2.3 Schematic diagram of low pressure d.c. discharge-afterglow flow 

system and gas handling apparatus. 
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III ANALYSIS OF THE NITROGEN SPECTRUM 

Selective excitation of nitrogen added to a helium afterglow 

as a minority gas was studied by observing the resulting nitrogen 

emission under a variety of experimental conditions. The intensity 

distribution among the excited electronic states is interpreted 

in terms of collisions of the second kind with energetic helium 

species. Particular attention is directed to the vibrattonal and 

rotational level populations in the ITS state of N« as determined 

from the relative intensity distribution in the BZ  - JTS first neg- 

ative system. 

Correlations between the selectively excited spectra and excit- 

ing helium species were studied to determine the reaction m3chanisms 

responsible for the nitrogen excitation. Knowledge of reactants and 

associated kinetic and internal energies, one can predict reaction 

mechanisms leading to excited state products according to the Franck 

resonance rule and Franck-Condon factors for excitation from the 

2 
ground state . A particularly useful diagnostic method amounted to 

changing the relative concentrations of energetic he] .um species by 

changing the experimental conditions and then observing relative 

changes in the resulting spectrum. This method proved to be impor- 

tant because it was found that several of the energetic helium 

species could contribute to the population of the same excited state. 

A detailed study of the (0,0) and (l,0) bands of the ITZ ~ yTL 

system is included in which the distributions of population over the 

■•awg* 



kB 

rotational levels were invescigated as a function of experimental 

conditions. A study of the rotational perturbation appearing in the 

v = 1 level of the B T.  state due to the close-lying A il state is 

made. The pressure dependence of the perturbed rotational lines 

relative to the unperturbed contains information about formation and 

relaxation mechanisms for the B S and ATI states. 

A study of population distributions over the vibrational levels 

of the excited states (All, JiZ,  and Dll) of Np was made under dif- 

ferent experimental conditions designed to change the concentrations 

of exciting helium species relative to one «mother. Particular 

attention was given to the Bil  - X E system where the important 

results aided in assignment of the individual reaction mechanisms 

responsible for the N2 excitation. 

3.1 Photographic Spectra for Helium and Helium-Witrocjen Afterglow 

Emissions from 2300 to 870CÄ 

The continuous d.c. discharge-afterglow flow system described 

in Section 2.1 was used to obtain low resolution photographic spectra 

of the pure helium and enhanced, nitrogen spectra in the afterglow. 

Spectra were obtained for the experimental condition of 0.6 torr 

downstream pressure, a helium flow rate of 185 atmosphere -cm sec , 

and discharge maintained at an incident power of about kO watts. 

The afterglow of pure helium appeared as a pink glow extending down- 

stream 5 to 30 cm corresponding to times of approximately 1 to 10 

msec, after the discharge. Upon addition of trace quantities of 
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nitrogen to the afterglow, a resulting bright blue-white emission 

delineated the helium glow downstream from the nitrogen input. The 

nitrogen emission consisted of two well-defined regions; a diffuse 

blue cone symmetrical to the tube axis, and a narrow bright white 

region surrounding the blue cone at larger radial distances from the 

axis. The intensity of each region could be varied relative to one 

another by changing the experimental conditions; this effect is dis- 

cussed in Section 3.3« 

Spectra as observed in the region 2260 to 870OÄ are reproduced 

in Figs. 3.1 thru 3.5. The spectra were obtained with the f/3.5 Huet 

quartz prism spectrograph for the region 2260 to 3000Ä and the region 

of 3000 to 8700K was photographed with the f/5.6 Bass-Kessler 

grating spectrograph. Emission spectra lor the pure helium after- 

glow are reproduced in the upper photographs of Figs. 3-2 thru 3.^ 

corresponding to the wavelength range, 2800 to 6k0oK.   Atomic lines 

and molecular band head wavelengths are labeled accordingly and the 

multiplicity of the transition is indicated by (S) for singlet and 

(T) for triplet. The Hel wavelengths were obtained from the complete 

table of Martin while assignments of the He« band head wavelengths 

k 5 were made according to Rosen and the recent work of Ginter . 

The nitrogen spectrum for the wavelength region 2300 to 3000A 

is composed of the DTI - A^TI Janin-d'Incan system of N* and is 

reproduced in Fig. 3.1. This system has also been excited in a 
7 

microwave discharge through Ne with N« and in a condensed discharge 

through Ne with about 1 to 5^ Ng. 

—^aspjßgme&fpmmama 
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Vibrational assignments were made from the band head wavelengths 

reported by Tanaka, et.al , where levels v^ v' = 11 of the DTI state 

are observed to be populated. Individual bands are composed of two 

heads degraded to the redj the rotational lines appear closely spaced 

because of overlapping branches. 

Spectra of the readily occurring BL  - XE first negative 

system are reproduced in Figs. 3.2 thru 3^. Low pressure discharge 

tubes containing nitrogen and an excess of helium, hollow cathode 

discharges, shock tubes, ard upper atmospheric emission phenomenor 

are well known sources for this same system. Individual bands orig- 

inating in the low vibrational levels (v* < 10) of the B^T state are 

single headed aad degraded to the violet. The strong bands form 

well defined sequences drawins together to a turning point and then 

separating again in the opposite wavelength direction. The sequence 

of bands occurring after the turning point are the "tail bands" 

originating from high vibrational levels which have been observed up 

to v' = 21 in the afterglow source. Individual tail bands are labeled 

above the normal first negative system in Figs. 3.2 and 3.3 and 

appear degraded to the red. Wavelength assignments for the observed 
o 

bands were obtained from tables of Wallace . 

The AD- Xil Meinel system of N^ occurs readily in the 

nitrogen spectra reproduced in Figs. 3-h and 3.5. Meinel first 

Q 
observed banda with v' < 5 occurring in the aurora and  later the 

system was observed in low pressure and hollow cathode discharges 
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through N2 and He mixtures . Wavelength assignments of bands with 

u 
V < 5 were made according to Wallace . Wavelength positions of 

observed band origins not yet reported for v' > 5 were calculated 

from the vibrational energies of the An and AE states . The new 

assignments include the bands; (6,2), (7,3)> (8>3), (9»1+)> (10,5), 

(11,6), (12,6), and (13,7). 

Two well known band systems, the Bil - A"^ first positive system 

and C'TI - BTl second positive system of the neutral nitrogen molecule, 

are readily observed in discharges through Np but occur only weakly 

in the present afterglow source. This lack of an extensile first 

positive system in the wavelength region 5000 to 7000A greatly 

facilitated the new band assignments in the Meinel system. 

In addition to the spectra of molecular nitrogen, strong atomic 

nitrogen emission lines occur in the present afterglow source repro- 

duced in Pig. 3.5. Wavelength assignments are taken from the tables 

11 
of Nawrocki and Papa . It is interesting to note that the observed 

12 
atomic nitrogen lines were also reported in auroral sources by Meinel. 

The pure helium and selectively-excited nitrogen spectra dis- 

cussed in this section and reproduced in Figs. 3.1 thru 3-7 were 

obtained for the set of experimental conditions producing the 

brightest nitrogen glow. The excited nitrogen spectra was also in- 

vestigated over a pressure rangp of 0.2 to 5 torr in the d.c. dis- 

charge afterglow system and 0.55 to 25 torr in the afterglow of the 

microwave discharge. Relative changes in the resulting spectra 

LP*     ■■■ 
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were studied for changes in the helium flow rate from 50 to 200 

3   -1 
atmosphere - cm sec  and incident power applied to the discharge 

from 5 to 80 watts. 

A special condition of the afterglow for which large relative 

changes have been observed in the resulting nitrogen spectra merits 

further comment. A relatively weak green glow was observed immedi- 

a   downstream from the intense blue-white glow of nitrogen with 

t. >ce amounts of nitrogen added to the afterglow. A helium flow 

3   -1 rate of approximately 185 atmosphere cm sec  was used with a power 

applied to the discharge of 80 watts. Production of the green glow 

was very sensitive to small changes in experimental conditions and 

in particular the nitrogen flow rate. Resultir-g nitrogen spectra 

in the 3800 to 6000A wavelength region was predominately atomic 

nitrogen. 

3.2 Rotational Structure of (0,0) and (1,0) Bands of the B2S - X^ 

First Negative Transition in Np 

2   2„ 
In the case of S - E transitions, the selection rule AK = ± 1 

determines the rotational structure within the individual bands; an 

R-branch with AK = + 1 and a P-branch with AK = - 1. Each rotational 

level consists of two closely spaced sublevels with J = K ± ^ The 

corresponding rotational lines normally appear as unresolved doublets 

with A.J = ± 1. The Aj = 0 component has negligible intensity com- 

J3 
pared to the AJ = ± 1 lines . 

An intensity alternation of the rotational lines occurs because 
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cf the symmetry properties of homonueleer molecules. For lC where 

the IT nucleus has a spin of I = 1, the rotational lines with even 

K have nuclear statistical weights two times the values for the odd 

lines. Relative populations of the rotational levels as a function 

of K' give information pertaining to mechanisms of populating and 

depopulating the rotational levels. This method of analysis will 

be discussed later in the section. 

A good example ot a.   L -   L transition is provided by the (0,0) 

band of the BL  - X 2] first negative system reproduced in Pig. 3.6. 

From the band origin at X = 3911.I1A, the P-branch forms a single 

series of lines with increasing wavelength to K' =12 where it turns 

back on itself forming the band head. Further increase in K' cor- 

responds to a decrease in wavelength as indicated by the dashed lines, 

The R-branch is composed of a single series of lines with decreasing 

wavelength. The overall effect gives the bands an appearance of 

being degraded toward the red. 

The (1,0) vibrational band of the B L - XE first negative 

system is reproduced in Pig. 3-7- Being a iC - 2Z transition, its 

general form is similar to the (0,0) band discussed previously. 

Starting at the band origin, X = 3579«^> the series of lines com- 

posing the P-branch increases with increasing wavelength to K' =12 

where it turns back on itself forming the band head. The R-branch 

lines decrease in wavelength with increasing K. Anomalous spin 

doublet splittings observed in the (1,0) band for K' > 8 is caused 
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a resonance perturbation in the rotational term series of the upper 

v' = 1 level of the ITS state by the nearly degenerate rotational 

levels of the v' = 11 level of the A a state. Fassbender^" and 

Ik Coster and Brons  analyzed the rotational perturbation occurring 

near K' = 13 in the (l,l), (1,2), and (1,3) banc's. Actual spin 

splittings are due to a perturbed energy shift of the Fp^K) compo- 

nents given by J = K - ^ with a maximum shift occurring between 

K' = 12 and 13. The resulting wavefunction for the perturbed levels 

2 2 15 
is a linear combination of the unperturbed 11 and 11 uavefunctions. 

An extra line (E) occurs near K' = 13 and is the corresponding 

perturbed A II - XTE transition. In addition to the strong perturba- 

tion near K' =13» a second weaker perturbation is predicted to 

occur near K' = 1 in the F,(K) components which manifests itself 

in broadening of the K1 =0, 1 and 2 rotational lines. 

The distributions of population over the rotational energy- 

levels in thermal eiuilibrium follow Maxwell-Boltzmann statistics 

in which the number of molecules in the J rotational level at a 

15 temperature T is given by the expression , 

Nj - lyic g (2v- + 1) exp [- BvJ(J + 1) hc/kT] (3.1) 

where N is the number of molecules in the vibrational level, v., 

B represents the rotational constant, and the remaining symbols 

have their usual meaning. In emission, the intensities of the ro- 

tational lines within a band can be written, 

h Cv 1 = Q— (J' + J" + 1) exp [- B'J'CJ* + 1) hc/kT] (3.2) 

■» W* T ■*!■■» - y m'- 



vbere Q is the partition function and the factor 75  is nearly 

constant fir a given vibrational hand. Eq. (3.2) can he '/ritten 

j        B^J'CJ' + l)hc 

, ^J-' H- J'' 4 1]= A S  (3-3) 

where A = -x—. For the hcmonuclear molecule, N«, the nuclear 

statistical veight, g , is included and Eq. (3.3) hecomes, 

T B'J'CJ' + l)hc 
^^j. /j.. ; ty] - A - ^—55   (3.10 

where c = 1 or 2 for odd or even rotational levels respectively. 

