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MBSTRACT

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, N,, 02, Hé, NO, CC, and
C02 reactants with long-lived energetic helium species have
been measured. The (23S) metastable atom, He®, the (a32) meta-
stable molecule, Heg, the ground state atomic ion, He+, and
the ground state moleculer ion, He,, were the helium reactants.
An optical spectroscopic technique fcr determining rate coef-
ficients has been developed and utilized for measuring the
decrcase 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 srecies were studied by observing transitions of the
second reactant whose upper states were preferentially excited

v




by the energetic helium species tc be measured. Rate coef-
ficients were limited to the range of 1072 to 10713 cm> sec”t.
Penning ionization reactions with Hc® and ion-neutral reactions
with Hb+ have been compared to published values. Cverall
agreement of the rates reported in these experiments and pub-
lished values measured by optical absorption and mass spectro-
metric technigues gives confidence in the general method.

In addition, nitrogen spectra selectively excited in a
helium afterglow were studied in order ¢o -'nderstand details
of the excitation processes. Photographic spectra of the
nitrogen emission in the 2300 to 87002 wavelength region con-
tained band systems originating in the A 2H, B 22, and D 2H
electronic states of N;, the C 3H, and B 3H states of N,,
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 prefeirentially removed He™ since its rate of

reaction with Hem is significantly larger than with the other

vi
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energetic helium species. Correlations of the observed excited
states of nitrogen with the energetic Lelium 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 Heg and Heg with N2 are
discussed in terms of the available energy of the molecule
vhich undergoes disscciation upon reacting. The observed
pressure dependence for intensities of the perturbed rotational
levels in the (1,0) band of the B % - X & first negative

system is discussed in terms of the excited state populations

and subsequent collisional energy transfer,

vii
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I. INTRODUCTION 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 tvhe upper
atmosphere, astrophysics, radiation damage, reentry physics, con-
trolled thermonuclear fusion, and gas lasers. Inelestic collisions
involving electrons, ions, excited atoms and molecules at near-
thermal ~zergies make up an area of particular interest Lo spectro-
scopists studying atomic and molecular structure as well as the
kinetics of collision processes and chemical reactions. Gas dis-
charges, afterglows, shock tubes, flames, and molecular beams are
but same of accessible laboratory techniques. The following effort
has been dedicated to the investigaticn of inelastic collision proc-
esses occurring in & helium afterglow. This is, essentially, the
study of excited helium in the time following the removal of the
electrical scurce 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 (~300°K corresponding
to an average energy of 0.0k eV.) before the measurements are per-

formed.
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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 methcds have
been used to study properties of this afterglow determined by the
thermal-energy collision processes to be investigated. The princi-
ple experimental techniques inclndelz (1) Langmuir probes; (2) radio
and microwvave frequency mciliods; (3) mass spectroscopy; (#) optical
absorption; and (5) emission spectroscopy and interfercmetry.

Langmuir probes have been used to measure electron and ion den-
sities as well as nean electron energies in afterglows and plasmase.
Numerous problems bave been encountered in the interrretation of
experimental probe data and considerable work is required to obtain
meaningful measurements.

A microwave probing technique has been developed by Biondi and
Brown3 to measure the spatially averaged electron densities in the
efterglovw. Resopant frequency shifts of a microwave cavity caused
by presence of an afterglow are interpreted in terms of a complex
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 disturd
the electron. energy, this method has found wide vse in determining

the removal processes of free electrons i the afterglow.
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3
Mass spectrcscopy recently has become one of the most important

methods used in the identification and concentration measurements
of the ion species in the ax‘terglovﬁ ’6. The differentially pumped
radio-frequency mnca spectrameter has sufficiently fast response to
follow ion decay as & function of time6. Analysis of ion products
and intermediates of charge transfer arnd other ionization reactions
gives quantitative information concerning the mechanis.a aind paths
of the reactions studied.

Afterglow optical absorption method refers specifically to the
detection and concentration measurerents of metastable and in same
cases ground state speciesT. 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 absorbing species.

Emission spectroscopic and interferometric techniques refer to
the considerable amount of information available from an analysis
of optical radiation emitted from a.fterglowse. Intensities of
atamic 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 snalyzed
in connection with other afterglow measurements such as election,
ion, and metestable concentrations to determine the histcries of
the species and their decay and formation rates. The kinetic energy
of radiating species can be calculated from the observed widths of

the Dopnler broadened emission lines9. In ionized gases in which




the radiating species are subject to ctroung electric fields, the
emirsion line profiies are broadened by the Stark effect from which
information about the eleciron demsity <an be obtainedlo. High
resolutior measurements of the line profiles are generally made with
Fabry-Perot interferometers.

As each method 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, Mosburgll determined the helium atomic ion-electron recom-
bination coefficient as a function of electron density and tempera-
ture by applying several of thc previously mentioned vechmiques to
'tudy the afterglow in heliii. Measurements of the atomic line
intensities and cheir project brightness profiles, the electron
density and temperature, and the optical absorption hy metastables
were made as a function of time after cessation of the discharge.

In afterglows of an electrical discharge turu helium, the prob-
lems8 of the origin of atomic and molecular emissions and their re-
lation to electron-ion recombins.cion processes have received a con-
siderable smount 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 meth>d3’h’12. These results were complicated by failure to
take int, account the electron decay due to diffusion in higher
order modesl3. It was the opinion of several investigatorslz’lh
that oaly the experiment of Chen, Leiby, and Goldateinh had pro-

duced an afterglow which was rzcombination controlled.
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Until recentiy the observed decay of electron density in the
helium afterglow was interpreted to proceed primarily by dissocia-
tive recombination of He; 12. Development of the theory of
r~llisicnal-radiative recombination by Bates, Kingston, and
McWhirterls suggests a collisional radiative mechanism for the
electron-ion recombination process. Moreover, the newly revised
moleculal helium potential curves by Mullikenl6 predict small rate
constarts for the dissociative-recombination reaction except in the
case whrere the molecular helium is vibrationally excited. The
mechanism of collisional-radiative recombinaticu nes the form of a
three-body reaction where the third body is usually an electron
which can absorb the energy defect of the reaction as kinetic

energv, i.e.

He' + e + e = He* + e (1.1)
*
and He;+e+e-'He2+e (1.2)

vwhere H: and Hez represent the excited upper states of the transi-
tions producing the afterglow emiseion.

Results obtained from spectroscopic studies of the helium after-
glow occurring in a flow system kave been interpreted to supporl the
collisional-radiative recombination mechanismu. Hinnov and
Hirschberg18 who investigated the recombinatiop. rate and character-
istics of the atamic emission in a magnetically confined afterglow
of the B-1l stellarator discharge, attributed the atuamic emission to
a three-body recambination process of the type (1.1). The critical

investigation by Mosburgll of the time dependence of atomic and

i
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molecular emiesion intensities, electron density and temperature,
and metastable helium density gives values for the atomic ion-
electron recombination coefficient in reascnable agreement with
collisional-radiative recombination theory. Recently, Gerber,
Sauter, and Oskam;9 made simultaneous optical and mass spectro-
8scopic measurement: of the atomic and molecular radiation and of
the corresponding ion densities as a functicn of time after the
discharge. Analysis of the two sets of measurements strongly
indicate that the three-body reactions predicted by the collisionadi
radiative recombination theory are responsible for the observel
results. Ferguson, Fehsenfeld, and Schmeltekopflh give a compre-
hensive discussion of the new theoretical develorments as well as
experimental measurements associatzd 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 cuantities of a second gas has been used by spectro-
scopists for many 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-

-

charges through the pure gas ‘

Early investigations of the selective-excitation of impurities

in helium discharges were carried out by Duffendack and Smithgl,

a

Takahashige, Richardsoneb, and othersgh. the resulting spectra
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7
were first attributed to inelastic collisions with the helium atcmic

ls and 23S states. There wes a

ion apd metastable atoms in the 2
congiderable amount of difficulty in interpreting the selectively-
excited spectra in terms of epergy conservation and Franck's reso-
nance rule applied to collisions of the second kind with the pre-
dicted energetic helium species. Meyerott25 surveyed the literature
on spectra excited in a hel um discharge and suggested inelastic
collisions with moiecular helium ions and metastable molecules in
the 332 state to be responsible for the discrepancies observed in
the resulting spectra. Moreover, he deduced ecnergies of the
metastable meclecule and molecular ion fram levels of the observed
spectrum. Meyerott's calculated values for repulsive energy or

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 aprearance of emission spectra excited by collisions
with high energy electrons in the discharge.

Herman, Felenbok, and Hbrman26 investigated population distri-
butions over vibrational levele of the 322 state of N; excited in
the afterglow of a helium-nitrogen discharge. The distribution
was comparel to that observed for excitation of CO by inelastic
collis® ms with metastable Xb27. The effect of energy resonance on
popula.ion distributiors was fcund to be much sharper for collisions

without lonization.




8
To avoid many difficulties in interpreting selectively-excited

spectra occurring in a discharge, Colliins and Robertson28 investi-
gated excitation of several gases added to a flowing, steady state
helium afterglow. Excitation of the added gases was attributed
exclusively to collisions of the second kind with epergetic helium
species normally occurring in the afterglow. Excitation by colli-
sions with hizn energy electrons cammon to discharges was considered
negligible due to low electron temperatures presenmt in the after-
glow29: A study of excitation processes responsible for the impu-
rity spectra was presented in which a correlation of the excited
leveis with energetic helium species was made. Several techniques
were developed which produced afterglow conditions favoring an
individual excitation mechanism. The reletive occurrence of
reactions involving He(23S) or He®, He+, and He; was found to de-
pend on downstream pressure. A microwave field applied to the after-
glow quenched ion reactions relative to the metastarle. A third
difference in the observed spectra was the rate of decay of ener-
getic species as a function of tliuse or axial distance downstream
from the discharge.

Recently, Rdbertson3o analyzed the distributions of popula.ion

over the vibrational levels of the A%T - th and bht - auﬂ systems
i % - g
of 02 and the BZ - system of N2 8electively excited in a helium

afterglow. For ecch 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 . -roximately

= - T - TR T TN T, T et e




9
followed that predicted oy the Franck-Condon principle for excita-

tion from the ground state.
1.3 ZSzaction Kiunetics in a Flowing Steady State Afterglow

Within the last decade, thermal or near thermel energy reactions
have received considerable attention in the literature with partic-
ular emphasis or reactions of interest in aeronomy. Ilmproved meth-
ods for detecting and identifying reactants amd products such as
develorment of mass spectroscopic techniques have resulted in a
considerable amount of data on rate constants of thermal energy
reactions. Present experimental techniques for studying low energy

31 which include; (1) in-

reactions have been discussed by Paulson
ternal ionization, (2) pulsed source, (3) drift tube, (%) ion and
peutral beam, and (5) afterglow methods. In addition to the
electron-ion recombination problem discussed briefly in Section

1.1, ion-molecule, charge trarsfer, and Penning ionization reactions
are studied in afterglows.