By plotting  fj"» ^ j» +-iy  against J'CJ1 + l) or the rotational 

term, P (J), a straight line results with a slope of -B'hc/kT for 

the condition of thermal equilibrium among rotational degrees of 

freedom. An effective rotational temperature can be calculated 

from the slope. Moreover the form of the logarithmic plot may re- 

flect the mode of excitation whether or not in thermal equilibrium. 

Observed values of In l/g (K' + K" +l) in the (0,0) band at 

39li»Ä are plotted against K'CK1 +l) for the even rotational lines 

of the P-branch in Fig. 3.8- K is used instead of J for the (0,0) 

band since the spin doublet splittings J = K - ^ are not resolved 

and the L-  ~   ^  transition has the same structure as a iC - "T 

type . The linear dependence of the two series of points indi- 

cates that there is thermal equilibrium for which effective rota- 

tional temperatures of U80oK and 360oK are calculated for (A) an3 

(B) respectively. Representative data for (A) were obtained in 
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the afterglow of the microwave discharge (Fig. 2.2) with a dowastream 

prefisure of 10 torr and discbarge power of 17 watts. For comparison, 

(B) was measured at a pressure of 0.6 torr in the afterglow of the 

d.c. discharge system (Fig. 2.1) operated with an incident power of 

50 watts. 

Rotational temperatures measured in system (A) showed no signi- 

ficant dependence on pressure for a range of 0.55 to 20 torr. Rota- 

tional temperatures measured in system (B) increased with increasing 

pressure from 3250K at 0.3 torr to 5250K at 1.25 torr. A liner.r de- 

pendence of ln[l/g (K' + K" +i;J plotted against K'OC' + l) was ob- 

served for each series of measurements. Fros repeated measurements 

of the rotational temperature for the same experimental conditions, 

the uncertainty in the measured teinperatures were estimated to be 

approximately - 30*^. 

Similarly, observed values of ln[l/g (J' + J" +l)] for the 

P-branch of thfc (1,0) band are plotted against F (J1) in Figs. 3.9 

and 3.10. With the spin doublet resolved into VAK) end F (K) com- 

ponents due to the perturbation, J was used instead of K. For the 

unresolved levels with K' < 9 the factor fiL^J' + J" +1) in Eq. (3.U) 

was calculated for the sum of the two ccmponents. The rotational 

population distributions in the (1,0) band were measured for ehe 

identical experimental conditions outlined previously for the (0,0) 

band. 

Curve (B) in Fig. 3.9 corresponds to (B) in Fig. 3.8 measured at 

a downstream pressure of ^.6 torr. Circles represent the unresolved 
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components for X' < 8 and the F1(K) levels for K' > 8; triangXes 

correspond to the perturbed Fp(K) componentsj and the extra line 

from A il state near K1 = 13 by E. A slrpe correßponding to the 

temperature 360 K obtained from the (0,0) band measurements is 

given by the broken line. The scatter of data points can largely 

be attributed to the low signal to noise ratios for the measurements. 

In general, vhe data indicates a linear dependence except for a 

small decrease in the population for the low rotational levels with 

energies between 50 and 200 cm" . This apparent non-thermal distri- 

bution may be caused by self-absorption . A search of the (0,0) 

band data of which the curves in Fig. 3«8 are representative samples 

weis made for apparent non-thermal distributions. A small decrease 

in the population was observed for the low rotational levels, "but 

unfortunately this observation is least evident in the representa- 

tive data in Fig. 3.8. 

The (1,0) band high pressure data a 10 torr corresponding to 

(A) is reproduced in Fig. 3.10. The broken line has been drawn 

with a slope corresponding to a rotational temperature of U80 K 

which was calculated from the (0,0) band data. However, a more 

evident linear dependence for the unresolved and unpertureed F (K) 

components is given by the solid line wiih a slope characteristic 

of 880oK. Rotational levels of the perturbed F2(K) components and 

the extra line have significantly lower populations than their 

corresponding unperturbed components with the largest deviation 

occurring near the rotational energy of maximum perturbation. In 
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addition, the region of a weaker perturbation netr K1 = 1 shows a 

corresponding decrease in the observed pcpulations. 

In the afterglow of the microwave discharge corresponding to the 

(A) curves, rotational popv-lation distributions in the (1,0) band 

were measured for pressures between 0.55 to 20,0 torr. Observed 

values of InÜ/ (J" + J" +1]D for the unperturbed ccraponentg did 

not vary linearly with F (J') but exMbited deviations with respect 

to each other. However, the observed values of the perturbed com- 

ponents relative to the unperturbed showed a definite decrease with 

increasing pressure. To gain insight into the general effects of 

the perturbation and pressure on the rotational population distri- 

bution, ratios of the perturbed to the unperturbed populations were 

calculated for the K* » 12 and Ih components as a function of pres- 

sure. To account for the Intensity difference in normal spin doub- 

lets due to the statistical weights in the Initial state, observed 

values of the F2(K) components were multiplied by the factor, 1+l/K. 

For K1 = 12 componenta, ratio« of the perturbed to unperturbed popu- 

lations decreased with increasing pressure from a value 0.8 at 0.55 

torr to 0.5 at 20 torr. Similarly, ratios of K1 = Ik components 

decreased from a value of 1.0 at 0.55 torr to 0.5 to 20 torr. 

An explanation for observed population distributions in the pres- 

ence of the rotational perturbation is based on the relative popula- 

tlops of the two perturbing electronic states and the effect of 

colllslonal transfer on pressure. The mechanism to be presented will 

be included in the general model for excitation of nitrogen in a 

helium afterglow outlined in Section 3«^« 
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3.3 Vibrational Population Distribution in the N2 Emission Spectra 

Distributions of population over the vibrational levels of the 

excited electronic states of the enhanced aitrogen spectra were meas- 

ured from vibrational band intensities. The integrated intensity of 

the (v'^v") band connected by an electric dipole transition is given 

by17 

I , .. = N ,A , „E , „ (3.5) 
V V     V  V V  V V 

where N .is the relative popu3.ation of the v1 level, A , „ the 

Einstein coefficient for spontaneous emission,, and E , „ the energy 

difference between the upper and lower levels. Vibrational popula- 

tion distributions can be obtained from measured intensities by 

E<1. (3'S)« We are interested in the level populations relative to 

one another, where the measurement of peak height intensities is a 

good approximation to the integrated band intensities. Since meas- 

urements were made over a large wavelength range, the data were cor- 

rected for the spectral response of the apparatus. 

Representative intensities and populations are given in Table 

3-1 for the different vlbrational levels of excited electronic states 

of N2 produced in the afterglow of the d.c. discharge flow system at 

a downstream pr "ure of 0.6 torr. Particular attention is directed 

to the population distribution over the vibrational levels of the 

2        + 
B S state of N2 as given in Figs. 3^-1 thru 3-13 for different ex- 

perimental conditions. Relative values of Ivivit/Aviv«iEviv" 
are 

plotted against E according to Eq. (3.5) for v1 = 0 to J.    Values 
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for the Einstein transition probabilities were obtained from 

17 Nicholls . In each graph, the broken line represents the calculated 

population distribution over the first four levels according to the 

Pranck-Condon factors for excitation from the v" = 0 level of the 

iß 
ground state of N« • The relative effect on the population dis- 

tribution by applyinf i microwave field to the afterglow upstream 

froci the nitrogen emission is given in Fig. 3'11' For the d.c. dis- 

charge-afterglow system operated at 0.6 torr, curve (a) rep "«scnts 

the conditio' f zero fiel' and (^ corresponcu. - *J  jliec. iield 

of 2A watts. Relative populations were noxmalizeä to 100 fov the 

v' + o level in each case. The different slopes for eecu curve sug- 

gests that twc distinct processes are popul ing the vibrational 

levels; one nearly following the broken line CUITC for the first 

three levels, and the other populating the higher vibrational levels 

with an infinite vibrational temperature. The overall effect of the 

microwave field was to decrease the vibrational populations of the 

higher levels with v1 > 2 relative to the v » o level. 

Hydrogen added to the afterglow upstream from the nitrogen emis- 

sion has been observed to decreased the populations in the v1 = 0 

and 1 levels relative to the higher vibrational levels and is repro- 

duced in Fig. 3»12. Curve (a) represents the condition for zero H2 

flow and is identical to (a) in Fig. 3»11« Curve (b) corresponds to 

18   -l 
a lU flow rate of 5 x 10  sec  where the relative population for 

the v' = 7 level was chosen to be equal to the same va'ue for (a). 

:: "' 



59 

The effect of pressure on the relative vibrational population 

distributions observed in the afterglow of the microwave discharge 

is given in Fig. 3»13. Curve (a) vas observed for a downstream pres- 

sure of 0.7 torr, (b) corresponds to 2 torr, and (c) represents 20 

torr where the relative values for the population were set equal to 

100 for v' = 0. At low pressures the observed populations suggest 

that only one mechanism is operative since the higher vibrational 

levels are essentially absent and the population curve is linear in 

E . At 2 torr, represented by (b), the observed populations are 

similar to the (a) curves in Figs. 3.11 and 3.12 indicating a two 

mechanism process. For high pressure, curve (c) is similar to (b) 

except for the abnormally low populations for the v' ■ 1, 3> and 5 

levels. The odd levels v' = 1, 3, and 5 are those levels in vhich 

19 rotational perturbations have been observed . 

The fractional change in intensity l/l-* of selected vibrational 

bands of the excited Hg and NX emission have been measured and are 

shown in Fig. 3.1^ as a function of incident microwave power applied 

to the arterglow. I is the observed intensity for zero field vhere 

the ratio 1/1   is unity at zero power. Curve (a) represents the 

2   2 + 
intensity decrease for the (0,3) band of the B E - X E system of Kg, 

(b) gives the relative change of the (3;0), (U,l) and (5>2) bands 

of the A2r- X2^ system; (c) fits the data for the (U,?), (5,8), 

(6,9), (7,10) and (15,17) bands of the B2 - X2 system; (aO is a 

measure of the HI emission at 7^*688. 
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Observed intensities for selected bands and atomic lines of the 

enhanced nitrogen spectrum are reported in Table 3«1« The relative 

Intensities were corrected for the spectral response of the apparatus 

and normalized to give 1000 for the (0,3) band of the first negative 

system. Relative populations were calculated from Eq. (3.5) for the 

representative bands having available transition probabilities. 

3.If Summary and Model for Excitation of Np by Energetic Helium 

Possible mechanisms for excitation of nitrogen in a helium after- 

glow are: (l) direct excitation irom the ground state by electron 

intpact, (2) vacuum ultraviolet photon absorption, (5) radiative 

transitions, and (U) inelastic collisions with energetic helium 

species. The first three methods are negligible compared to (U) 

for reasons to be discussed in detail in Chapter k.    In the study 

of excitation mechanisms included in (h),  the following energetic 

helium species are to be considered: Hem, He , He^, and He2. 

Assignment of reaction mechanisms involving the energetic helium 

and nitrogen reactants are required to account for the observed ex- 

cited state nitrogen products. Potential energy curves for the 

electronic states of Np are reproduced in Fig. 3.15 according to 

21 
Ogawa , and energies for the energetic helium species are included. 

He has an energy of 19.8l eV and He has a value of 2^.58 eV. HeA 

and He« present a range of available energies  of several eV extent 

centered about, 19.7 and 15.5 «V respectively. Molecular helium 

energies available for reaction in which the molecule undergoes 

-wr"T' 
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dissociation is equal to the absolute energy of the ground vibra- 

tional level of the excited state minus the repulsive energy of the 

two helium atoms for the internuclear separation existing at the 

time of deexcitation. Potential energies used for the excited states 

22 
of molecular helium were obtained from Mulliken . The repulsive 

energy as a function of internuclear distance between the two neutral 

23 
helium atoms was taken from the data of Phillipson . Assignment 

of the internuclear distance upon deexcitation of the molecular 

helium and the calculation of the available energies were made by 

applying the Franck-Condon principle to the Hep potential curves 

similar to the method used for determining the intensity distribution 

13 
in a continuous emission spectrum . If a significant number of 

energetic helium molecules are in excited vibration levels at the 

time they enter into a reaction, the range of available energy would 

be rauch larger than that sbcwu in Fig. 3»15« 

2k 
Acrording to Massey's aälabatic hypothesis  the rates of exo- 

thermic charge transfer reactions involving He and Hep are expected 

to be small unless the following inequality holds 

aAE/hv < 1 (3-6) 

where a is the characteristic distance of interaction (—8Ä ), v Is 

the relative velocity of the colliding pair of reactants with a 

value of about 1.3xlCr cm/sec for He and Ng at BOO^C, and AE is the 

energy defect of the reaction. For thermal energy reactions con- 

sidered in the present work the adiabatic principle requires that ÄE 

be small. This 'resonance' nature of the charge transfer reaction 
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is useful in analyzing the expected excited state energies of the 

reaction producta. 

Tc: aid in aesigooent of reaction mechanis-as responsible for the 

selectively excited nitrogen spectrum, the effect of the microwave 

and H2 quenching reported in Sections 3«2 and 3>3 was analyzed. In 

geueral, the effect of applyiüg a microwave field to the afterglow 

was to decrease He and Hep concentrations relative to He and He2 

in the reaction region vhile addition of H2 to the afterglow 

)ed 

25 

decreased He concentrations relative to remaining erergetic helium 

species 

The widely accepted rate determining path for the reaction con- 

+ 2^5 
taining He is the dissociative charge transfer reaction 

He+ + N2 - He + nf 8°) + N^^P)      (3-7) 

which is likely a conplex reaction where the first step is a direct 

2        + 
charge transfer to the v* = U level of the C E state of Np followed 

by predissociation by the n state. No resulting eiiission is ex- 

pected to occur for reaction (3*7) since the nitrogen ^tom and ion 

products are left in their respective ground states. Observation of 

the possible C v; - X£ second negative system excited by direct 

charge transfer with He was not attempted because the system occurs 

in the vacuum ultraviolet region which was not observable with the 

present apparatus. 

A likely mechanism roi- excitation of the atcaic nitrogen emis- 

sion pliown iß Pig. 3'5 i^ the radiative electron-ion recombination 

^w 
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N+(3P) + e-N*(2P,4P,1*D)-N + hv       (3.8) 

where the intermediate reactant, N ("T») is the product of reaction 

(3.7)• The application of a micrcwave field to the afterglow causes 

the NI intensity to decrease rapidly as shown by curve (b) in Fig. 

27 
3.1^ by both decreasing the rate of electron-ion reccmbination  in 

(3.8) and by decreasing the He reactant in (3.7) by ambipolar dif- 

fusion lob«; to the walls. 

The dominate mechanism populating the first two vibrational 

levels of the ITE state is attributed to the Penning reaction 

Hem + Ng-He +N2(B2£v,=0) + e       (3.9) 

The distribution of population over the vibrational levels fol- 
28 

low the Franck-Condon factors for excitation from the ground state 

as ioö'cated by the initial slope of the curves in Figs. 3.11 to 

3.13. Application of a microwave field to the afterglow leaves the 

Hem concentration  "".atively unchanged Which is consistent with the 

negligiblfi decrease observed in the (0,3) band intensity for curve 

(a) In Fig. 3.1k,    Addition of Hp to the afterglow upstream from the 

nitrogen emission is expected to cause a more rapid decrease in He 
25 

compared to the other energetic helium species . This effect is 

seen in curve (b) of Fig. 3.12 by the order of magnitude decrease of 

the v1 = 0 level population relative to the levels with v* > 2 upon 

addition of Hp. 

The wide range of Hep energy available for reaction is centered 

between the v' = 3 and U levels of the B I state of N* at 19.7 eV. 
2 

The primary mechanism ropulating the v^ 2 levels of the B E state 
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is the charge -tranafer reaction, 

He* + H2-2He + N^B
2!, v'>2)        (3.10) 

The resulting distribution of population over the v' = 2 to 7 levels 

is represented by the slope of the (a) curves in Figs. 3.11 and 3.12 

corresponding to an infinite vitrational teaqaerature, i.e., the 

levels are equally populated. The rates of populating v1 « 0,1,2, 

and 3 by reaction (3.9) decrease rapidly with increasing v due to 

the Franck-Condon factors for excitation from the ground state; the 

v' = 2 level being 10 ^ that for the v' ■ 0 level. This is the rea- 

son that although the He concentration is much larger than the He^ 

reaction (3.10) veccraes important -for populating the levels beginning 

with v' =2. The equal population distribution for the levels v' = 2 

to 7 corresponding to an energy range of about 1.3 eV is attributed 

to the non-symmetrical charge transfer reaction (3-10). By require- 

ments of the adiabatic principle predicting em energy resonance, 

equal populations of the reaction product for the large energy range 

presupposes that a comparable energy range is available in the react- 

+ + 
ant He«. This is not out of line for He2 potential curves. The 

probability that a Hep molecule with a <;iven energy will undergo an 

inelastic collision with BU is a function of the He. internuclear 

distance at the time of the collision. The repulsive ground state 

He2 potential curve rapidly changes over the range of internuclear 

distance corresponding to the non-zero probability densi+y distribu- 

tion of the ground vibrational level of He«. Therefore the range of 

internuclear distance over which the Hep reacts and becomes deexcited 

corresponds to an energy range of 1 to 2 eV. 
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Observed tall bands originating in the v' = 13, Ik,  and 15 levels 

of the BE state are like' ise attributed to the charge transfer reac- 

tion (3«10). An energj difference of approximately 2.3 eV exists 

2 + 
between the v' = lU level of the B E state and the calculated He2 

energy 19.7 eV. The vibrational populations for the v' = 13, lh,  and 

15 levels are approximately one order of magnitude less thar those 

for the v' = 2 to 7 levels as reported in T"ble 3.1 for the same ex- 

perimental conditions and are consistent vl%h Eq.. (3*6) for the large 

energy defect of approximately 2.3 eV. 

The population distribution in the high vibrational levels of 

2 
the B E state for the energy defect of 2,3 eV suggests a mechanism 

in which the He« molecules are in excited vibrational levels at the 

in-stance of inelastic colliding with N^. In addition to energetic 

considerations, the observed tall bands exhibit a decrease in inten- 

sity upon application of a microwave field with a slope Identical to 

that for the (^,7) (5,8) (6,9) and (7,10) bands given by curve (c) 

in Fig. 3.1^. 

2    2 
Excitation of the weakly appearing D u - ATI Janin d'Incan bands 

can be attributed to the same charge-transfer reaction (3-10) with 

He2. The energy defect for the reaction calculated for the v" = 0 

to 8 levels of the D n state amounts to a range of 2 to 3 eV. The 

observed low populations relative to the other excited state pro- 

ducts of reaction (3.10) Is consistent with Eq. (3.6) for the large 

energy defect. In the microwave qjienching experiment. Fig. 3«I1*, 

the (5,3) and (8,6) band intensities appeared to follow curve (c) 
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but with less certainty because of their relatively weak intensi- 

ties. 

The readily occurring bands of the A il - Xu Meinel system are 

excited by the Penning-ionization reaction involving Hep, 

He* + »2 -*2He + N^A^l, v« = 2,3fk)  + e    (3-11) 

The same arguments used to estimate the available energy range 

for He2 apply to reactions with He«. The He« energy rarge is cen- 

P        + 
tered near the v' = 0 level of the A E state of Ng at 15.5 eV and is 

labeled in Fig. 3.15. The energy defect of reaction (3.11) corre- 

sponds to a range of 1.5 to 2.2 eV which is within the estimated 

energy available from exothermic reactions with He«. The presence 

of the light electron in the products relaxes the strict energy 

resonance requirement as for He reactions since the excess energy 

can be absorbed in the kinetic energy of the electrcn. Fran Table 

3.1, the distribution of population over the observed v1 = 3, U, and 

5 vibrational levels of the ATI state follow the Pranck-Condon fac- 

28 
tors for excitation from the v" = 0 level of the ground state . 

The relative intensities of the (3,0), (4,1) and (5/2) bands of the 

Meinel system was observed to decrease with an applied microwave 

field according to curve (b) IJ Fig. 3.14. This appreciable decrease 

indicates a corresponding decrease in the afterglow He« concentration. 

The slope of (b) being less than (c) for Hep reactions and greater 

than (a) for Hem reactions can be explained from a consideration of 

the He« production mechanisms to be discussed in detail in Chapter ^. 
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HeJ + e- He* -*üs^ + hv (3.12) 

and He0 + 2He-He" + He (3-12) 

Contribution to the He^ concentration by reaction (3«12) rapidly 

27 decreases by applying a microwave field to the afterglow  while 

reaction (3«13) and the already present He^ concentration would be 

only slightly affected. The overall effect would result in a de- 

crease in He« similar to that observed for curve (b) in Fig. 3.1^. 
3 

Definite assignmeuts of excitation mechanisms for the weak B n - 

AT first positive system and C U - B n second positive system of SU 

were not made. The general method of analysis applied to the flU band 

systems could not be used because of the weak intensities involved. 

Intensity ancmalies for the rotational population distribution 

in the (1,0) band observed as a function of pressure in Fig. 3*10 

are a result of the reported rotational perturbation. Likewise, the 

abnotmally low vibrational populations for the v* » 1, 3, and 3 

levels reported in Fig. 3.13 at high pressure dorrespond to those 

vibrational levels of the B L state whose rotational terms are per- 
2 

turbed by nearly degenerate levels of the A IT state. A more careful 

analysis of the relative iucensity distributions of the perturbed 

levels as a function of pressure gives infonoation about the mecha- 

2     2 
nisms populating the v' = 1 level of the B I and A Ü states. 

2 
The dcoinate mechanism populating the v' = 1 level of B E has 

m 
been attributed to the Penning ionization reaction (3-9) with He 

governed by the Pranck-Condon factors for excitation from the v" = 0 

level of the ground XL state of N0. However no similar data is 
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available for the excitation of the perturbing v1 » 11 level of the 

2 
A n state. From the potential curves in Fig. 3.15^ a simple analysis 

of the v* = 11 level excitation by a Penning reaction with He from 

the ground state according to the FrancK-Condon principle indicates 

a less favorable process with smaller overlap integrals. This leads 

one to assume the steady state population of the v' = 1 level of BE 

is greater than the v' = 11 level of All by at least a factor of two 

but more luce an order of magnitude. 

The observed intensity dependence on pressure for the K1 * 12 

and Ik rotational lines of the (1,0) band has been reported in 

Section 3*2 and Fig. 3.10. The intensity decrease of the perturbed 

F2(K) conponents relative to the unperturbed F (K) with increasing 

pressure can be explained by an increase in collisions of the 

29 
second kind among the molecules in the perturbed levels . There- 

fore with the assumed population distribution being greater for the 

2 
B E state the effect of the inelastic collisions appear to smooth 

out the population differences between the mutually perturbed com- 

ponents faster than the unperturbed resulting in the observed de- 

crease in F2(K) intensity relative to F-CK). An identical aechanism 

would then be responsible for the abnormally low populat: ons in the 

Kf = 1 and 2 levels for high pre-sure even though the perturbed and 

unperturbed ccojpouents are unresolved. 
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TABLE 3.1 

NITROGEN SPECTRUM EXCITED IN A HELIUM AFTERGLOW 

REPRESENTATIVE TRANSITIONS AND INTENSITIES 

Transition Band. 