Numerous recent reviews of e perimental and theoretical
investigations of low energy collision processes are available.
Particular attention is d.rected to the work of Giese32 for ion-
molecule reactions with an emphasis on maes spectrometric meas-

33

urements. Ferguson, Fehsenfeld, end Schmeltekopf™~ have summa-

rized tne theoretical studies of thexmal energy ion-molecule reac-

tions and have compared available exp:arimer . .ata with the various
34

theoretical models. In ancther recemt study, Stebbings™ reviewed

1 —————— e d,‘mr




10

many theoretical and experimental areas of charge transfer reac-
tions and gives references of important work in the fieid. Penning
ionization reactions and general collisions of electronically ex-

cited atoms and molecules are discussed In the works of Hastedas,

36, and MuschlitzaT.

McDaniel
The technique of using afterglows ¢f gas discharge for studying
thermal energy reactions gained considerable interest with improve-
mente 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 reactionms,
cbarge transfer, radiation, Penuing 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 als, Longstroth and

38

Hasted~ , and Sayers and co-workers39 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
and h’ colleaguesho developed a flowing steady-state afterglow
system in which a wide variety of thermal energy reaction rates

bave been measured. Reactants and products are detected with a

radio frequency mass spectrameter located downstream from the

M O s g




11

reaction. A fast pumping system capable of producing flow veloci-

1

ties on the order of 10h cm sec — enable fast reactions on the

order of 10-9 cm3 sec_l to be measured with uncertainties le3s than

+ 30%.
1.4 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 flowiung steady state helium afterglow. The helium
reactants include the (238) metastable gtom, He™, the (a32)
metastable molecule, Heg, the ground state atamic jon, He+, and
the ground state molecular ion, He;. Reactant gases added to the
helium afterglow include the species Ar, Kr, Na, 02, H2, No, co,
and 002.

A general technique is developed for measuring rates of reac-
tions of energetic helium species with neutrel 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 ‘unction of added reactant flow rate is inter-
preted in tems of a rate constant for the reaction. Relative
corcentration 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.

e ————— . e e P R - e



12
In the search for emission spectra of various reactants selec-

tively escited by a single helium species, nitrogen was found to
produce a number of strong band systems of N; vwhich merit further
study. Particular attention is given to the analysis of rotational
and vibrational population distributions of the Baz - XEZ first
negative system for the following reasons; (1) it is the most
readily observed band system of N; in different sources including
impurity excitation in helium afterglows, (2) the vibrationsl levels
are in close energy resonance with the erergetic helium species,
He® and Hez, (3) Franck-Condon factors are known for excitation

from the ground state of N,, and (4) relative population distribu-

2
tions over the rotational levels of the (1,0) band which are per-
turbed by the close-lying levels of the A?H state, contain addi-
ticnal information about formation and relaxation mechanisms for tke
BgE and A?n states.

A study of population distributions over the vibrational levels
of the excited Azﬁ 322, and Dan states of N; 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 Baz - xaz first negative system for the same set of condi-
tions. Relative intemsities of perturbed and umperturbed lines in
the (1,0) band are analyzed in an effort to give insight into

mechanisms of formation of excited levels and mechanisms of collis-

ional energy transfer. In addition to the selectively-excited




13
altrogen spectra, the short-lived "pink" afterglowhl of an electri-

cal discharge through pure nitrogen wus studied ac a source of N;
emission.

A model consisting of the reaction mechapisns involving ener-
getic helium and nitrogen is presented to account for the obeterved

excited state nitrogen products.
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.8
II EXPERIMENT/ . APPARATUS AND TECHNIQUZ

2.1 General 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 cteady-state afterglow of helium with added
reactant gases.l The basic differences between the three arrange-
ments were the mode of excitation of the gis, the flow rate, and
the pre3sure range.

The lower pressure-larger diameter system is shown in Fig. 2.1.
The discharge-afterglow reaction vessel was & pyrex tube of 900 mm
length and 59 mm 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 liquld nitrogen tem-
perature.

Prior to the d’scharge regicn, the gas flow was interrupted by
a medium fritted disk which was used to establish a uniform 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 kmown as a
function of distance down the tube. With such a parabolic velocity
distribution, average velocities on the order of 2 x 10h cm-sec-l
were obtained with a flow rate of 185 atmosphere-cm3 sec-l 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 cathocde

65 mm diaemeter by 80 mm long and a 65 mm grounded-ring anode. Volt-
age was applied to the discharge throuzh 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 betweer.
meximum afterglow intensity and a minimum of electrode sputtering.
It is now known that aluminum electrodes cause much less sputtering
than stainless steel or molybdenum.

To determine the effect of photoionization of reactant gases by
selium resonance radiation, the discharge was operated in a single-
pulse manner. Breakdow. of the flowing helium was accamplished by
chargirg 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 vertica. deflection was
connected to the photomultiplier of a grating monochrometer.

Downstream from the discharge in the afterglow region, two pcrts
were provided for adding reactant gases at distances of 3 and 14 cm
from the anode. With an average flow velocity of 10h cm sec-l,
these distances corresponded respectively to times of 0.3 and 1.k

milliseconds after the discharge. In the region of each reactant




20
gas input port, fused quartz windows transmitting up to 50% at

lTOQR were provided for spectrosccpic measurements. The reactant
gases were added with flow rates smell compared to the helium flow.

Pressure was measured with a capacitance menometer connected to
the reaction tube by an on-off valve. A pressure 1ange fram 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 .0l torr. The overall accu-
racy oi the pressure measurements in the repge 0.2 to 5.0 torr was
better than 5%. This calitration was good for other non-condensible
gases since the manometer was I sensitive to the type of gas meas-
ured.

The vacuum pump used to obtain high flow rates of helium was a
Roots blower high speed pump backed by a mechanical rotary pump
capable of speeds oi better than 500 liters-sec-l. The actual puunp-
ing speed at the end of the reaction tube was reduced by impedance
due to the connecting lines and valves. Kinetic and spectroscopic
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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chunged 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.
discharge-afterglow system shown .n Fig. 2.1. The reaction vessel
was & pyrex tube of 500 mm length and 19 mm diameter. The pumping
system, mode of excitation of helium, method of adding reactant
gases, &nd 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 efter-
glow, the "pink" afterglow of a pure nitrogen discharge, and the
pressure dependence of rotational perturbations in the nitrogen
emission spectru. 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 vacuum 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 various experiments.

Pure helium from the liquid nitrogen-active charcoal trap flows
through a delLaval nozzle to the main reaction chamberz. 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. egain. Variations on this
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design were used. High pressure operation required a smeller diam-
eter discharge tube of Tmm 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 2450 Mc E;ec:-l coupled to the gas by a
3

1/b-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 vhe .fterglow and reaction regiorn,
the microwave cavity was shi:lded with aluminum foill. 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 lcss to the walls.

Reactant gases were added to the helium flow 10 to 15 cz down-
stream from the discharge at flow rates small compared to those of
helium. Mixing wes acccmplished by adding the reactants in the form
of a concentric sheath as shown by the insert in Fig. 2.2. 1In 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 couid more easily be focused to f£ill the vertical
spectrometer slits.

Pressure was measure by a Bourdon tube gauge with a maximum
reading of 100 torr. Downstream pressures of 1 to 40 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
with a capacity of 65 liters-sec T 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 tne 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 3zlasswaie were vacuum con-
nected to each other either by welding or by standard taper ground
glass joints. Each joint was sealed by Apiezon bard wax with a
softening temperature of 80° ¢ which provided a rigid joint at room
temperatures. This method generally gave fewer leaks than lowver
temperature vacuum greases. The glass reaction tube was 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 1/4 inch 0.D.




tubing. In this manper, standard 1/b inch plumbing fixtures,
tubing, anc 38 could easily be used. Pclyethylene 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 aligmment
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 & similer manner, the various spectrometers were mnunted 1 mater
from the flocr 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 intercounecting tubing was pumped for about 24 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 che reactant gases. The flow rate,
Q, is defined a: the product of the volumetric flow thru a plane

pormal to flow and the pressure at that poinpt,

Q= Pdv/'dt (2.1)

3

where units are torr-cm sec’l. Flow in a8 cylindricel tube is
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classified as laminar when the ratio of the mean-free-path, La’ to
the vadius, a; of the tube satisfies the 1neqpalityu.

La/& < 0.01 (2.2)
In the present experiment, the mean-free-path for helium at a tem-
perature, T = 300°K, and an average pressure, P = 0.6 torr, wae
given to be L = 2.5 X 1072 o, With the radius of the cylindrical
reaction tube, & = 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 regicu,

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

Q= ’fﬁ% P, (Py-P,) (2.3)
where 1 is the tube length, N is the viscosity of the gas, P1 and P2
are the upstream and downstream pressures measured a distance 1
apert and Pﬁ 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

3= q/maP (2.4)
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 downetream is best described by a parabola.
The velocity at the center of the tube is then twn times the average
while the velccity at the walls is 2ero. Under tiis assumption, the

velocity at a given distance, r, from the axis of the tube is given
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u=23( - kP/a°) (2.5)

Kaufman6 has pointea out that serious errors can arise for
kinetic experiments in fast flow systems if certain limitacions,
such as volume and surface recombinaticn, diffusion, and viscous
pressure drop down the tube, are not accounted for. Helium icn re-
combination and diffusion will be considered in the fcomulation of
the reaction rate equastions in Section 5.1. The magnitude of the
viscous 3.essure change down the tube can be calculated fram
Poiseuille's equation. Followipng the discussion of Kaufman, Eq.
(2.3) reduces to the following expression for small AP.

AP/l = 1.15 = 107 u/ a2 (2.6)
in vhich the helium viscosity was T} - 1.9 x 10'“ g cm"lsec_1 at a
temperature, T = 3009Kh. For an average downstream pressure, P =
0.6 torr, the corresponding flow rate with the high speed pump: open
wvas @ = 1.4 x 105 torr—cm3 sec -l. Teking the average velocity,
u=8.5x 103 cm sec"l calculated from Eq. (2.4) and substituting
in Eq. (2.6), tae viscous pressure drop over an axial distaace of
about 1 = 14 cm becomes AP = 0.015 torr. The relative pressure
change, AP/P, is then below 5% apd a distance of approximately 50 cm
would be necessaiy to record a 10b change in pressure.