ß\ - A 0,3 
M 
2,5 
3,6 

5,8 
6,9 
7,10 

13,15 
14,16 
15,17 

A2n - X
2

E 3,0 
^,1 
5,2 

D2n - A2n 5,3 
7,5 

B3n - A\ 2,0 7753-7 V 

c3n - B3n o,o 3371.11 y 

•/aveleögth,  (Ä) «•     t.-ii N  , v'v v' 

5228.3 V 1000 880 
51W.8 V 50 140 
5076.5 v 17 28 
5012.4 V 25 34 
4958.0 V 26 31 
4913.2 V 28 35 
4681.7 V 24 35 
4864.4 V 24 36 
4743.1 R 8 6 
4850.3 R 14 2 
4969.3 R 6 3 

6853.0 R 23 25 
7036.8 R 32 10 
7239.9 R 24 5 

2418.5 R 1 
2543.4 R 2 

.5 

NI 3PUS0 - 384P 7423.63 14 
7442.28 29 
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III Figure Legend 

2   2 
3'1 Hitrogen spectra excited in a helium afterglow. The D n - A n 

Janln d'Incan system of N«. Huet f/3.5 quartz prism spectro- 

graph, ^5/10 miCji 103a-0 Eastman Kodak plates. 

3»2 Pure helium and nitrogen spectra excited in a helium after- 

glow. The BT - XE first negative system of N2 and wsakly 

occurring CTI - irll second positive system of N«. Bass 

Kassler f/lO quartz grating spectrograph, heliUiß - 8 min, 

nitrogen - 30 sec, 103a-0 Eastman Kodak plates. 

3.3 Pur. helium and nitrogen spectra excited in a helium after- 

glow. The BT - X£ first negative system of Ng. Bass 

Kessler f/5-6 grating spectrograph, helium h min, nitrogen 

1 min, 103a-F Eastman Kodak plates. 

3.^ Pure heli.um and nitrogen spectra excited in a helium after- 

glow. The BT - ITZ first negative system and A il - AE 

Meinel system of Np- Bass-Kessler f/5.6 grating spectrograph, 

helium h min, nitrogen k min, 103a-F Eastman Kodak plates. 

3.5 Nitrogen spectra excited in a helium afterglow. The An - 

X E Meinel system of N*, weakly occurring IrU  - A3! first 

positive system of Np and NI transitions. Bass-Kessler f/5.6 

grating spectrograph, 20 min, hypersensitized I-N Eastman 

Kodak plates. 

i.6 Spectra of the (0,0) band of the BE - XE first negative 

+ 
system of N2 excited in a helium afterglow. Partie-Ebert 

gK^OT, 
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0.8 meter double-pass grating monochrcanator with 1200 l/nm 

grating and 10 micron silt width. 

3.7 Spectra of ths (1,0) band of the BT) - JTE first negative 

system of Np excited in a helium afterglow. Fastle-Ebert 

0.8 meter double pews grating monochrcmator with 1200 l/om 

grating and 10 micron slit width. Spin doublet components 

split by perturbation are labeled F- and Pp and the extra 

line for K' = 13 by E. 

3.8 [ID l/g^K' + K" +1)] values plotted against K" (K' +l) for 

the R-branch of the (0,0) band of the B L - XT first negative 

system of Np excited in a helium afterglow. (A) afterglow of 

a microwave discharge operated with an incident power of 17 

wtts and downstream pressure of 10 toir, (B) afterglow of a 

continuous d.c. discharge of 50 watts with a downstream pres- 

sure of 0.6 torr. 

3-9 Cln l/fi^J1 + J" + 1)] values plotted against F^J') for the 

R-branch of the perturbed (1,0) band of BE - XE first nega- 

tive system of Np excited in a helium afterglow. Circles 

represent the unresolved and unperturbed F. (J) congponents 

and triangles the perturbed F2(j). The extra line is narked 

E. Afterglow of a continuous d.c discharge of 50 watts with 

downstream pressure of 0.6 torr. 

3.10 [In l/g (J' + J" + l)] values plotter against Fv(j) for the 

R-branch of the perturbed (l,0) band of BL - ITE first nega- 

tive system of Np excited in a helium afterglov. Circles 
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represent the unresolved end unperturbed F,(J) coopoiients and 

triangles the perturbed P2(J). The extra line is marked E. 

After glow of e microwave discharge at 17 watts witn a dovn- 

streaa pressure of 0.6 torr. 

3.11 Relative populstions ln[l ,V„/A , ,^E  „] of the vibra-,ional 

levels in the BE state of N« plotted agr.inst E ,. The 

broken line is the calculated distribution according to the 

Franck-Condon principle for excitation fran the ground state. 

Afterglow of the continuous d.c. discbarge with a downstream 

pressure of 0.6 tcrr; (a) zero field, (b) microwave field of 

2.4 watts applied io the afterglow. 

3.12 Relative populations InCl , „/A , „E , „] of the  vibrational 

levels in the ITE state of KU plotted against E ,. The broken 

line is the calculated distribution according to the Franck- 

Condon principle for excitation fron the ground state. After- 

glow of the continuous d.c. discharge vdth a downstream pres- 

sure of 0.6 torr; (a) zero H« flow, (b) H« added to the after- 

l8   -l 
glow at flow rate of 5 x 10  sec . 

3.13 Relative populations ln[l , „/A , „E , „] of the vibrational 

levels in the ITE sta^e of N2 are plotted against E ,. After- 

glow of the microwave discbarge; (a) downstream pressure 0-7 

torr, (b) 2 torr, (c) 20 torr. 

3.1U The fractional change in uitrogen emission intensity excited 

in a helium afterglow plotted against the microwave power 

applied to th0 afterglow. Afterglow of the d.c. discharge 
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with a downstream pressure of 0.6 torr; (a* (0,3) band of the 

B2?: - A system of N*, (b) (3,0), (4,1) and (5,2) bands of 

the A% - A system, (c) (U,T), (5,8), (6,9), (7,10) and 

(15,17) bands of the BT - A system and (7,5) band of the 

D2!! - A2!! system, (d) NI linfts at Jkk2,2Q and 7^23,638. 

3.15 Potential energy curves for the electronic states of R«. 

Allowed electric dlpole transitions and available energies 

for the energetic helium species are ftven. 

"^RT" 
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IV REACTION KINETICS OF EÄ ITED STATES 

U.l General Rate Equations 

A method for measuring thermal energy-ion-neutral reaction rates 

in a steady-state afterglow system has been developed hy Ferguson, 

1 2 
et al, * hereinafter referred to as I and II. Briefly, observa- 

tions of primary and secondary iortf as a function of reactant con- 

centration were used to identify reaction products and to measure 

rate coefficients. Ions were detected and concentrations measured 

with an electric quadrupole mass spectrometer. In this manner, 

measurements of absolute rate constants have been made for a wide 

-9    -13   -1 
variety of ion-neutral reactions in the range of 10  to 10  sec . 

It is the purpose of the present experiment to measure the 

absolute rate constants for exothermic reactions of added veactant 

gases with long-lived energetic helium species. The helium species 

include the metastable at cm, He(2JS) or Hem, the metastable molecule, 

ÜBpfö)  or He2, the ground state atomic ion. He , and the ground 

state molec.lar ion, Hep( t). Reactions of the singlet metastable 

helium atom. He(2 S), are considered negligible compared to the 

triplet for reasons to be discussed later. Several atomic and 

molecular reactant gases were added to the helium afterglow — Ar, 

Kr, N2, 02, H2, NO, CO, and COg., 

Observation of excited-state reactants and products as a function 

of reactant concentration are used to identify the reaction mech- 

inisms and to measure the absolute rate constants. By varying the 

pressure, discharge power, and quenching microwave field. 

/ 
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concentrations of energetic helium species can be varied 

relative to one another such that individual excitation 

mechanisms containing a single species can then be studied. 

The actual detection and concentration measurements of 

energetic helium species are indirectly made by observing 

the selective excitation of added reactants. In many 

cases, the excitation of a vibrational level of an excited 

electronic state for the reactant added to the helium 

afterglow can be identified with an individual helium 

species. With a few simplifying assumptions, the inte- 

grated intensity dependence of the selective excitation 

upon the reactant concentration can be interpreted in 

terms of a rate constant. Excitation and relaxation 

kinetics are presented in detail for nitrogen since the 

individual excitation mechanisms with nitrogen for each 

energetic helium species except He has been studied and 

can be observed by the subsequent emission from K« . 

For He reactions, CO« has been used as the detector by 

observing the resulting CO  emission. 

Exact mathematical descriptions for fast gas flows 

of discharged, gases and mixing of reactant gases down- 

stream are very complicated. In the light of the recent 

results in II, the following assumptions concerning the 

present apparatus simplifies the model for the kinetics 

of the reaction: (l) downstream at the rccctant gas 
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inlet, ion diffusion has relaxed to its fundamental mode; 

(2) electron-ion recombination rates depend linearly on 

ion concentration; (3) reactant gases diffusively mix 

with the helium flow and are of uniform concentration 

downstream from the point of iutroduction and are of 

negligible concentration upstream. 

Validity of the experimental measurements under the 

preceeding assumptions can be checked in several ways. 

First, the assumptions in their present form have already 

been applied to the rate measurements in the similar fast 

flow system described in I. In II, the method of diffusive 

mixing of the reactant gases (assumption 3) was investi- 

gated both empirically by studying modes of introducing 

the reactants and by a theoretical analysis of the 

flowing diffusion problem. In addition, measurements 

of charge concentrations in the afterglow (<5xl0  cm ) 

substantiate assumption (2). That is, the electron loss 

rate was attributed primarily to ambipolar diffusion 

where the loss by electron-ion recombination was treated 

as a perturbation. Combination of (l) and (2) yields a 

linear dependence of the diffusion and recombination loss 

rate on ion concentration. Therefore it is concluded 

that the assumptions stated in II would directly apply 

to the present measurements since the flow system des- 

cribed in Chapter 2 was similar to that used in I. The 
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first assuaption concerning the uniformity of gas density 

down the tube is also consistant with the calculations in 

Section 2.2. 

In developing the method for rate constant measure- 

ments of reactions involving active helium reactants, the 

following excitation mechanisms need be considered: 

Hem + Ng   - He + N^ (B2!, v = O) + e       (U.la) 

He+ + N2   - He + N + N+ (4.1b) 

He2 + ^2   " 2He + N2 ^
B2EJ

 
V > 2^ ^,lc) 

Heg + N2   - 2He + Ng (A^) + e (4.Id) 

He+ + C02   - He + 0 + CO"
1"^) (k.le) 

He(21S) + N2 - He + N^ (B
2!) + e (4.If) 

Steady-state concentrations of the singlet metastable 

helium are taken to be more than an order of magnitude lower 

than the triplet both because of the failure to observe » ( S) 

in a'sorption at 5016A and of the known loss mechanism for the 

singlet, namely, the very rapid conversion of the singlet to 

triplet by supereli»stic collision with an electron , 

He^S) + e  i* He(3S) + e (U.2) 

The charge transfer reaction (4.1b) is presumed to proceed 

at a faster rate by the dissr:^ tive charge transfer path 

compared to the direct charge transfer into the radiating 

C^T state of Np because of the predissociation by the n 

state as discussed in I and Section 3.4. The resulting reaction 

products are left in their respective ground states. Consequently, 

■Try api 
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(U.lb) cannot be used in the rate measurements of He reactions. 