The application of kinetic equations for chemical reactions in
flow systems is directly dependent upon the velocity dist:uibution
in the form of the reaction time, 7, defined as

T =1/u (2.7)

where 1 is a reaction distance determined by the location of the
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reacten. gac input and the detection region. For a parabolic veloc-
ity distribution represented by Eq. (2.5), there is a distribution
of reaction times with- the averege being twice the minimum. The
question then arises as to whether the average reaction time ghould
be used in the kinetic equations or a different time determined from
the characteristics of the reaction such as flow and reactant mixing
considerations.

T have used the visible helium afterglow to

Ferguson, et. al.
obtain a number for the average velozity. This was accomplished by
pulsing the discharge and then detecting the onset c¢I the afterglow
downstream with & photomultiplier which could be moved the lenzgth
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 beceuse of the different diagnostic
methods used. The volumetric flow rate, dV/dt, was determined from
the linear portion of the pressure increase in a calibratad volume
into which the helium flow was introduced. Then, in the reaction
tube, the flow rate was calculated from the expression.

av
Q="P /dt (2.1)

By operating in the laminar flow region, the average velocity was
calculated from Eq. (2.4%). However, a correction to the sverage
velocity must be made as follows. The spztial extent of the nitro-

gen and carbon monoxide emission region used in the detection of




R

28
the excited helium species depended upon the flow and mixing param-
eters. Since the emission was used as a source for the spectrameter
and at the same time was clearly visible, the estimated source
height corresponding to the diameter of the emission was interpreted
as &  "effective" diameter of the flow pattern. For example, if the
emiscion intensity was monitored for resctions 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 cylind-r
concentric with the axis of the reaction tube and with a diamter
given by the emission source height was ~calcuiated. From Eq. (2.5),
the velocity component at a distance r from the axis is,

oM 2) (2.5)
o} do

where G; is the average velocity correspording to the actuel diam-
eter of the tube, do = 5.9 cm. The volume of gas flowing thiough a

concentric cylindrical tube of dlameter, 4, is then,

q = Pd/z onr u dr  cu sec”T (2.8)
0

Substituting Eq. (2.5) for u and integrating,

q:EQd__ (1-_'.1._2.) (2.9)

2 2d
o

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

cylinder to be.

r%(d)z (2.20)
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and obtain the following table for use in the kiretic studies.
TABLE 2.1

Source Diameter Average Velccity

d cnm v cm sec

l.97uo
1.89
1.74
1.54
1.28
.9 1.00

n

i\ oW

A schematic diagram of the flow apparatus is given in Fig. 2.3.
In addition, a fully developed velocity profile as described by
Eq. (2.4) is shown downstream as would be expected for the laminar
flow region. A lLarge number of reactant gases added to the helium
aftorgiow rer~t with the energetic helium ard caucc visible emis-
sion. The extent of the emissiou rcgion as a function of reactant
flow rate can yleld qualitetiv: information about the method of
mixing and the ranidity of mixing. When reactant gas is added in
large excess, the downstream edge of the emission region appears tc
form a paraboia. Although no quantitative -.easurements were made,
this edge approximately fite the calculated velocity orofile for
the experimenta). flow conditious. Reactant gases were added to the
helium afterglow at flow rates small campared to the carrier gas,
and are assumed to diffusive mix with the hclium to yieid a uniform

concentration.
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Eech 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 usged to set the gas flow with a relatively
fine adjustment.

Volumetric flor rates were measured from the resulting pressure
increase in a calibrated volume. The capacitive mancmeter described
in Section 2.1 occupies two places in the figure for clarity. Two
on-off valves were provided such that pressure could be meacured in
either the reicticn tube or the calibrated volume, Vo. A recorder
was driven by the output of the mancmeter 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 volume of the cylinder was carefully
measured to be, Vo = 5955 cm3. In order to measu.e vnlumetric flow
rates using the culibrated volume, the gas flow was first set with
the fine metering valves. With the volume evacuated anG 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 lim<ar 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 10%.

In addition to the caliibrated volume tecnnique, a floating-ball

type flowmeter was used to measure the reactant gas flows. The
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float was an 1/16 inch sapphire ball and the flowmeter wus cap.ble

3 sect at NTP. In

of measuring nitrogen flow rates up to 1.6 cm
the flowmeter line, a 100 psi ftll-scale Bourdon type pressure meter
vas connected such that the upstream pressure could be set accu-
rately at the calibration value. The estimated accuragy of the

floating-ball type meter was 10f.
2.3 Spectroscopic Apparatus and Technique

Several spectrometers were used in this research including a
Fastie-Ebert nonochrcmator8 with photoelectric detection, a low
resolution Bass-Kessler grating spectrographg, 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 85008. The grating monochromator was
used for the high resolution spectra, helium absorption and other
rel.tive intensity measurements.

Low resolution photographic spectra in the wavelength region
3900 to 85008 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 anc blazed for 5000 R. The instrument has a focal ratio of
£/5.6 end the camera accepts a 3 1/4 x 4 1/4 glass plate. Eastman
Kodak 103a-F and hypersensitized I-N plates were used in the 3900
to 6000 & and 6000 to 8500 R wavelength regions respectively. The
hypersensitization process carried out in total darkness involved

waching the I-N plates in 12% ammonium hydroxide bath for 3 minutes,
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rinsing ia methyl alcohol for 2 minutes, and then rapid drying in a
flow of dry air for S minutes. Using 100 micron slit widths,
exposure times varied fram about S secords for the strong nitrogen
band systems to 90 minutes for some weaker systems in the near
infrared region.

A second Bass-Kessler spectrometer with quartz optics having a
grating with 1200 lines per mm and blazed at 3000 R in the first
order was used for the wavelength region 2300 to 3900 £. Fastman
103a-0 spectroscopic plates were used. With 100 micron slits, 90
rinutes was the longest exposure time used.

In addition to the quartz Bass-Kessler, the Huet quartz prism
spectrometer with a £/3.5 focal ratio was used in the region 2260
to 3000 £ vhere 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 bla%ed for S000 R in the first order. Measurements of
the rotaticnal structure in the excited nitrogen band spectra vere
made 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 arvangement,

sws e e T T SRR e T T, T -




33
the wavelength range capability of the monochromator was 2000 to

8250 8. To improve the signal to noise, the tube wus operated in a
cooled manp:r with dry ice. The photomultiplier was connected to a
fast resvonse picoammeter whose output drove a 10 millivolt recorder
with a 1 second response.

The relative intensity response 8s a function of wavelength was
calibrated for the camplete spectrometer including filters with a
special factory calibrated irradiance standard composed of a high
temperature quartz-iodine lemp and power supply. The determipation
of the spectral response of the monochromator was made for the wave-
length region fram 2500 to 8250 K.

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 illumination of the spectrometer. With this optical
arrangement, each point on the slit ard hence each point on the exit
8lit 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 lens was placed near and in fromt of the.
spectroreter slit such that the source was reimaged on the colli-

mator mirror. The source distance and focal length of the
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condensing leuns could be adjusted to either magnify or d=meg. ify
the source such that its image just filled the collimator. Uniform
illumination of the slit was obtained since each point on the source
sends light to eack 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 monochraretor. The flow and
power epplied to the discbarge could be varied to give a steady
bright atomic helium light source for the HeI 3889 & line.

In order to measure the afterglow emission intensity as a func-
tion of time for pulsed operstion of the discharge, the grating
monochramator was used with 200 micron siits. The output of the
photamultiplier 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
renge corresponding to 0.3 Mc/sec. The output of the photomulti-

plier was recorded on Polaroid film.

2.4 Helium Purity
It is a well krown problem that small concentrations (~10 ppm)
of impurities such as nitrogen, oxygen, hydrogen, and water vapor
have a large quenching effect orn the afterglow intensily in a helium

2,10. In many cases, the impurity concentration is

flow systenm
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
ipelastic collisions with the impurities.

A significant part of this experiment is concerned with the
excitation of pitrogen in the helium afterglow and the description
of t « detasiled reaction mechanisms. Nitrogen impurity in the
helium coula easily be excited in the discharge region and give
erropeous results. A somewhat different probleam would occur if
significant amounts of neon were present in the helium. Collisions
with metestable helium excited in the discharge excite energy
levels of the neon atom, scme of which are metastable. Then in
the reaction tube, the neun metastables could excite nitrogen down-
stream and compete . .¢h the heiium.

There exists several methods for obtalning very pure helium al-
though for the most part they are used in static systems. Ca'apho-
resisll is one of the best metl-*- “or removing impurity gases, but
could not be used for the present experiments because of the high
flow rates needed. Another purification method allows helium to
leak through a heated quartz wallla, but again the method is not
easily useful for large flow rates. Helium obtained by carefully
evaporating the liquid was found to remove necn but to cortain sig-
nificant amounts of hydrogenlo. The sorption of gases by finely
divided solids such as active charcoal and alumina has found wide-
spread use in high-vacuum techniqpeh. This last method was used in
conjunction with high purity commercially available helium in the
present experiments primarily because the method car be used for

high helium flow rates.
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There is a large amount of information on the sorption data for
activated coconut charcoal and the acmospheric gases, Dushman
glves extensive tables for the volume of gas adsorbed as a function
of gas pressure and charcoal temperature. In the present experi-
ments, it would be instructive to know the relative amounts of
impurity gases adsorbed by the activated charcoel 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
vas rated as 99.9T% 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 monochromator fitted with 200 miecron
slits was used to record the relative intensities of Ne, H, O, OH,
O;, and N; 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 camparison 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
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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 atmospbere, the sys-
tem was evacuated overnight after the charcoal had been heated under
vacuum. The high pressure flow system 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 te 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): H, (0.0); CH), (0.0); 0 (2.8); Ne (0.7); N,
(1.1); 0, (0.3); Ar (0.0); and co, (0.0). Type B helium is stated

toc be of 99.97% purity by the supplier.