Therefore, the dissociative charge transfer reaction with COp, 

(U.le) is used since the CO reaction product is left in the excited 

u  itate which emits the well known comet-tail system. 

+     + 
Relative intensity measurements of the resulting N0 and CO 

emission given in (U.l) are used to monitor the exci&ed state popu- 

lations contained in the reaction products. In addition, the 

relative concentrations of the excited states axe used to c- erve 

the energetic helium densities in the afterglow by way of their 

linear dependence given by bimolecular reaction rate theory. One 

may distinguish between the reactions listed above both by proper 

choice of the emission bands which are characteristic of a single 

active helium species and by a suitable choice of the experimental 

conditions which favor a particular species in the afterglow region. 

In order to arrive at genera] kinetic equations describing 

excitation and relaxation of reactants added to a helium afterglow, 

the source and loss mechanisms for each of the energetic helium 

species need be considered. Loss of energetic heli TB due to 

reac'-ant must be separated from other loss mechanisms characteristic 

of the pure helium afterglow. 

For the sake of completeness, each mechanism which can be 

responsible for the production or loss of energetic helium species 

in the afterglow is included in the rate equations. The kinetic 

equations governing the concentration of the triplet metastable 

atom, Hem, in the afterglow of pure helium is given by 

-^S* ■"*' 8 jgP—MB»»" 
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^|Ü = ^[ifcCa^)]^ - k2CHe
m32. k3CHe

m][He]2 - DS2Clfem] 

- k4CHe%e (4.3) 

where k represents the rate constant in cm sec" . [He ] and n 

are the metastable belium and electron concentration, respectively 

ejqpressed in cm" . D' is the diffusion coefficient for He in pure 

helium. The first term represents the production mechanism from 

singlet metastables by superelastic collision with electrons 

(reaction k.2)     !C, indicates the loss due to metastable-metastable 

collisions of the type, 

Ifem ■»• Hem - He ' r e + He (4.4) 

The loss term represented by k-, is due to the three body reaction 
k 

Hem + 2ife -^ He,(V) + He (^-5) 
z     u' 

m 
Metastable triplet loss by diffusion of He in Ha to the walls 

is accounted for in the next term. Under the assumption that the 

diffusion has relaxed to its fundamental mode, the I^ss rate is 

given by the factor - D' [He ], where A is the characteristic 

5   I2 
diffusion Isngth . The last term accwmts for the loss of triplet 

metastables by collisional de-excitation with electrons. 

In a similar manner, the helium atomic ion concentration in 

the afterglow of pure helium is governed by the equation, 

a[He+3  luLHe^ - a'[He+]n - Da CHe+1 . k rHe]
2[He+3 (4.6) 

where a'  is the electron-ion recombination coefficient, D' repre- 

sents the atonic ambipolar diffusion coefficient for He in He. 

The production mechanism represented by kp arises from metastable- 

metastable collisions as given in reaction (4.4). The next two 
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loss processes are electron-ion recombinatjon and ambipolar dif- 

fusion to the walls. The last term represents the thre^-body 

reaction where an atonäc ion reactant is lost and a product molecular 

ion is formed, 

HB
+
 + 2He -^ He* + He (1+.7) 

The helitaa molecular ion concentration is described by the 

differential equation, 

^ ' Ks[He]
2[He*] - ,', ie^n - K ^P (k.Q) ST"  5 2 e A2 

where the single production mechanism is the three-body reaction 

(^.7). The following two terms measure "he electron-ion recom- 

bination and ambipolar diffusion loss rates, respectively. The 

electron-molecular ion recombination coefficient, or", is composed 

of both radiative (non-dissociative) and dissociative recombination 

with a" = c^J ■»• ojj. 
3 

The afterglow concentration of the 2"-T metastable helium 

molecule, He^, is given by the time-dependent equation, 

d!:Hfe2] = a-Clfe^n + ^[He
m][He32 - Dä [Hep (4.9) 

^T      2 e  "3 ^2 

The source mechanism for He« represented by the first term on the 

right hand side of the equation can be used in the present form 

for the following two reactions 

Heg + e - He* (4.10a) 

Hsg + e - He* -» He* + hv (4.10b) 

where the excited state in (4.1öb) is assumed to be connected by 

iyummui. «   ™ 
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electric dipole radiation to the metastable He® state. Since the 

radiative lifetime and radiative recombination coefficient are 

approximately 10' sec and hxio'   cm sec" respectively, electron- 

ion recombination will be the rate determining step. Therefore 

the time rate of change of He^ for both (U.lOa) and (U.lOb) 

processes will be given by the first term in (4.9). -•he second 

term with the rate constant, lc_, measures the production of He2 

by the three-body reaction (U.5). The last term r-presents the 

diffusion of Ifcg in He. 

To use nitrogen and carbon monoxide excited-state populations 

as a function of reactant concentration, the source and loss 

mechanisms for these populations must be considered. In addition 

to the reactions listed in (4.1), possible source and loss mech- 

anisms which determine the steady-state pop df ion of the v' 

vibrational level of an excited state of the nitrogen ion in the 

afterglow are: (l) direct excitation from Uie ground state by 

electron impact, (2) vacuum ultraviolet photon absorption, 

(3) radiative transitions, (U) inela^ic collisions with excited 

state products of the primary reaction, (5) low energy inelastic 

collisions, and (6) loss of Ng by volume reccobination and diffusion. 

The excitation mechanism (l) is not expected to be inportant 

in the present experiments since the electron energy is nearly in 

therujal equilibrium in the afterglow. Even if this assumption 

were in doubt, excitation of the C^TI, state of N« is expected to 

predominate . Process (2) has been shown to be negligible for 

1 w «» ^ 



99 

the excited states involved by the pulsed-discharge method described 

in Chapter 2k ^.diative transitions (3) are very iioportant for 

ihe excited state populations of l}0  and will be considered in the 

following discussion. The effectiveness of indirect excitation of 

nitrogen by inelastic collisions with excited state products is 

dependent upon the reactant und r study and the individual No 

band being observed. Therefore the relative contribution of 

process {k)  as a source mechanism will be considered separately for 

each reaction. The most frequent low energy inelastic collisions 

(5) are expected to be between N2 and the carrier gas with a trans- 

fer of energy of approximately kT or less. With the low gas 

kxC.'tic teaperatures (— 3000K) of the afterglow, inelastic collisions 

would change only the rotational population within a vibrational 

band. An observable effect of these 'low energy" inelastic col- 

lisions might be a tendancy to smooth out l^rge population differ- 

ences between rotational levels. The  relaxation mechanisms of 

excited states of N2 incluie diffusion and recombination as well 

as radiative losses. The IOSJ mechanisms (6) are not expected to 

be important in the present experiments because only s^tes connected 

by electric dipole radiation are considered and the relaxation due 

to radiative losses are many orders of magnitude faster than either 

diffusion or volume recombination for the pressures used in these 

experiments. 

In view of the predicted source and loss mechanisms and 

subsequent assumptions, the kinetic equation describing the 
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population of the v1 vibrational level of an excited electronic 

state of Nn can be written, 

dHv,/dt = k^ [Hem]CH2] t k^ [He+][M2] t iS [He^CNg] + k^ [te^CNg] 

♦ kjV]^] * a^, - NV,E AV,V„ (lt u) 

By definition, lcv ,k^ ,k^ and k^ are the individual rate constants 

referring a particular vibrational level v' of an excited elec- 

tronic state in the products of the reactions outlined in (k.l). 

Absolute rate constants can be obtained by taking the sum of the 

individual rate coefficients for all possibl3 vibrational levels 

and electronic states in the product, i.e., for reaction (4.1a), 

k = E E k^ (4.12) 
a   . , a 

e'v' 
v« 

Similarly k. is the individual rate constant which refers to tho 

indirect excitation of the v' vibrational level of the N« electronic 

state under study by a complex react:' n of the type, 

He" ■»- X - ^ + X01 

X" +N2-* X 4 (N+r + e (4.13^ 

where He , He2 and He« may occur in place of He . For example, a 

1 7 
complex reaction * expected to occur in the present experiments 

arises when Ne is added to the helium afterglow by the first inlet 

port and nitrogen by the second. 

*2 + Ne ^ 2He + Ne + 

Ne+ + N2 - Ne + N* (D^ ) + e (U.lU) 

The rates of formation and decay due to spontaneous radiation 

are indicated by the last two terms in (4.11) respectively. 

,,,---- — y^ 
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A ( |( is the Einstein coefficient giving the spontaneous emlsöion 

transition prrbability per second for a transition from v' of the 

excited electronic state to v of the lower state. In the formation 

••■erm, the sum is taken over all upper levels, v, whic . are connected 

by electric dipole transition matrix elements. Similarly for the 

decay term the sum is taken ever all lower levels for which the elec- 

tric dipole transition matrix element is non-vanishing. 

The intensity of a spectral line for jpontaneous emission is 

proportional to the population of the upper state, the Einstein 

coefficient for spontaneous emission, and the energy difference 
Q 

between the upper and lower states , 

hi ' Nl h, hi ^•15) 
Similarly, the integrated intensity I , „ of a molecular band 

system connected by an electric dipole transition matrix element 

is defined, 

I , „ = N ,A , „ E , ,. (^.16) 
V V     V  V V   V V 

To calculate the excited state populations, N ,, in Eq. (U.l6) 

the rate equation (4.11) must be solved in the steady state 

approximation. In this approximation, the concentration of the 

excited state nitrogen treated as an intermediate is considered 

constant and 

dN ,/dt = 0 O+.l?) 

Solving Eq. (4.11) for the steady state population, Nv,, and sub- 

stituting in Eq. ('4.16), the integrated intensity of the (v'v") 

molecular band is given by 
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Ivlv.,  = VlfvVrkv'[Hem][N2] ^'[He^] H-^'LHeJlCNg] 
S A,,,,., 
,tt vv 

ik.lQ) 

Equation (i+.lS) is the basic relation between the observed emission 

Intensity Mid the reactant concentrations. Starting from vhis 

equation, in the following sections, two somewhat different approaches 

will be formulated for measuring the reaction rate constants. 

k.2   Reactions Involving Energetic Helium and Nitrogen 

The integrated intensity of the molecular emission given in 

(U.l8) as a function of nitrogen reactant concentration can be 

interpreted in terms of the rate constant for the reaction producing 

the emission. Attention will be directed toward allowed transitions 

originating in the v' = 0 level of the B L+ excited electronic 

state of Np. The Penning reaction, 

Hem + N2 -* He + Ng (B2!:) + e (U.la) 

-11  3  -1 
has been found to proceed at a rate of k = 9*0 x 10   cm sec 

and to preferentially populate the low vibrational levels of the 

B £ state of Np according to the Franck-Condon principle for 

o 
excitation from the ground state of N« . The contribution to the 

integrated intensity for the selective excitation of the v' = 0 level 

of the B S^ state by the second term in Eq. (U.l8) representing the 

charge-transfer reaction with the atomic helium ion is expected to 

v'   v' 
be negligible compared to reaction (U.la), that- is, k. « k  for 

v1 =0. The rate of the direct charge transfer reaction, 
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2!:) + 5.8 eV 
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He   „2 _ „v. . „g 

is expected to be vanishing small, for small v since energetics of 

the reaction is exc :hermic and the large energy defect is prohibitively 

non-resonance for the asyranetrical charge transfer reaction. 