. S w———— = e——TTT T TEe-




38

TABLE 2.2

I (impurity)/I (He 4921.9R)

A B o D E F
Hy (4861) A2 A2 <.004 .110  .093 .012
OH (3078) .023 .27 .001 .068 062 .001
N, (4600) 053  .055 .001 278 .276  <.003
0 (4o69) .026 .030 <.002 .02 .03L .00k
o; (5632) .006  .069 .003 L069  .05T .003
Hea(hGSO) 05T .051 .125 <,01 .012 .127

*Hee(h650) —nae 216 1.83 ———- .081 450

*e (5401) . 065 .031 .285 .030 .038 2.13

* Measured at & pressure of 32.5 torr
A--Type A helium, no trap
B--Type A helium, roam temperature trap
C--Type A helium, liguid nitrogen temperature trap
D--Type B helium, no trap
E--Type E 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 coacentration by one to two orders of magni-
tude. The relative increase of the molecular helium emission com-
pared to the atamic upon cooling of the trap could be related to a
complex excitation mechanism depending upon the metastable helium

species. As the charcoal trap removes the impurities responsible




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.
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II Figure Legend

2.1 Low pressure d.c. di~:harge-afterglow flow system.

2.2 High pressure microwave dischavge-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 ha.dling apparatus.
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IIT ANALYSIS OF THE NITROGEN SPECTRUM

Selective excitation of nitrogen added to a helium afterglow
as a minority gas was studied by ohserving 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 vibrational and
rotational level populations in the 322 state of Ng as determined
from the relative intensity distribution in the BT - X°U first neg-
ative system,

Correlations between the selectively excited spectra and excit-
ing helium species were studied to determine the reaction mz2chanisms
responsible for the nitrogen excitation. Knowledge of reactants and
associated kinetic and internal euwergies, one can predict reaction
mechanisms leading to excited state products according to the Franck
resonance rulel and Franck-Condon factors for excitation from the
ground statez. A particularly useful diagnostic method amounted to
changing the relative concentrations of energetic hel .um species by
changirg the experimental conditions and then observing relative
changes in the resulting spectrum. This methcd 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 (1,0) bands of the % - X5

system is included in which the distributions of population over the
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rotational levels were invescigated as a function of experimental
conditions. A study of the rotational perturbation appearing in the
v = 1 level of the Bez state due to the close-lying A?H state is
made. The pressure dependence of the perturbed rotational lines
relative to the unperturbed contains information about formation and
relaxation mechanisms for the B22 and A2H states.

A study of population distributions over the vibrational levels
of the excited states (Aeﬂ, 322, and Den) of N; was made under dif-
ferent experimental conditions designed to change the concentrations
of exciting helium species relative to one another. Particular
attention was given to the 322 - xez system where the important
results aided in assignment of the individual reaction mechanisms

responsible for the Ng excitation.
3.1 Photographic Spectra for Helium and Helium-Nitrogen Afterzlow

Emissions from 2300 to 87008

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 -cm3 sec'l,
and discharge maintained at an incident power of about 4O watts.
The afterglow of pure helium appeared as a pink g_ow extending down-
stream 5 to 30 cm corresponding to times of approximately 1 to 10

msec. after the dischaige. Upor 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 coue 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 87008 are reproduced
in Figs. 3.1 thru 3.5. The spectra were obtained with the £/3.5 Huet
quartz prism spectrograph for the region 2260 to 3000R and the region
of 3000 to 87008 was photographed with the f/5.6 Bass-Keasler
grating spectrograph. Emission spectra ior the pure hellum after-
glow are reproduced in the upper photographs of Figs. 3.2 thru 3.4
corresponding to the wavelength range, 2890 to 6400K. 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 Martin3 while assignments of the Hee band head wavelengths
were made according to Rosenh and the recent work of GinterS.

The nitrcgen spectrum for the wavelength region 2300 to 30008

is composed of the D21'Ig - A2Hu Janin-d'Incan system of N, and is

2
reproduced in Fig. 3.1. This system has also been excited in a
microwave discharge through Ne with N27 and in a condensed discharge
6

through Ne with about 1 to 5% N,.
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Vibrational assignments were made frcm the band head wavelengths
reported by Tanaka, et.als, where levels .o v' = 11 of the D2H state
are observed to be populated. Individual bands are cocmposed of two
heads degraded to the red; the rotational lines appear closely spaced
because of overlapping branches.

Spectra of the readily occurring BZZ - X22 first negative
system are reproduced in Figs. 3.2 thru 3.4. Low pressure discharge
tubes containing nitrogen and an excess of helium, hollow cathode
discharges, shock tubes, ari 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 BEZ state are
single headed snd degraded to the violet. The strong bands form
well defined sequences drawirg 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 bards are labeled
above the normal first negative system in Figs. 3.2 and 3.3 and
appear degraded to the red. Wavelength assigmments for the observed
bands were obtained from tables of Wallace8.

The A2H - X22 Meinel system of N; occurs readily in the
nitrogen spectra reproduced in Figs. 3.4 and 3.5. Meinel first
observed bands with v' < 5 occurring in the aurora9 and later the

system was observed in low pressure and hollow cathode discharges
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L9
through N, and He mixtureslo. Wavelength assignments of bands with
v' < 5 were made according to Wallace&. Wavelcngth positions of
observed band origins not yet reported for v' > 5 were calculated
from the vibrational energies of the A2H and XEZ statesa. The new
assignments include the bands; (6,2), (7,3), (8,3), (9,4), (10,5),
(11,6), (12,6), and (13,7).

Two well knowa band systems, the B3H - A32 first positive system
and C3H - B3ﬂ second positive system of the neutral nitrogen molecule,
are readily observed in discharges through N2 but occur only weakly
in the present afterglow source. This lack of an extensive first
positive system in the wavelength region 5800 to 70008 greatly
facilitated the new band assignments in the Meinel systiem.

In addition to the spectra of molecular nitrogen, strong atomic
nitrogen emission lines occur in the present afterglow source repro-
duced in Fig. 3.5. Wavelength assignments are taken from the tables

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

atomic nitrogen lines were also reported in auroral sources by M’einel%2
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 range 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
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were studied for changes in the helium flow rate from 50 to 200
atmosphere - cm3 sec'l 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
fyrther 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
rate of approximately 185 atmosphere cm3 sec-l 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. Resultirg nitrogen spectra
in the 3800 to 60008 wavelength region was predominately atomic

nitrogen.

3.2 Rotational Structure of (0,0) and (1,0) Bands of the B°r - X%

First Negative Transition in N;

In the case of 22 - 22 transitions, the selection rule AK =% 1
determines the ro:ational structure within the individual bands; an
R-branch with &K = + 1 and a P-branch with AK = - 1. Each rotational
level consists of two closely spaced sublevels with J = K+ 3. The
corresponding rotational lines normally appear as unresolved doublets
with AJ = £ 1. The AJ = O component has regligible intensity com-
pared to the AJ =+ 1 linesl3.

An intensity alternation of the rotational lines occurs because

. - — —_ — - — - T . . .. ~GTERNGP . B
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cf the symmetry properties of homonuclear molecules. For N; where
the Nll‘L 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 of a 2% . %% transition is provided by the (0,0)
band of the BZE - X22 first ncgative system reproduced in Fig. 3.6.
From the band origin at A _ = 3911,4%, the P-branch forms a single
series of lines with increasing wavelength to K' = 12 where it turns
back on itself forming the band heed. 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 B22 - X22 first negative
system is reproduced in Fig. 3.7. Being a 22 - 22 transition, its
general form is similar to the (0,0) band discussed previously.
Starting at the band origin, A = 3579.48, 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

L L T T T
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a resonance perturbation in the rotational term series of the upper
v' =1 level of the 322 state by the nearly degenerate rotational
levels of the v' = 11 level of the A?H state. Fassbender13 and
Coster and Bronsll’l analyzed the rotational perturbation occurring
near XK' = 13 in the (1,1), (1,2), and (1,3) bands. Actual spin
splittings are due to a perturbed energy shift of the szh) compo-
nents given by J = K - 4 with a maximum shift occurring between
K' = 12 and 13. The resulting wavefunction for the parturbed levels
is & linear combination of the unperturbed 22 and 2H vavefunctions}5
An extra line (E) occurs near K' = 13 and is the corresponiing
perturbed A?H - x22 transition. In addition to the strong perturba-
tion near K' = 13, a second weaker perturbation is predicted to
occur near K' = 1 in the Fl(K) components which manifests itself
in broadening of the K' = 0, 1 and 2 rotational lines.

The distributions of population over the rotational energy

levels in thermal equilibrium follow Maxwell-Boltzmann statistics
in which the number of molecules in the J rotational level at a

temperature T is given by the expressionl5,

N; = N he & (2~ +1) exp [- B J(J + 1) he/kT] (3.1)

where Nv is the number of molecules in the vibrational level, v,
Bv represents the rotational constant, and the remaining symbols
have their ususl meaning. In emission, the intensities of the ro-

tational lines within a band can be written,

b

Q

I= (3' +3" +1) exp [- B!J" (' + 1) he/kT] (3.2)

£
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constant f-r a given vibrational band. Eq. (5.2) can be written
E;J'(J' + 1)he

where Qr is the partition function and the factor is nearly

1
e L L &8
C
v
vhere A = T For the hamonuclear molecule, N;, the nuclear
T

statistical weight, g , is included and Eq. (3.3) becomes,

1 B'J'(J' + 1)he ‘
J" + l)] = A - kKT (3"")

h[gn(Jl +

where 8y° 1 or 2 for odd or even rotational levels respectively.

By plotting 3u(J' T §"—+ ) against J'(J' + 1) or the rotational

term, FV(J), a straight line results with a slope of -B&hc/kT for
the condition of tbermal equilibrium among rotational degrees of
freedom. An effective rotational temperature can be calculated

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

23

flect the mode of excitation whether or not in thermal equilibriua:.

Observed values of 1ln I/gn(K' + K" +1) in the (0,0) bard at
3914 are plotted against K'(K' +1) for the even rotational lines
of the P-branch in Fig. 3.8. K is used instead of J for tke (0,0)
band since the spin doublet splittings J = K t'§ are not resolved
and the 23 - 22 transition has the same structure as a 12 - 12
typels. The linear dependence of the two series of points indi-
cates that there is thermal equilibrium for which effective rota-
tional temperatures of 480°K and 360°K are calculated for (A) ani

(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
pressure of 10 torr and discharge 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 deperdence on pressure for a range of 0.55 to 20 torr. Rota-
tional temperatures measured in system (B) increased with increasing
pressure from 32S°K at 0.3 torr to 525°K at 1.25 torr. A linerr de-
peudence of ln[I/én(K' + K" +1;] plotted against X'(K' + 1) was ob-
served for each series of measurements. From repeated measurements
of the rotational temperature for the same experimental conditionms,
the uncertainty in the measured temperatures were estimated to be
approximately ! 30°K.