Although there is some doubt as to the range of available 

energy for transfer in the reaction , 

Heg + N2 - 2He + Ng (B
2
!) + ft 

the contribution to the N2 (ITZ) population is expected to be 

negligible a& discussed in Section 3tU, 

In this section, only the reactions between energetic helium 

and nitrogen are considered. The only way nitrogen can be excited 

indirectly by an energetic species A represented by the rate 

v* 
constant, k. , is when X is an impurity. Prom the results obtained 

in Section 2.k the contribution from the rext to last term in 

(U.18) is taken to be negligible compared to reaction (l+.ia)- 

The last term in Eq. (U.18) gives a value for the rate of 

populating the v' = 0 level of the ITS state by all possible 

transitions from higher energy levels. The sum is to be taken 

over all vibrational levels of each electronic state connected to 

the B^(v* = 0) level by electric dipole transition matrix elements. 

2^+ 11 
Of alx the known electronic states with energy greater than B i.^   , 

only the DTI state has the proper synmetry which satisfies the 

electronic transition selection rule for homonuclear molecules, 

namely, only even states can combine with odd, g .-«u. Also, the 

contribution to the B 2: (v* =0) level population by the transition, 
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D il - oZ ,  is assumed to be negligible compared to the other 

populating processes because this transition has not been observed 

in the present work nor has it been reported in the literature. More- 

over qualitative estimate of the Franck-Condon effect from the 

potential curves indicates that the Einstein coefficients are rel- 

atively small due to small Fx'ank-Condon factors, a , „. 

Eq. (4.18) can now be written, 

T   ..    V'V  V'V 

V" 
v v 

^'[He31]^] ^^'[He^CNg] 

where the tapper level refers to the v1 = 0 level of the wT,   elec- 

tronic state. The kinetic rate eqviations (4.3) and (4.8) governing 

m     + 
the He and He« concentrations as a function of time in puie helium 

have to be modified upon addition of the reactant nitrogen. Starting 

with Eq. (4.3), the time dependence of the metastable concentration 

can be expressed in terms of the axial distance down the tube for a 

given flow rate, i.e. 

aDfe^] _ - aCtef] (4.20) 
^t  ~u   ^ 

where ü is the average flow velocity and z is the axial position 

along the tube. In the present experiment, one is interested in the 

rate of change of He as a function of axial distance down the tube 

beginning at the point of nitrogen reactant introduction. With a 

rate, k = 1.3 x 10'" cm^/sec, the formation of He by superelastic 

collisions of electron's with He( S) from the discharge will have 

gone to completion before introducing the reactant and can be 
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m 

ü Ö^]   =  _   K,[Hßn1] mi 

neglected in the remaining discussion. 

By representing the combined loss mechanisms for He*" in a pure 

helium afterglow by K', Eq. (4.3) becomes 

(4.21) 

Upon addition of nitrogen as a reactant at the axial position along 

the tube, z = z , the rate equation governing the He concentration 

will be modified to include the loss of Hem by inelastic collisions 

with N2 given by reaction, (4.1a). Eq. (U.21) becomes 

(4.22) Jl^3 = -K'[Hea] -kjHem3CN2] a 

With the position of the spectrometer and hence the position for 

observirr; the molecular nitrogen emission located at s = z, where 

z    - i    = £, the He concentration can be obtained as a function of 

z by solving Eq. (4.22) with the following assumptions. For the 

range of N- flow rates used, [N?] > [He ] such that CN2] can be 

considered constar « over the axial distance t;  the validity of this 

assumption will be discussed in the following chapter when the Np 

and He concentrations are measured for the experiment in question. 

In genoral the Np reactant concentration will be greatly in excess 

of the He concentration and need only be considered in the limiting 

regi^i> fN2) - 0. Eq. (4.22) becomes 

dClfe^] .  1 

[Hem] u 
K' + k [Np] 

a c 
dz 

Integrating fron z to z1, 

ln[HemL - ln[Hem]„ = - ' K' + ka[N2] (4.23) 
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[He0]z = CHem]2 exp 1 - T[K' - ^[^jjj (k,2k) 

where T = -t/u is the reaction time and (He ) and (He )  are the 
o 

metastable helium concentrations of positions z = z, and z respec- 

tively for a given nitrogen concentration. 

As was mentioned earlier, the method of measuring rate constants 

outlined in this section is tc be applied to the reaction (U.la). 

This particular reaction was chosen because it was most easily 

isolated fron the others. Therefore all that remains of Eq. (4.19) 

is in some way to separate the contributing mechanism for populating 

2 + the v' = 0 level of the B E state by charge transfer with He^. The 

relative concentration of He« can be made negligible compared to 

that of He by applying a weak microwave field between the discharge 

and nitrogen reactant input as wat explained in Section 3.3. The 

integrated intensity equation (4.19) becomes 

IvV. = Vv^v''kv'[Hem]z l    ^ (lf>25) 

v„ v'v"  ■      1 

Substituting Eq. {k,2k)  for the Hem concentration at z-, 

v'v  T ̂ 'fc^  [N2] exp [- T^] + K'j]j (4.26) 

By varying the nitrogen flow rate, the corresponding change in 

emission intensity from Eq. (4.26) becomes, 

v" 

At this point, it is instructive to remember the assumption about 
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the velocity distribution in the afterglow, namely, that flow is 

described by Poiseuille's Eq. (2.3) with a parabolic radical veloc- 

ity distribution over the diameter of the tube. The integrated 

emission intensity observed at position z, is expected to increase 

with N2 concentration according to Eq. (4.27), attain a maximum, 

and then decrease with increasing [Np]. The intensity maximum is 

described by the condition, 

|dl  „/dCNg]   1=0 (4.28) 

Setting Eq. (4.27) equal to zero according to Eq. (4.28) yields 

the following expression for the rate constant Is.  , 

ka = TTiQ   cm3 sec'1 (4.29) v 2'max v " 

where [N0]   is the nitrogen concentration corresponding to the d max ^ 

maximum in X , .,. The mestastable helium concentration at z , v'v o* 

[He ]  does not depend upon the nitrogen flow rate. 
o 

4.3 General Method for Energetic Helium-Reactant Reactions 

Determination of the rate constants for Penning reactions 

involving He and added reactant gases can be made by measuring 

metastable helium concentration by light absorption . The He con- 

centration as a function of reactant flow rate is then interpreted 

in terms of a reaction rate. Application of this method is strongly 

dependent upon the He concentration, absorption path length, and 

overall sensitivity of the apparatus. The method to be developed 

in this section and the results given in Chapter 5 likewise interpret 
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the rate constant by relating the metastable helium concentration 

as well as the other energetic helium species to the reactant flow 

rate. However the method for observing the energetic heliuiu species 

depends upon the relative intensity measurements of the resulting 

emission when nitrogen or carbon dioxide (reactions h.l)  is added 

to the afterglow. At a given nitrogen flow rate, the particular 

vibrational level of the excited electronic state characteristically 

excited by a given active helium species is observed. After iso- 

lating the reaction favoring this excitation from competing reactions 

by the methods described in the previous sections, the reactant is 

then added upstream to the nitrogen input. The corresponding de- 

crease in energetic helium concentration as a function of reactant 

flow rate can then be restated as the rate constant for the reaction. 

Eq. (U.25) for the nitrogen emission intensity produced by 

reaction (4.la) represents the detection method for He at an axial 

position z. It is assumed that the contribution to I , „ by the 

reaction with He2 is negligible when a low power microwave field is 

applied to the afterglow as was described in Section k.2.    The 

steady-state He concentration at z has to be modified upon addition 

of the reactant X to account for the reaction. 

Hem + X -^ He + X+ + e O+.SO) 

The rate equation (U.22) governing the He concentration now becomes 

u Ö[|p = - K'[Hem] - ka[He
m][N2] - k^He^Cx]        (4.31) 

where the additional loss mechanism is represented by the rate 
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constant k . The secondary excitation of the nitrogen by energetic 
X 

species of the reactant X according to the reaction (4.13) usually 

wilx be neglected because for most of the reactants studied, reac- 

tions (4.13) do not take place. This process will be one of the 

first to be investigated in attempting to explain any anomalous 

behavior in the rate measurements. 

In general the nitrogen and reactant concentration will be 

greatly in excess of the He concentration such that [X] can be 

considered to be constant down the tube. To obtain the He concen- 

tration at the point of observing the nitrogen emission [He ] , or*. 
"1 

must integrate Eq. (4.31)• Since nitrogen is added at z,, the loss 

term represented by k can be set equal to zero. Eq. (4.31) then 

becomes 

d[ä^3 = --[*' -k [X]l (4.32) 
[Hem]    ü\ X  -1 

where the integration is taken fr; a z to z , 

and 

ln[HemL - ln[Hem]  = - [T K' + kjxfj (4.33) 
zl       zo        l x  J 

[Hem]z =CHem]z expi - T[K' + kx[x]]] (4.34) 
1      o   ^ 

Now let [He ]   represent the metastable helium concentration for 
Zl 

the limit [x] - 0. Eq. (4.34) becomes 

[HemL = lEe\  * expf - Tk[x]1 (4.35) 
zl      zl    l   x  • 

where again T is the reaction time T = -t/u. Substituting 

Eq. (4.35) In Eq. (4.2$) 
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v" v'v" ;L 

Li the limit  [x] -• 0,-»I , ,, and the integrated intensity becomes, 

^„.W^EÄ* (MT) 
„ v'v" 1 

Dividing Eq. (^.36) by (^.37) and taking the natural logarithm of 

both sides, one obtains, 

in (T^') = - xk [X] (4.33) 

Now the slope of the ciirve In ( v'v") plotted against [x] divided 

by the reaction time, T, gives a value for the absolute rate 

constant, k . 
x 

+ 
Reactions with the atomic ion, He of the type, 

He + X * He + X (4.39) 

are studied by observing the (l,0) band of the A H-Xi electronic 

transition of CO . In an otherwise analogous method to lat for He 

reactions outlined above, a relation similar to Eq. (4.38) can be 

obtained. The integrated intensity for the CO emission whose upper 

state is populated according to reaction (4.1e) can be written; 

, v'v" '1 
v" 

From Eq. {kX)  describing the rate of change of He concen- 

tration in H pure helium afterglow, one can ma^e the following 

n- "— "   ^~*"  rf»5^ 
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substitution for the combined loss mechanisms. 

* d[irJ - - KaCHe+] <U-Ul) 
where    K'  = a'n   + D'/A2 + kc[He]2 

a e        a/ A 5 

Upon addition of ti 2 reactants X and CO > Eq.  (h.kl) becomes 

n ö^] = . K.[ife+] . ke[He+][C023 - klHe+][x] (U.U2) 

Since C0_ is added at the point of observation, one can neglect the 

term represented by k   and integrate (U.U2) from 2   to z, yielding 

[He^    - r.He+]z*   eXp[-T^[x]] (U.H3) 

where again [He ]       4.s the ion concentration at 21  for [x] ■* 0. 

Substituting (U.l+3) in (^.UO), one obtains, 

„ v'v" 1 
V 

Dividing Eq. (U.UU) by the intensity when (X) -* 0 and taking the 

natural logarithm, one obtains the relation similar to Eq. (4.38), 

ln (^'V- - rk'Cx] •  (4.1*5) 
v'v" 

where k; represents the rate of reaction (4.39)« 

For charge transfer reactions with the molecular helium ion of 

"■he type, 
k' 

HeJ + X X 2He + X+ (kM) 

the He« concentration is monitored by mpasuring the relative 

intensity of bands in the IJS-X'T transition of NI originating from 

v' 

^"«»1 *jmj^i» 
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the v' > k  levels populated according to reaction (i+.lc). According 

to the discussion in Section 3.4, trie v' > U levels are not expected 

to be popx/ ed by inelastic collision with He and He2 species. 
+ 

Although being exothermic, the charge transfer reaction with He 

is assumed to be negligible because of the large energy defect 

involved (AE ~ U.TeV). 