Similarly, observed values of ln[I/gn(J‘ + J" +1)] for the
P-branch of the (1,0) band are plotted againmst FV(J‘) in Figs. 3.9
and 3.10. With the spin doublet resolved into Fl(K) &nd F2(K) com-
ponents due to the perturbation, J was used instead of K. For the
unresolved levels with K' < 9 the factor g (J' + 3" +1) in Eq. (3.4)
was calculated for the sum of the two ccmponents. The rotational
population distributions in the (1,0) band were measured for che
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




components for X' < 8 and the FI(K) levels for K' > 8; triangles
correspond to the perturbed FQ(K) components; and the extra line
from A2H state pear K' = 13 by E. A slecpe corresponding 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 ratioa for the measurements.
In general, she data indicates a linear <ependence 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-absorptionls. A search of the (0,0)
band daeta of which the curves in Fig. 3.8 are representative samples
wvas made for apparent non-thermal distributions. A small decrease
in the populstion was observed for the low rotational levels, *ut
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 correspording to a rotational temperature cf 1480°k
which was calculated from the (0,0) band data. However, a more
evident linear dependence for the unresoclved and unpertureed Fl(K)
components is given by the solid line with a slope characteristic
of 880°K. Rotational levels of the perturbed FE(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. 1In



56
addition, the region of a weaker perturbation pe&r K' = 1 shows a
corresponding decrease in the observed pcpulatiops.

In the afterglow of the microwave discharge corresponding to the
(A) curves, rotational population distritutions in the (1,0) band
were measured for pressures between 0.55 to 20.0 torr. Observed
values of ln[I/gn(J' + J" +1]] for the unperturbed camponents 4id
not vary linearly with FV(J') but exkibited 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 rotationsl population distri-
bution, ratios of the perturbed to the unperturbed populations were
calculated for the K' = 12 and 1% components as a function of pres-
sure. To account for the intepsity difference ir normal spin doub-
lets due to the statistical weights in the initial state, observed
values of the FE(K) components were multiplied by the factor, 1+ 1/K.
For X' = 12 components, ratios of the perturbed to umperturbed popu-
lations decreased with increasing pressure from a value 0.8 at 0.55
torr to 0.5 at 20 torr. Similarly, ratios of K' = 14 camponents
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 rotetional perturbation is based on the relative popula-
tiors of the two rerturbing electronic states and the effect of
ccllisional 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.k.
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3.3 Vibrational Population Distribution in the Ni Emission Spectra

Distributions of population over the vibrationezl levels of the
excited electronic states of the enhanced nitrogen spectra were meas-
ured from vibrational band intensitiesc. The integrated intensity of
the (v',v") band connected by an electric dipole transition is given
byl7

I, o=N_A  .E (3.5)

viv vivivy" Ty y"
vhere Nv,is the relative population of the v' level, Av'v" the
Einstein coefficient for spontaneous emission, aad Ev'v" the energy
difference between the upper and lower levels. Vibrational popula-
tion distributions can be obtained from measured intensities by
Eq. (3.5). We are interested in the level populations relative to
one ancther, where the measurement of peak height intensities 1s 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 vibrational levels of excited electronic states
of NE produced in the afterglow of the d.c. discharge flow system at
a downstream pr =sure of V.6 torr. Particular attention is directed
to the population distribution over the vibrational levels of the
B%g state of Ng as given in Figs. 3.71 thru 3.13 for different ex-
perimerntal conditions. Relative values of Iv'v"/Av'v“Ev'v“ are

plotted against E_according to Eq. (3.5) for v' = 0 to 7. Values
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for the Einstein transitior probabilities were obtained from
Nichollsl7. In each graph, the broken line represents the calculated
population distribution over the first four levels according to the
Franck-Condon factors for excitation from the v" = O level of the
ground state of N218. The relative effect on the population dis-
trihution by applying 2 microwave field to the afterglew upstream
from the nitrogen emission is given in Fig. 3.11. Tor the d.c. dis-
charge-afterglow system operated at 0.6 torr, curve {a) rer:-~scuts
the conditior -f zero fiel” anmd (») corresponas .- .a lie¢ {ield
of 2.k watts. Relative populations were ncrmalized to 100 fo. the
v' + 0 level in each case. The different slopes for eecu curve sug-
gests that twe distinct processes are popui’ .ipg the vibrational
levels; one nearly fcllowing the broken line cuive for the first
three levels, and the other populating the higher vibrational lewveils
with an infinite vibrational temperature. The overall effect of the
microwave field was to decrease the vibrational populations ol the
higher levels with v' > 2 relative to the V' = 0 level.

Hydrogen added to the afterglow upstream from the nitrogen emis-
sion has been observed to decreased the populations in the v' =0
and 1 levels relative to the higher vibrational levels and is repro-
duced ip Fig. 3.12. Curve (a) represents the condition for zero H2
flow ard is identical to (a) in Fig. 3.11. Curve (b) corresponds to

8

a HQ flow rate of 5 x 10l sec-1 where the relative population for

the v' = 7 level was chosen to be equal to the same vajue for (a).
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The effect of pressure on the relative vibrational population
distributions observed in the afterglow of the microwave discharge
is given irn Fig. 3.13. Curve (a) was observed for a downstream pres-
sure of 0.7 torr, (V) correspords 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 operal.ive 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 abnormelly low populations ror the v' = 1, 3,.and 5
levelsa. The odd levels v' =1, 3, and 5 are those levels in vhich
rotational perturbations have been obserVedl9.

The fractional change in intensity I/Io, of selected vibrational
bands of the excited N; and NI emission have been measured and are
shown in Fig. 3.14 as a function of incident microwave power applied
to the efterglow. Io is the observed intensity for zero field where
the ratio I/'Io ie upity at zero power. Curve (a) represents the
intensity decrease for the (0,3) band of the By - Xailsystem of R;,
(v) gives the relutive change of the (3,0), (4,1) and (5,2) bands
of the Aaz - x‘?g system; (c) fits the data for the (4,7), (5,8),
(6,9), (7,10) and (15,17) bands of the P -x system; (a0 is a

measure of the NI emission at T468H.,
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Observed intensities for selected bande 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.

3.4 Summary and Model for Excitation of N, by Energetic Helium

2

Possible mechanisms for excitation of nitrogen in a helium after-
glow are: (1) direct excitation irom the ground state by electron
impact, (2) vacuum ultraviolet photon absorption, (3) radiative
transitions, and (4) inelastic collisions with energetic helium
species., The first three methods are negligible compared to (4)
for reasons to be discussed in detail in Chapter 4, In the study
of excitation mechanisms included in (&), the following energetic
helium species are to be considered: Hem, He+, Hem, and Hez.eo

Assigmment of reaction mechanisms involving the emergetic helium
and nitrogen reactants are required to account for the observed ex-
cited state nitrogen products. Potential energy curves for the
electronic states of NZ are reproduced in Fig. 3.15 according to
Ogawagl, and energies for the energetic helium species are included.
He™ bas an energy of 19.81 eV and He' has a value of 24.58 ev. Heg
and Heg present a range of available energiesgo of several eV extent

centered about 19.7 and 15.5 eV respectively. Molecular helium

energies available for reaction in which the molecule undsrgoes
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dissociation is equal to the absolute emergy of the ground vibra-
tional level of the excited state minus the repulsive emergy of the
two helium atams for the internuclear separation existing at the
time of deexcitation. Potential energies used for the excited states
of molecular helium were obtained from Mullikenge. The repulsive
energy a8 a funcuvion of internmuclear distance between the two neutral
helium atoms was taken from the data of Phillipson?B. Assigmment
of the internuclear 3distance upon deexcitation of the molecular
helium and the calculation of the available energies were made by
applying the Franck-Condon principle to the He2 potential curves
similar to the method used for determining the invensity distribution
in a continuous emission spectruml3. If &« significant number of
epergetic helium molecules are in excited vibretion levels at the
time they enter into a reaction, the range of available energy would
bve much larger than that sbown in Fig. 3.15.

Acrording to Massey's aaiabatic hypothesiseh the rates of exo-
thermic charge transfer reactions involving He+ and He; are e¢xpected
to be small unless the following inequality holds

aAE/nv <1 (3.6)
where a is the characteristic distance of interaction Q~822), v is
the relstive velocity of the colliding pair of reectants with a
value of about 1.3x10° cm/sec for He apA N, at 300K, and AE is the
energy defect of the reacticvn. For thermal energy reactions con-
sidered in the yresent work the adiabatic principle requires that AE

be small. This 'resonance' nature of the charge transfer reaction




is useful in anaiyzing the expected excited state energies of the
reaction producte.

To aid in assigmment of reaction mechanisms respcusible for the
s8electively excited nitrogen spectrum, the effect of the microwave
and H2 querching reported in Sections 3.2 and 3.3 was analyzed. In
geveral, the effect of aprlyivg a microwave field to the afterglow
wae to decrease He' and Hé; concentrations relative to He™ ard Heg
in the reaction region *tile addition of He to the afterglow
decreased He™ corcentrations relative to remaining ecergetic helium
specieszs.

The widely accepted rate determining path for the reaction con-
teining Be' is the dissociative charge transfer reaction26

He' + Ny He + ir43°) + w* (3p) (3.7)
which is likely a cumplex reaction where the first step is a direct
charge transfer to the v = I level of the C-f state of Ny folloved
by predissociation by the lli'l state. No resulting exission is ex-
oected to occur for reaction (3.7) since the nitrog-u 2tom and ion
products are left in their respective grourd states. Observation of
the possivle Caz - ng second negative system exrited by dire.ct
charge transfer with He+ was not attempted because the system occurs
in the vacuum ultraviolet region which was not ohservable with the
presant apparatus.

A likely me~hanism “or excitaticz of thc eccmic nitiogen emis-

sion flhown i Fig. 3.5 is the radiative electron~ion recombination




reaction. 63
N ) + e=8"(%,%, D) =N + nv (3.8)
where the intermediate reactant, N+(3P) 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

3.14% by both decreasing the rate of electron-ion recambination ' in

(3.8) and by decreasing the Be' reactant in (3.7) by ambipolar dif-
fusion lows to the walls.

The dominate mechanism populating the first two vibrational
levels of the BEZ’ state is attributed to the Penning reaction

He® + N~ He +N;(B22‘,v'=0) +e (3.9)

2

The distribution of population over the vibrational levels fol-
28

low the Franck-Condon factors for excitation fram the ground state
as ind“cated by the initial slope of the curves in Figs. 3.11 to
32.13. Application o7 a microwave field to the afterglow leaves the
He™ concentration - ."atively unchanged which is consistent with the
negligible decrease observed in the (0,3) band intensity for curve

() in Fig. 3.14. Addition of H, to the afterglow upstream from the

2

nitrogen emission is expected to cause a more rapid decrease in He™
compared to the other emergetic helium specieses. This effect is

seen in curve (b) of Fig. 3.12 by the order of magnitude decrease of
the v' = O level population relative to the levels with v' > 2 upon

addition of H2 .