In a method analogous to the one outlined in Eq.s (4.32 to h.^3), 

the logarithm of the emission intensity ratio I , „,1  , „ expressed 

as a function of reactant concentration is found to be 

^ (^) = - rWx] ik.kl) 
Vv"       y 

where k' is the rate constant to i.e measured for the reaction (4.46). 

Finally, reactions of the type 

k 
Heg + X -^ 2 He + e (4.43) 

can be studied by observing the An - AE transition of N2 as a 

function of reactant concentration where the upper levels are pop- 

ulated according to reaction (4.Id). As was pointed out in 

Section 3^.' there is some uncertainty about the populating mech- 

anisms for the A il state of Np because of the uncertainty in 

available energy in He^ for the reaction. If reaction (4.1e) is 

p 
the assumed dominant mechanism for populating the A 11 state, then 

in a manner similar to the methods outlined above, the dependence 

of emission intensity on reactant concentration is found to be 

v'v"     y 
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where K is the rate constant for T*'ia-.tion (U.48) involving Hep. 

The search for reaction mechanisms causing selective excita- 

tion of added reactant gases has lead to consideration of atomic and 

molecular helium emission in the afterglow itself. Assuming that 

the dominant helium emission is produced by electron-ion recombin- 

13 ation into radiating states , then this emission can he used to 

measure the atomic and molecular helium ion concentration. The 

kinetic equation describing the popula+"5..o> of the i  excited level 

of the helium atom is 

dN /dt = a(i)[He+] n - N.EA (i+.50) 
e   ij 10 

In the steady-state approximation, the rate of formation is set 

equal to the decay rate, 

dNj/dt = 0 

and 

Ni afi~a(i)[He+]ne (U.51) 

The simple model described by Eq. (4.51) is based on the assumption 

that the i  level is populated by direct electron-positive ion re- 

combination 'fith rate a{i)  and decay is by radiative transitions 

to all possible lower energy levels j. Substituting the steady state 

population into Eq. (4.15), 

hi *  AAl a(i)[HeV (11.52) 
-LJ  V A e 
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By adding the reactant X to the afterglow and »aeasuring the Intensity 

in Eq. (4.52) as a function of [x], the rate for the following 

reaction can be obtained, 

k' 
He+ + X -X He + X+ (4.39) 

The results obtained from (4.52) should give a direct comparison to 

the rate measurements obtained from Eq. (4.45). The steady-state 

He concentration at z with the reactant gas added to the afterglow 

has been given in Eq. (4.43). Substituting the expression in (4.52), 

T  „A. .E..      ^ „ (4.53) 
ij " EA? ^i)tHe+]Zl exp [-xk^X]] 

i  ^ 

Dividing Eq. (4.53) by the expression for the intensity with [XJ "O, 

and taking the logarithm of both sides, gives 

where the rate constant fron (4.54) is to be directly compared to 

the value obtained from Eq. (4.45) for the same reactant. 

If the molecular helium emission is prt-dotninately due to elec- 

tron-ion recombination 

He2 + e - He^ (4.55) 

the method outlined for the atomic emission can be applied to the 

rate measurements for the reaction, 

k* 
He* + X Ä 2He + X+ (4.46) 

An expression analogous to Eq. (4.4?) is obtained. 
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m (Vv'i . . Tkv[x] (^56) 
v'v" 

where I , „ is the intensity for the (v,,v;) band of the molecular 

helium emission. Again the rate measured in (U.56) can be compared 

tc K" obtained from Eq. {h.hj).    A favorable comparison of the two 

methods, both for atomic and molecular helium ions would give con- 

fidence to the choice of excitation mechanisme with nitrogen 

excited by the two ions respectively„ 

ir» 

-—=:jw.*Mi~,ulu- 
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V. EXPERIMENTAL RATE CCEFFICIEKTS 

The following thermal energy rate constants have been obtained 

according to the methods and theory presented in the preceeding 

chapter. The large number of reactions and their associated rate 

coefficients are divided into four catagories, each corresponding to 

a single energetic helium species. Rates of reaction of several 

reactant gases with energetic helium have been measured; these reac- 

tants are Ar, Kr, N2, 0 , H , NO, CO., and CO . With neon, no 

measurable rates were obtained since in each reaction investigated 

the logarithm of the emission intensity plotted against the neon flow 

rate gave a complicated, non-linear curve. 

It is necessary to point out here that in each reaction, the 

rate constant obtained for two reactants gives the loss rate of the 

energetic helium since no measurements have been made of the reac- 

tion products. When a definite reaction path is written down, It 

should be taken to mean the most probable or the rate determining 

step. In many cases, there will exist more than one reaction 

mechanism leading to the same excited state product occurring at 

different rates and with different concentrations of reactants. The 

complicated dependence of the product energy distribution on rates 

and reactant concentrations can cause the dependence of the logai- 

ithm of the emission intensity on the reactant to become nonlinear. 

The range of reactant concentrations used in the rate measure- 

ments is primarily determined by the sensitivity of the optical 

spectrometer used to observe the emission Intensity. Under favorable 
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conditions, a variation of approximately two orders of magnitude is 

obtained for the relative intensity. In other examples, overlapping 

radiation is suspected to occur at relatively high reactant concen- 

trations causing a nonlinear dependence and thus limiting the range 

of variation of the emission intensity. For this reason, the rate 

constants have been calculated irom the initial slope of the graph. 

Since the reaction under study as well as the reaction producing the 

emission had been chosen to be the dominate processes for a given set 

of conditions, the initial portion of the logarithm of the intensity 

for low reactant concentrations indicates the mecnanism under study. 

The reactions in each of the four catagories were studied under 

conditions favorable to the particular energetic helium species of 

that catagory. The validity of the method was checked by making 

rate measurements on selected reactions under a wide variation of 

the experimental parameters. The range of downstream pressure for 

which measurements were obtained was 0.3 to 0.7 torr, produced by 

varying the helium flow rate. Changing the helium flow produced 

changes in the average velocity in the afterglow which in turn varied 

the reaction time. The current maintaining the helium.discharge was 

varied between 20 and 150 milliamps. 

Uhcertainities quoted for the measured rate constants in the 

remainder of the chapter are much larger than the reproducibility of 

measurements under varying experimental conditions. Systematic 

errors in measurjjig the average helium flow velocity are in greatest 

doubt and therefore dominate the quoted errors. Under conditions 
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of laminar flow, the average velocity can be calculated from the 

measured values of the helium volumetric flow rate. As was discussed 

in Section 2.2 the radial dependence of the average flow velocity is 

described by a parabolic distribution according to Eq. (2.5), 

Reactions occurriug in a narrow cylindrical region along the axis 

of the tube are then associated with a flow velocity two times the 

calculated average. As the "effective diameter" of the emission 

region and hence the diameter defining the reaction region was ob- 

served to vary from k.O to 5-9 cm for different experimental 

conditions, the corresponding values for the corrected average 

velocity ü, ranged from 1.5 ü to 1.0 ü cm sec- . The rate con- 

stants are calculated from the slope of the curves according to the 

general method in Section U.3, and the following expression, 

m (-^")=- Tk [x] (U.36) v
To  '     X 
Vv" 

With diffusive mixing of the reactants, according to assun^tion (3) 

in Section k.l,  the steady state reactant concentration, [x], in 

units of cnf^ is calculated from the measured flow rate by the 

relation, 

w - - ^ ^ 
Aü  dt o 

where dX/dt represents the reactant flow rate in units of sec . 

In each of the following measurements, the effective diameter of 

the source has been measured along with an estimate of the uncertainty. 



120 

Values quoted for the rate constants are the average values 

measured under different experimental conditions such as pressure, 

heHum flow rate, and discharge power. The particular conditions 

for which the curves are given will be noted. In practically all 

the following reactions, the reproducibility falls well within the 

quoted uncertainities. Only when there appears some anomalous 

behavior will a discussion of the individual measurements be made. 

5.1 Reactions with Hem 

In addition to the Penning ionization rate constants to be 

reported for the reactions of He with the several reactant gases, 

the particular reaction, 

Hem + N2 -a He + Ng + e (5.1) 

was studied and rate constants measured by three somewhat different 

methods. In the first method as outlined in Section h.2,  the relative 

2 + intensity for the (0,1) band of the B E transition in N2 was measured 

and plotted as a function of the nitrogen flow rate in Fig. 5.1' 

As reaction (5.1) preferentially populates the v* = 0 level of the 

ITT! state, the nitrogen ster.ly state concentration at the turning 

point of the relative intensity curve can be interpreted in terms 

of the rate constant for the reaction according to the expression, 

For this method as well as the remaining reactions involving He , 

the experimental conditions of flow and reactant mixing gave an 
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effective emission source diameter of d — k.O  cm. With a downstream 

^ h -l pressure of 0.6 torr and an average velocity of 1.35 x 10 cm sec , 

the nitrogen concentration corresponding to a maximum I , „ in 

Fig. 5-1 was [N0] v = 7.9 x lO
12 cm"3. Substituting in Eq. (h.2Q) 

with a reaction distance, -L = lU cm, the measured rate constant k 
a 

for reaction (5.1) was found to be 1.2 ± 0.^ x 10"  cm sec' . 

A second method for obtaining the rate constant for reaction 

(5.1) depended upon the measurement of He concentration as a 

function of nitrogen flow by optical absorption of the Hei 3889Ä 

transition. The rate constant was observed to have the value 

-11  ^   -1 
9 ± 3 x 10   cm sec . Because of the short path length (~ li cm) 

and the overall sensitivity of the monochrometer and detection 

system, the optical absorption method appeared to be the least re- 

liable of the three although the agreement is within the quoted 

uncertainities. 
m 

The third method similarly interprets the He concentration 

dependence on the nitrogen reactant flow rate in terms of the rate 

constant for the reaction. Observation of the metastable helium is 

indirectly made by measuring the emission intensity of a second 

reactant known to be primärly excited by Hem. This is the general 

method, as outlined in Section U.3, for measuring the rates for the 

various reactants denoted by X. Both nitrogen and neon emission 

spectra excited by the metastable helium were used to observe the 

helium concentration, namely, the (0,3) band of the Bi! - AS 

Oggi  —UllJ 
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transition in N2 and the Nel 6402,3A transition. Unless otherwise 

specified, the relative intensity data reproduced in Figs. 5.2 

t.'iru 5.4 is for the nitrogen detector. The relative contribution 

of the He« in exciting these bands in question was reduced by 

operating at 0.4 torr downstream pressure and with a ^ JW power 

microwave field incident on the afterglow region for the purpose 

of preferentially increasing the He« ion removal by ambipolar 

diffusion tn the walls. The curve in Fig, 5.2 for nitrogen as the 

primary reactant yields a slope whereby the rate constant can be 

calculated according to Eq. (4,38). The calculations yielded a 

constant of 1,1 ± 0,4 x 10"  cm3 sec" for the third measurement 

of the rate of reaction (5.1). Both the neon and nitrogen detec- 

tion schemes at 0.4 torr downstream pressure and an effective 

source diameter of 4.0 cm gave values for the rate well within the 

estimated errors. 

It is the purpose of the following discussion to report the 

rate constants for the reactants other than nitrogen. Unless 

otherwise noted, the curves in Fig. 5-2 to 5.4 correspond to the 

conditions of 0.4 torr pressure, source diameter of d — 4,0 cm and 

a low power (— 10 watt) microwave field applied to the afterglow 

region. The remaining Penning ionization rate constants measured 

are included in Table 5.1. Values for the rates reported by other 

authors have been added for a direct comparison. By considering 

the reactants as mixture of two gases, in tnermal equilibrium, the 

rate constant can be expressed in terms of a cross section, a> 

—- ■ tfßm   r ■ > "-T^ 



123 

k = nra (5.2) 

where ü is the mea" relative velocity of the ^To  reactants with a r 

value of 1.3 x 105 cm/sec for He and N2 at 300
0K. 