The wide.range of He+

2
between the v' = 3 and 4 levels of the BQZ state of N; at 19.7 eV.

enegy available for reaction is centered

2
The primary mechanism populating the v'> 2 levels of the B I state

i




is the charge transfer reaction,

Hey + N, -2He + Ny (BE, v'>2) (3.10)
The resulting distribution of population over the v' = 2 to T levels
is represented by the slope of the (a) curves in Figs. 3.1l and 3.12
corresponding to an infinite vitrational temperature, i.e., the
levels are equelly populated. The rates of populating v' = 0,1,2,
and 3 by reactioz (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"3 that for the v' = O level. This is the rea-
son that although the He™ corcentration is much larger than the He;
reaction (3.10) “ecames important Por 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 an en:rgy 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 He;
probability that a Hez molecule with a given energy will undergo &n

potential curves. The

inelastic collision with N, is a function of the He, intermuclear
distance at the time of the collision. The repulsive ground state
He2 potential curve rapidly changes over the range of internuclesar
distance corresponding to the non-zero probability density distribu-
tion of the ground vibrational level of He;. Therefore the range of
internucleer distance over which the He; rescts and becames deexcited

corresponds to an energy range of 1 to 2 eV.

S U -
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Observed tail bands originating in the v' = 13, 14, and 15 levels
of the 822 state are like'ise attributed to the charge transfer reac-
tion (3.10). An emergy differsnce of approximately 2.3 eV exists
between the v' = 14 level of the BT state and the calculated He,)
energy 19.7 eV. The vibratiopal populations for the v' = 13, 14, and
15 levels are apprc«imately one order of magnitude less thar. those
for the v' = 2 to T levels as reported in T-ble 3.1 for the same ex-
perimental conditions and are consistert w.th EQq. (3.6) for the large
energy defect of approximately 2.3 eV.

The population distribution in the high vibrational levels of
the B22 state for the energy defect of 2.3 eV suggests a mechanism
in which the He, molecules are in excited vibrational levels at the

2

irstance of inelastic colliding with N In addition to emergetic

o
considerations, the observed tail bands exhibit a decrease in inten-
sity upon application of a microwave field with a slope icCentical to
that for the (4,7) (5,8) (6,9) ard (7,10) bands given by curve (c)
in Fig. 3.3%.

Excitation of the weakly appearing D°T - A®N Janin d'Incan bands
can be attributed to the same charge-transfer react.on (3.10) with
He;. The energy defect for the reaction calculated for the v' = 0
to 8 levels of the p°1 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 quenching experiment, Fig. 3.1k,

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

The readily occurring bands of the Aaﬂ - X?ﬂ Meipnel system are

excited by the Penning-ionization reaction involving Heg,
Hed + N, ~2He + No(A%, v' = 2,3,4) + e (3.11)

The same arguments used to estimate the avallable energy range

for He; apply to reactions with Heg. The Heg epnergy rarge is cen~
tered near the v' = 0 level of the XEE state of N; 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 Keg. The presence
of the light electron in the products relaxes the strict energy
resonance requirement as for Hem reactions since the excess energy
can be absorbed in the kipetic energy of the electran. Fram Table
3.1, the distribution of population over the observed v' = 3, L, and
5 vibrational levels of the A%T state follow the Fraanck-Condon fac-
tors for excitation from the v" = 0 level of the ground stateza.
The relative intensities of the (3,0), (4,1) snd (5,2) bands of the
Meinel system was observed to decrease with an applied microwave

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

indicates a corresponding decrease in the afterglow Heg concentration.

+
2

than (a) for He™ reactions can be expiained from a consideration of

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

the Hez production mechanisms to be discussed in detail in Chapter 4.

ek Bl g . W -—r —m—"w"‘ ol g, ":'ﬁ’ e, a—
o e . p




67

+ * m
He, + e- He, —He, + hv (3.12)
and He™ + 2He-»Heg + He (3.13)

Contribution to the He® concentration by reaction (3.12) rapidly

2
decreases by applying a microwave field to the afterglow27 while

reaction (3.13) and the alreedy present Hegl

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

concentration would be

crease in neg similar to that cbserved for curve (b) im Fig. 3.1h.

3

Definite assigmmeunts of excitation mechanisms for the weak B”]] -

A32 first positive system and 0311 - B3

Il second positive system of N2
were not made. The general method of analysis applied to the N; band
systems could not be used because of the weak intensities involved.

Intensity anamalies 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
abnormally low vibrational populations for the v' =1, 3, and 5
levels reported in Fig. 3.13 at high pressure dorrespond to those
vibrational levels of the 322 state whose rotatiopal terms are per-
turbed by nearly degenerate levels of the A2ﬂ state. A more careful
analysis of the relative iucensity distributions of the perturbed
levels as a function of pressure gives informaticn about the mecha-
nisms populating the v' = 1 level of the 328 and Aaﬂ svates.

The dominate mechanism populating the v' = 1 level of 1322 has
been attributed to the Penning fonization reaction (3.9) with He
governed by the Franck-Condon factors for excitation from the v" = 0

level of the ground X]'E state of N2' However no similar data is




68
available for the excitation of the pexturbing v' = 11 level of the
A2ﬂ 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 overlsp integrals. This leads
one to assume the steady state population of the v' = 1 level of Bez
is greater than the v' = 11 level of A%] by at least a factor of two
but more like an order of magnitude.

The observed intensity dependence on pressure for the K' = 12
and 14 rotational lines of the (1,0) tand has been reported in
Section 3.2 and Fig. 3.10. The intensity decrease of the perturbed
FQ(K) components relative to the umperturbed Fl(K) with increasing
pressure can be explained by an increase in collisions of the
second kind among the mnlecules in the perturbed levelszg. There-
fore with the assumed population distribution being gireater for the
322 state the effect of the inelastic collisions appear to smooth
out the population differences between the mutually perturbed com-
ponents faster than the unmperturbed resulting in the observed de-
crease in Fe(x) intensity relative to Fl(K). An identical nechanism
would then be responsitle for the abnormally low populat:ons in the
K' = 1 and 2 levels for high pre-sure even though the perturbed and

unperturbed compoients are unresolved.
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TABELE 3.1

NITROGEN SPECTRUM EXCITED IN A HELIUM AFTERGLOW
REPRESENTATIVE TRANSITIONS AND INTENSITIES

Trensition Band Yavelength, () L
3% - 0,3 5228.3 v 1000
1,4 5148.8 v 50
2,5 5076.5 V 17
3,6 5012.k v 25
b7 Lg58.0 Vv 26
5,8 hoi3.2 v ‘ 28
6,9 4881.7 v 2k
7,10 486k .4 v oL
13,15 b7h3.1 R 8
14,16 4850.3 R 1
15,17 4969.3 R 6
A%n - xaz 3,0 6853.0 R 23
h,1 7036.8 R 32
5,2 7239.9 R 24
041 - A% 5,3 2418.5 R 1
7,5 2543.4 R 2
831 - a3 2,0 T753.7 V 2
c3n - 83n 0,0 3370.4 ¥ .5
NI 3ps® - 3P T423.63 14

Thh2.28 29
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II1 Figure Legend

3.1 BRitrogen spectra excited in a helium afterglow. The D2n - A2H

3.2

3.3

3.b

3.5

(T

4)

D et sl — g Tl T N

Janin d'Incan system of N;_. Huet £/5.5 quartz prism spectro-
graph, 45/10 mir, 103a-0 Eastman Kodak plates.

Pure helium and nitrogen spectra excited in a helium after-
glow. The B%: - XZZ‘ first negative system of N; and weakly
occurring c3r1 - B3n second positive system of N2. Bass
Kessler £/10 quartz grating spectrograph, heliua - 8 min,
nitrogen - 30 sec, 103a-0 Eastman Kodak plates.

Pur. helium and nitrogen spectra excited in a helium after-
glew. The BQZ‘. - X2}3 first negative system of N;- Bass
Kessler £/5.6 grating spectrograph, helium 4 min, nitrogen
1l min, 103a-F Eastman Kodak plates.

Pure helium and nitrogen spectra excited in & helium after-
glow. The 322 - x% first negative system and A2H - x22

+

Meinel system of N,. Bass-Kessler £/5.6 grating spectrograph,

helium 4 min, niirogen 4 min, 103a-F Eastman Kodak plates.

Nitrogen spectra excited in a helium afterglow. The A%’l ©

X%: Meinel system of NZ, ’

positive system of N, and NI transitions. Bass-Kessler £/5.6

grating spectrograph, 20 min, hypersensitized I-N Eastman

weakly occurring 331'1 - A3Z first

Kodak plates.
Spectra of the (0,0) band of the 8% - X% first negative

systen of NZ excited in a helium afterglow. Faatie-Ebert




3.7

3.8

3.9

3.10
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0.8 meter double-pass grating momochromator with 1200 1/mm
grating and 10 micron slit width.

Spectra of th: (1,0) band of the 132.’3 - X?}." first negative
system of N; excited in a helium aftergiow. Fastie-Ebert
0.8 meter double pass grating monochrcmator with 1200 1/mm
grating and 10 micror slit width. Spin doudblet components

split by perturvation are labeled F, and F2 and the exira

1l
line for K' = 13 by E.

(1n I/gh(K' + K" +1)] values plotted agaimst K" (K' +1) for
the R-branch of the (0,0) band of the 5% - XX first negative
system of N; excited in a helium afterglow. (A) afterglow of
a microwave discharge operated with an incident power of 17
wetts and downstream pressure of 10 toir, (B) afterglow of a
continuous d.c. discharge of 50 watts with & downstream pres-
sure of 0.6 torr.

[1n I/g (3' + J" + 1)] values plotted egainst F (J') for the
R-branch of the perturbed (1,0) band of 322 - xgz first nega-
tive system of N, excited ir a helium afterglow. Circles
represent the uaresolved and unperturbed Fl(J ) components

and triengles the perturbed F,(J). The extra line is marked
E. Aftergiow of a continuous d.c discharge of 50 watts with
downstream pressure of 0.6 itorr.