In Tahle 5.1, the rate constants and cross sections observed 

in the present work are listed in the second and third columns with 

the estimated uncertainities. In every reaction except a single 

instance for reactant Kr, the reprrducibility in the measurements was 

better than 10^. Due to some question about the magnitude of the 

systematic errors introduced in the flow measurements and velocity 

determination, the quoted errors for the rates have been chosen to be 

significantly larger than the observed 10^. Rate constants measured 

by other authors are included in the fourth column for comparison. 

The good overall agreement indicates the soundness of the present 

method. In the next column, the particular method used in the 

measurements are indicated according to the folloviing: FA - flowing 

afterglow; PD - pulsed discharge; AB - atomic beam; DE - direct 

emission method outlined in Sec. 5.2; SE - secondary emission method 

outlined in Sec. U.3; OA - optical absorption; and LPMS - low pres- 

sure mass spectrometer. 

A discussion of these reactions in terms of available energy 

and energy resonances has little meaning since the free electron in 

the product can carry off excess energy of the reaction. This 

has been observed in reaction (5.1) where the N2 product was found 

to be populated according to the Franck-Condon principle and not 

direct energy resonance . 
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5.2 Reactions with He 

To measure the charge transfer type reactions of He+ with the 

added reactant, of the type, 

He+ + X - He + X+ (5-3) 

the (1,0) band of the ATI - KZ transition in CO upon addition of 

COg as well as the already present Hel 5875.68 emission was observed 

and interpreted in terms of the relative concentration of He . 

Figures 5-5 and 5.6 give the relative intensity of the emission as 

a function of reactant concentration for the CO and Hel detector 

respectively. The curves correspond to measurements taken at a down- 

stream pressure of 0.6 torr. The effective source diameter was 

measured to be 4.0 cm and 5-9 cm for the C0+ and Hel emission, re- 

spectively. As in the case of the He reactions, the measurements 

performed in this section were checlced under different experimental 

conditions. The reproducibility of tbe present data agreed within 

± 10^. The calculation of a rate constant from the sL^ope of the 

curves were rnaae according to Eq. (4.1+5) which is algebraically 

identical to that for Hem reactions, Eq. (4.38). Table 5.2 contains 

the measured rate constants as well as values published by other 

authors. 

No reactions involving argon and hydrogen reactants were ob- 

i- 
served with He . Consequently for the present experimental condi- 

tions, only an upper limit to the rate constant can be given, being 

-13  3   _i 
< 10  cm sec . The remaining values measured are listed in the 

- _   ii M\   m~" ' M rstmmtrrs: 
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second column with errors estimated to be approximately ± 30^. 

Again the data presented by other authors is included in the third 

column where the comparison is very good in all reactants except CCL 

which still agrees within a factor of two. The interesting aspect 

of the charge transfer reactions with the first four reactants is 

their relatively large rate constants which are comparable to the 

orbiting ollision rate constant calculated from the expression , 

where or is the polarizability of the neutral reactant, and M> is re- 

duced mass. In addition to the measured rate constants quoted in 

Table 5.2 for connarison, Ferguson, et.al. have compared the avail- 

able experimental data with the various theoretical models for the 

3 k 
low energy ion-molecule reactions  . 

5.3 Reactions with He« 

The following section is concerned with measuring the absolute 

rate constants for the reactions of toe type, 

He2+X-2He + X+ (5-5) 

In reactions involving charge transfer with Hep, the He« 

molecular emission and the (U,6) band of the ITE - X ll transition of 

N- upon addicion of N? were observed and interpreted in terms of the 

relative concentration of He«. The rate constants were calculated 

from the slopes of the curves in Figs. 5.7 thru 5.11 by the method 

developed in Section U.S. Fig. 5.7 gives the relative emission 

intensity of the IrA - 2^1  transition of He« at 5730Ä as a function 
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of reactant concentration at a pressure of 0,6 torr and an effective 

+ 
source diameter of 5.9 cm« The remaining curves for He2 reactions 

in Figs. 5-8 thru 5«11 indicate the relative intensity dependence 

of the (U,6) band of the BE- X 2^ transition for N- at a pressure 

of 0.6 torr and an effective source diameter of k.O  cm. The charge 

transfer reaction with hydrogen reactant yielded a nonlinear emission 

intensity curve as seen in Fig. 5-11. This anomalous behavior is 

most likely due to the presence of overlapping unidentified bands in 

the He2 and N^ spectrum upon the addition of hydrogen to the afterglow. 

In Table 5-3 absolute reaction rate constants for the reaction 

(5.5) are listed in the second column. The only value for compar- 

ison reported by another author is indicated in the third column 

for nitrogen reactant where the agreement is within the estimated 

uncertainities. Again the reproducibility of the measured rates for 

a variety of experimental conditions including the comparison of the 

two "detectors" agreed within ± 10^. The overall uncertainity was 

quoted to be approximately ± 30^. 

5.4 Reactions with He. 

The remaining section is devoted to the measurement of reaction 

rates involving the metastable helium molecule, He2, 

Heg + X - 2He + X+ + e (5.6) 

The relative concentration of He^ as a function of reactant flow 

rate was measured by observing the (2,0) band intensity of the 

AH - X^ transition in N^ as a function of reactant flow rate 

--.—. 1 ^ ■■  . .iii»»t fcj»»^—1 1 f—  - IJ»I )P»-j|ggggBWT-^„<ü PJJ ; 
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indicated in Figs. 5.12 and ?.13. The rate constants for reaction 

(5.6) were calculated from the slopes of the observed intensity- 

curves according to Eq. (k.ky).    The measured rate constants with 

estimated uncertainities of ± 30^ are listed in the second column in 

Table 5.h.    No known measurements for the rates of reactions with 

He- have been found in the literature. 

It is of interest to note the similarity between the rate 

constants for a particular reactant with He2 and He2. This could 

possibly be due to a poor choice of the ATI - x'T system of N« for 

the He concentration measurements. On the other hand, the arguments 

in Section 3.4 give confidence to the choice of excited-state pro- 

ducts used for detecting the energetic helium. A natural extension 

of this method would be to investigate excited-state products pro- 

ducing emission of other reactants for detectors which would isolate 

the different energetic helium reactions. 
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TABLE 5.1 

He   Thermal Energy Penning lonization Reactions 

Reactant   k x 1010, cm3 sec"1 aß Method Ref 

N2 1.1 ± 0,4 
0.9 ± 0.3 
1.2 i 0.4 

8.0 ± 3 
6.5 ± 2.5 
5.0 ± 3 
7.0 
6.4 
6.1 

FA/SE 
FA/QA 
FA/DE 
AB 
PD/OA 

5 
6 
7 

02 4.3 ± 1.3 32 ±14 
14 

FA/SE 
AB 5 

«2 0.55±0.2 2.5 i 0.^ 
2.6 
2.4 

..-A/SE 

AB 5 
8 

1.7 
6.1 PD/OA 

7 
6 

Kr 1.3 ± 0.4 10  x ^ 
9.0 

10.3 
16.5 

FA/SE 
AB 
PD/QA 

5 
6 
7 

AT 1.3 ^.k 10  ±3 
7.6 
6.6 

FA/SE 
AB 
PD/OA 

5 
6 

CO 2.9 ± 0.9 21  ± 7 
7 

FA/SE 
AB 5 

NO 6.3 ± 1.9 47  ± 14 FA/SE 

co2 7.7 ± 2.3 59 ± 17 FA/SE 

*y*^yi    i   —eg jm 
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TABLE 5.2 

He    Thermal Energy Ion-Molecule Reactions 

Reactant k x .I010(cm3 sec"1) at* Method Ref 

«2 15 ± 5 
17  +2, -8 
14.5 
3.6.9 

- 
115 
130 

35 FA/SE 
FA/MS 
SA 
LPMS 

3 
9 
10 

02 Ik ± k 
15  +2, -7 
10.5 

.5 
17.0 

~ 
100 
115 

35 FA/SE 
FA/MS 
SA 
SA 
UMS 

3 
9 
11 
10 

HO 2k ± 7 
15  +2, -7 
20.7 

- 
175 
115 

50 FA/SE 
FA/MS 
LBfiJ 

3 
10 

co2 21 ± 6 
12  +2, -6 *** 

155 
90 

Vp FA/SE 
FA/MS 3 

Ar < 10" -3 

< 10"3 
< 
< 10 

FA/SE 
FA/MS 3 

% 
< 10' -3 

< 10 ^ 
< 
< 10 ^ 

FA/SE 
FA/MS 3 
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TABLE 5.3 

He2 Thermal Energy Molecular Ion-Molecule Reactions 

Reactant k x 1010, cm3 sec"1 a ,S2 Method. Re 

N
2 

9.5 * 3 
60 

95 
60 

± 30 PA/SE 
FA/MS 3 

o2 15  ± 5 150 ± 50 FA/SE 

NO 23  ± 7 230 ± 70 FA/SE 

CO 36   ± lw 360 ±100 FA/SE 

Kr 1.6 ±  .5 17 ± 5 FA/SE 

Ar .02 ±  .006 - - .2 FA/SE 

«2 No intenoretable rate constant 

TABIE 5.4 

m 
He2 Thermal Energy Molecule-Molecule Reactions 

iactant k x 1( J    ,  cm sec *  cf,Ä- M-tho 

02 15 ±  5 150 ± 50 FA/SE 

co2 16 ± 5 160 ± 50 FA/SE 

NO 22 ± 7 220 ± 70 FA/SE 

H2 0.25 ± .08 1 ±  -5 FA/SE 

Kr l.U ± 0.4 15 ± 4 FA/SE 

Ar 10-3 10-2 FA/SE 
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V Figure Legend 

5.1 Relative intensity of the (0,1) band of the B ^ - X ^ 

system of N2 as a function of N flow rate. 

, .2 Loss of He shown by the relative deci-ease of the (0,3) 

band intensity of the ITL - X^E transition of Ng plotted 

as a function of the reactant flow rate. 

5.3 Loss of H? Bbown by the reiati/e decrease of the (0,3) 

band intensity of the ITE - XL transition of N^ plotted 

as a function of the reactant flow rate. 

5.4 Loss of He shown by the relative decrease of the (0,3) 

band intensity of the B "2 - XL transition of N* plotted 

as a function of the reactant flow rate. 

5.5 Loss of He shown by the relative decrease of the (1,0) 

band intensity of the An - X 2: transition of C0+ plotted 

as a function of the reactant flow rate. 

5.6 Loss of He shown by the relative decrease of tiw Hel line 

intensity at 5075.65 plotted as a function of whe reactant 

flow rate. 

5.7 Los& of He2 shown by the relative decrease of tLe (0.0) 

band intensity of the 1+ 3A - 2 ^TI transition of Hn 

plotted as a functlcs of the reactant flow rate 

y^f^m 1 HI -^fF»- 
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5.8 Loss of He« shewn by the relative decrease ol the (U,6) 

band intensity of the B il - A system of Ng plotted 

as a function of the reactant flow rate. 

5.9 Loss of He2 shown by the relative decrease of the (U,6) 

band intensity of the "STZ - ITT.  system of Np plotted 

as a function of the reactant flow rate. 

5.10 Loss of He« shown "^y the relative decrease of the (^,6) 

band intensity of the B*T - AE system of N^ plotted 

as a function of the reactant flow rate. 

5.11 Loss of He2 shown by the relative decrease of the (4,6) 

band intensity of the B ;C - TZ  system of N^ plotted 

as a function of the reactant flow rate. 

5.12 Loss of Hep shown by the relative decrease of the (2,0) 

band intensity of the ATI - ITIL transition of Np plotted 

as a function of the reactant flow rate. 

5.13 Loss of Hep shown by the relative decrease of the (2,0) 

band intensity of the An - JTZ transition of Np plotted 

as a function of the reactant flow rate. 

—,  
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