[in 't/eh (J' + J" + 1)] values plotte. against FV(J) for the
R-branch of the perturbed (1,0) band of 8% - x%; first nega-

tive system of N; excited in a helium afterglow. Circles

- T T T =
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3.1

3.12

3.13

3.1h

Th
represent the unresolved and unperturbed Fl(J) ccmporents and
triangles the perturbed FE(J). The extra line is marked E.
After glow of s microwave discharge et 17 watts with a down-
streem pressure of 0.6 torr.

Relative populstions 1n[I_, /A , «E_, u] of the vibra:icnal
+

levels in the 322 state of N2

broken lipe is the calculated distribution according to the

plotted ageinst Ev,. The

Franck-Condon principle for excitation fram the ground state.
Afterglow of the conmtinuous d.c. disckarge with a downstream
pressure of 0.6 torr; (a) zero field, (b) microwave field of
2.4 watts applied Lo the afterglow.

Relative populations ln[Iv,v"/A +] of the vibrational

v'v"Ev'v
levels ip the BEZ state of N; plotted against Ev" The broken
line is the calculated distribution according to the Franck-
Condon principle for excitation fram the ground state. After-
glow of the contimuous d.c. diecharge with a downstream pres-
surs of 0.6 torr; (a) zero H, flow, (v) H, added to the after-

glow et flow rate of 5 x 1018 sec T

/A

v'v"E n] of the vibrational

Relative popuiations 1n[I 'y

viv"
levels in the BEZ stave of N; are plotted against Ev,. After-
glow of the microwave discharge; (a) downstream pressure 0.7
torr, (t) 2 torr, (c¢) 20 torr.

The fractional change in nitrogen emission intensity excited
in a helium afterglow plotted against the microwave power

applied to tke afterglow. Afterglow of the d.c. discharge

e ww-

T T— T T T RO T Y T . T T ———
" N -~




75

with a downstream pressure of 0.6 torr; (a) (0,3) band of the
BY - X% system of N;, (v) (3,0), (4,1) and (5,2) bands of
the A - X% system, (c) (,7), (5,8), (6,9), (7,10) and
(15,17) bands of the BT - X% system and (7,5) band of the
13211 - A2ﬂ system, (d) NI lines at Tuh2.28 and 7423,63R.

3.15 Potential energy curves for the electronic states of N;.
Allowed electric dipole transitions and available energles

for the energetic helium species are given.

 ———— e T Pt T —
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IV REACTION KINETICS OF EX( ITED STATES
4.1 CGeneral Rate Equations

A method for measuring thermal energy-ion-neutral reaction rates
in a steady-state afterzlow system has been developed by Ferguson,
et al, 1,2 hereinafter referred to as I apnd II. Briefly, observa-
tions of primary and secondary iont 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
13 gec™?,

variety of ion-neutral reactions in the range of lO"9 to 10~ ¢

It is the purpose of the present experiment to measure the
absolute rate constants for exothermic reactions of added .eactant
gases with long-lived emergetic helium species. The helium species

include the metastable atam, He(23S) or Hem, the metastable molecule,

m
2

state moleclar ionm, He;(zt). Reactions of the singlet metastable

He2(32) or He,, the ground state atomic ion, He+, and the ground
helium atom, He(218), are considered negligible compared to the
triplet for reasoms to be discussed later. Several atomic and
molecular reactant gases were added to the helium afterglow -- Ar,

Kr, N H,, N0, CO, and CO

2r Op %
Observation of excited-state reactants and products as a function
of reactant concentraticn 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,

RS AT T
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concentrations of energetic helium species can be varied
relative to one snother such that individual excitation
mechanisms conteining & 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 dependcnce of the selective excitation
upcn the reactant concentration can be interpreted in
terms of a rate constant,. Excitation and relexation
kinetics are presentied in detail fcr nitrogen since the
individual excitation mechanisms with nitrogen for each
energetic helium species except He' has been studied and
Ny
For He™ reactions, 002 has been used as the detector by

can be observed by the subsequent emission from

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: (1) downstream at the rcoctant gas

v - ¢~ e - P sl dend - K S ey~ Tee—— -
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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 hellum flow and are of uniform concentration
downstream fron the point of iutroduction and are of
negligiblie concuntration 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 (<5x10'9 cm'3)
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 (1) 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

o — T T




first assumption concerning the uniformity of gas density
aown the tube is also consistant with the calculations in
Section 2.2,

In deve=loping the method for rate constant measure-
ments of reactions involving active helium reactants, the

following excitetion mechanisms need be concidered:

He™ + N, -~ He + N; (BEE, v=0)+e (k.1a)
Het + N, ~He +N+ N* (4.1p)
He; + N, ~ 2He + Ng (321'3; v > 2) (4.1¢)
Hel) +N, -~ 2He + Ny (A7) +e (4.14)
He + Co, ~He+0+ co*(®n) (4.1e)
He(2's) + N, ~ He + Ng (%) +e (4.1£)

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 Hr(ls)
in & sorption at 5016R and of the known loss mechanism for the
singlet, namely, the very rapid conversion of the singlet to

3

xriplet by superelsstic collision with an electron”,
He(ls) + e 1. He(3s) + e (4.2)
The charge transfer reaction (4.1b) is presumed to proceed
at a faster rate by the dissc:.tive charge transfer path

ccumpared to the direct chargc transfer into the radiating

+
2

state as discussed in I and Section 3.4. The resulting reaction

cazu state of N, because of the predissociation by the “nu

products are left in their respective ground states. Conseguently,
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(4.1b) cannot be used in the rate measurements of He® reactions.
Therefore, the dissociative charge transfer reaction with 002,
(4.le) is used since the CO+ reaction product is left in the excited
2H state which emits the well known comet-tail system.k

Relative intensity measurements of the resulting N:'and cot
emission given in (4.1) are used to monitor the excitedhstate popu-
lations contained in the reaction products. In addition, the
relative concentrations of the excited states are 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 & particular species in the afterglow region.

In order to arrive at general kinetic equations describing
excitation and relaxation of reactants added to a helium afterglow,
the source and loss mechanisms for each of the energetic helium
specles need be considered. Loss of energetic heli m due to
reac’ant must be separated from other loss mechanisms characteristic
of the pure helium afterglow.

For the sake of completeness, each mechanism vwhich 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

atonm, Hbm, in the afterglow of pure helium is given by

- T
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B[Hem - r 1 m-]'2
= leHe(E s)]ne - ka[He ]

> ku[ﬂbmlne (4.3)

- ks[Hem][He]e - D'vetﬂem]

where k represents the rate constant in emS sec™t. [He™] and n
are the metasteble belium and electron concentration, respectively
expressed in e 3. D' is the diffusion coefficient for He™ in pure
helium, The first temm represents the production mechanism from
singlet metastables by superelastic collision with electrons
(reaction 4.2) Ké indicates the loss due to metastable-metastable

collisions of the type,

= E? He.

He™ + He " +e + He (4.4)
The loss term represented by k3, is due to the three body reaction
m 5 +
He® + 2He He2(32u) N (k.5)

Metastable triplet loss by diffusion of Hem in He to the walls

is accounted for in the next term. Under the assumption that the
diffusion has relaxed to its fundamental mode, the lngs rate is
given by the factor - D' [He™], where A is the characteristic
diffusion lengths. Théalast term acconnts for the luss of triplet
netastables 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,

Q_L%‘j _ ko [He"]° - a'[He'In_ - Dy [me™ - ks[He]z[He+] (4.6)
where o' is the electron-ion recombinaiion coefficient, D; repre-
sents the atomic ambipolar diffusion coefficient for He" in He.
The production mechanism represented by k2 arises from metastable-

metastable collisions as given in reaction (4.4). The next two
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loss processes are electron-ion recombination and ambipclar dif-
fusion to the walls. The last term represents the threz-body
reaction where an atcnic ion reactant is lost and a product molecular
ion is formed,

Bt + 2k He, + He (4.7)
The helium moleculer ion concentration is described by the

differeutial equation,

3(He]] 2r, + b p" [Hel]
3%2“ = ksfﬂe] (Re’] - o' feyin, - X% 2 (4.8)

where the single production mechanism is the three-body reaction
(4.7). The following two terms measure vhe electron-ion recom-
bination and ambipolar diffusion loss rates, resprctively. The
electron-molecular ion recombination coefficient, o', is composed
of both radiative (non-dissociative) and dissociative recombination
with o" = a§ + qs.

The afterglow concentration of the 232 metastable helium

molecule, HeD, is given by the time-dependent equation,

2,
3[;;2] = a”[He;]ne + k3[Hém][Hej2 - Eé [Heg] (4.9)
n

The source mechanism for He, represented by the first term on the

2
right hand side of the equation can be used in the present form

for the following two reactions

+ n
He, + e He, (4.108.)
= * m
he, + e = He, = He, + hv (4.10b)

where the excited state in (4.10b) is assumed to be connected by

e e =y 2 I R
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m
2

radiative lifetime and radiative recombination coefficient are

electric dipole radiatinn to the metastable He, state. Since the

approximately 10"8 sec and hx10-9 cm3 sec"l respectively, electron-

ion recombination will be the rate determining step. Therefore

o
2

Jrocesses will be given by the first term in (4.9). .he second

the time rate of change of He, for both (4.1CGa) and (L4.10bv)
term with the rate constant, k3, measures the production of Heg
by the three-body reaction (4.5). The last term r-presents the
diffusion of He, in He.

To use nitrogen and carbon monoxide ex:ited-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 vhich determine the steady-state pop e ion of the v'
vibrational level of an excited state of the nitrogen ion in the
afterglow are: (1) direct excitation from \he ground state by
electron impact, (2) vacuum ultraviolet photor absorption,

(3) rediative transitions, (4) inelasiic collisions with excited
state preducts of the primary reaction, (5) low energy inelastic
collisions, and (6) loss of Ng by volume recombination and diffusion.

The excitation mechanism (1) is not expected to be important
in the present expariments since the electron energy is nearly in
thermsl equili®»rium in the afterglow. Even if this assumption

were in doubt, excitation of the c3nu state of N, is expect.d to

2
predominateé. Process (2) has been shown to be negligible for

—— B -
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the excited states involved by the pulsed-discharge method described
in Chapter 2. ®.diative transiticns (3) are very important for
the excited state populations of N; and will be corsidered 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 ead the individual Ny
band being observed. Therefore the relative contribution of
process (4) as a source mechanism will be considered separately for
each reacticn. The most frequent low energy inelastic collisions
(5) are expected to be between Ng and the carrier gas with a trans-
fer of energy of approximately KT or less. With the low gas
hir:tic temperatures (~ 300°K) of the afterglow, inelastic collisions
would change only the rotational population within s vibrational
band. An observable effect of these "low energy' inelastic col-
lisions might be a tendancy to smooth out 1~.rge population differ-
ences between rotational levels. The relaxation mechanisms of
excited states of N; include diffusion end recombination as well
as radiative losses. The los. mechanisms (6) are not expected to
be important in the present experiments because only s*stes connected
by electric dipole radiation are considered and the relaxation due
to radiative iosses are many orders of magnitude faster than either
diffusion or volume recombination for the pressures uced 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 v' vibrational level of an excited electronic
state of Ng can be written,

A A Ve +ar vie, + Vi Myra
an ,fat =k (He")(N,] + k (He"JIN,] + k) [Hejd(N,] + ky [He 10N, ]

v'
+ Ky [xm][NQ] * ENVAVV' - Nv’EdAv'v" (4.11)

By definition, kz',kg',kz'-and kz' are the individual rate constants
referring a particular vibraticnal level v' of an excited elec-
tronic state in the products of the reactions outlined in (k.1).
Abgolute rate corstants can be obtained by taking the sum of the
individual rate coefficients for all possiblz vibrational levels
and electronic states in the product, i.e., for reaction (4.la),

k, =EZk (4.12)
e'v'

Similarly kz' is the individual rate constant which refers to the
indirect excitetion of the v' vibrational level of the Ng electronic
state under study by a complex react’ n of the type,

He +X ~ He + X°

2 .+ N, » X+ (N;)* + e (4.13)
where He+, He; and Hb? may occur in place of Hem. For example, a
complex reactionl’7 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.

Hej + Ne = 2He +Ne®

Ne'© + N, = Ne + N;' (Dzﬂg) +e (4.14)

The rates of formation and decay due to spontaneous radiation

are indicated by the last two terms in (L.11) respectively.

44
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Av'v" is the Einstein coefficient giving the spontaneous emission
transition prebability 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 uppe~ levels, v, whic.. are connected
by electric dipole transition matrix elements. Similarly for the
decay term the sum is taken cver all lower levels for which the elesc-
tric diplle transition matrix element is non-vanishing.

The intensity of a spectral line for ipontaneous emission is
proportional to the population of the upper state, the Einstein
coefficient for spontaneous emission, and the energy difference
between the upper and lower statesa,

Iy =N A, B, (4.15)
Similarly, the integrated intensity Iv'v" of a molecular band
system connected by an electric dipole transition matrix elemen?t
is defined,

I, nw=NlA

v'v v'iiv'v! 2

vy (4.16)

To calculate the excited state populations, N ,, in Eq. (4.16)
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 aund

dN ,/dt =0 (k.17)
Solving Eq. (4.11) for the steady state population, N,,, and sub-
stituting in Eq. (4.16), the integrated intensity of the (v'v")

molecular band is given hy
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v
+ kX[Heg][Ng] + k‘i"[xm][N2] + ?IVAW,] (4.18)

Equation (4.18) is the basic relation between the observed emission

intensity and the reactant concentrations. Starting from vais

equation  in the following sections, two somewhat different approaches

will be formuleted for measuring the reaction rate constants.

4.2 Reactions Involving Energetic Helium and Nitrogen

The integrated intensity of the moiecular emission given in
(4.18) as a functinn 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 322: excited electronic
state of Ng. The Penning reaction,

He" + N, - He +N; (8%c) + e (4.1a)
has been found to proceed at a rate of ka = 9.0 x lO'11 cm3 sec-l
and to preferentially populate the low vibrational levels of the
822: state of N; according to the Franck-Condon principle for
excitation from the ground state of N2 9. The contribution to the

integrated intensity for the selective excitation of the v' = 0 level

of the B22: state by the second term in Eq. (4.18) representing the

charge-transfer reaction with the atomic helium ion is expected to
] 1

be negligible compared to reaction (k4,1a), that is, k; << k: for

v' = 0. The rate of the direct charge transfer reaction,
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Het + N, lf.b e + Ng (1327:) + 5.8 eV

is expected to be vanishing small, for smell v since energetics of
the resction is exc shermic and the large energy defect is prohibitively

non-resonance for the asymmetrical charge transfer reaction.

Although there is some doubt as to the range of available
energy for transfer in the reactionlo,
m
Hbe + N2
the contribution to the N; (822) population is expected to be

-'ZHe+N;(322)+e

negligible as discussed in Section 3.L.

In this section, only the reections between energetic helium
and nitrogen are considered. The only way nitrogen can be excited
indirectly by an energetic species e represented by the rate
constant, kv', is when X is an impurity. From the results obtained
in Section 2.4 the contribution from the rext to lsst temm in
(4.18) is taken to be negligible compared to reaction (L4.la).

The last term in Eq. (4.18) gives a value for the rate of
populating the v' = O level of the 1322: 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 B22(v' = 0) level by electric dipole transition matrix elements.
Of ali the known electronic states with energy grea%er than BZZ; ll,
only the D2Hg state has the proper symmetry 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 322 (v' = 0) level population by the transiticn,

- pp——— - -
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Dzﬂg - Bzzu, 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 swall due to small Furank-Condon factors, Qg

Eq. (4.18) can now be written,
=A ., WE , 4 . '
Iowr  wo— [kz [He™)IN,) o K [Heg][Ne]] : (4.19)
" v'v J

where the upper level refers to the v' = 0 level of the 322: elec-
tronic state. The kinetic rate equations (4.3) and (4.8) governing
the He™ and Heg concentrations as a function of time in pure helium
have to be modified upon addition of the reactant nitrogen. Svtarting
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.

a[x_{g;] 3 a[ne‘:] (4.20)

where u is the average flow velocity and z is the axial pcsition
along the tube. In tiie present experiment, cne is interested in the
rate of change of Hem as a function of axial distance down the tube
beginning at the point of nitrogen reactant introduction. With a
rate, k = 1.3 x 1077 cm”/sec, the formation of He' by superelastic
collisions of electrons with He(ls) from the discharge will have

gone to completion before introducing the reactant and can be
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neglected in the remaining discussion.
By representing the combined loss mechanisms for He" in a pure
helium afterglow by K', Eq. (4.3) becomes
3 ) L e (h.21)
Upon addition of nitrogen as a reactant at the axial position alcng
the tube, z = Zys the rate equation governing the He™ concentration

will be modified to include the loss of He™ by inelastic collisions

with N, given by reaction, (4.1a). Eq. (4.21) becomes

m
a a[ﬁg-z-] = - k'[1e"] - k [He"1(N,] (4.22)
With the position of the spectrometer and hence the position for

observirc the molecular nitrogen emission located at z = z) where

2, = zo =4, the He™ concentration can be obtained as a function of

z by solving Eq. (4.22) with the fcllowing assumptions. For the
range of N, flow rates used, [Ng] > [He™] such that [Né] can be
considered consta’ v uver the axial distance 4; the validity of this
assumption will be discussed in the following chapter when the Né
and He™ concentrations are measured for the experiment in question.
In gencrai the N2 reactant concentration will be greatly in excess
of tte Hbm concentration and need only be considered in the limiting

reginu. (Ng) - 0. Eq. (4.22) vecomes

m T 1
d[g-%] =-2k +x [N2]| dz
(He™] u a ]
Integrating from 2 to Z)5
m m - . 5 , \
1n[He ]Zl - 1n[He ]zo =7 Lx + ka[NQ]] (k.23)
T e e T R TSR 5SS
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[Be™] = [H"] exp( - T‘K‘ ~ k [N ]]g (L.2u)
A z a2
1 o :
where 7 = £/u is the reaction time and (Hem)g and (Hﬁem)é are the
o
metastable helium concentrations of positions z = zy and z, respec-

and

[

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 (4.1a).
This particular reaction was chosen because it was most easily
isolated from the others. Therefore all that remains of Eq. (4.19)
is in some way to separate the contributing mechanism for populating

the v' = O level of the 322 state by charge transfer with He The

+
2.
relative concentration of He; can be made negligible compered to

that of He™ by applying a weak microwave field between the discharge
ané nitrogen reactant input as wac explained in Section 3.3. The

integrated intensity equation (4.19) becomes

I= vyt vom
v" vy 1

Substituting Eq. (4.24) for the He™ concentration at 25

A E s
I - = [ || 1t bral .
v'v —%r‘———‘xv':"v é{é [Hem]zo [N2] exp ;'- 'r{ka[Na] + K;}% (h.26)

By varying the nitrogen flow rate, the corresponding change in
emission intensity from Eq. (L4.26) becomes,
aI_,

v
a(w,

A [} “EV'V" V'

X ky [He“‘]a [l-Tka[Nz];lexp{-T [ka[NZJ + KB (k.27)
v o

V" B
) =

At this point, it is instructive to remember the assumption about

g - Y———p .

L - W"’w—‘ - - -
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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 N, concentration according tec Eq. (4.27), attein a maximum,
and then decrease with increasing [Ne]. The intensity maximum is

described by the condition,

[dIv.v" d[Ne] Iﬁax]= 0 (4.28)

Setting Eq. (4.27) equal to zero according to Eq. (4.28) yields

the following expression for the rate constant ka’

k = '—T%N—) cm3 Sec-l (h 2 )
a 2/max +23

where [N2]max is the nitrogen concentration corresponding to the

maximum in T The mestastable helium concentration at Z

viv'®

[Hem]Z does not depend upon the nitrogen flow rate.
o

4.3 Genersl 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 heliwm concentration by light abso:ptionl. The He™ con-
centration as a function of reactant flow rate is then interpreted
in terms cf 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 resulte given in Chapter 5 likewise interpret

B a0 Lommeae
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the rate constant by relating the metastable helium concentration
as well as the other energetic helium species to the reactant fliow
rate. However the method for observing the energetic helium species
depends upon the relative intensity measurements of the resulting
emission when nitrogen or carbon dioxide (reactions 4.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. (4.25) for the nitrogen emission intensity produced by
reaction (4.la) represents the detection method for Hem at an axial
position z, It is assumed that the contribution to Iv'v" by the
reaction with Heg is negligible when a low power microwave field is
applied to the afterglow as was described in Section 4.2. The

steady-state Hem concentration at z, has to be modified upon addition

1
of the reactant X to account for the reaction.

He" + X x He + X' + e (.30)

The rate equation (4.22) governing the He™ concentration now becomes
- d[He™
52l ) L ™) -k [He™IIN,] - k [HePI0X) (4.31)

where the additional loss mechanism is represented by the rate
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constant kx. The secondary excitation of the nitrogen by energetic
species of the reactant X according to the reaction (4.13) usually
wili be neglected because for most of the reactants studied, reac-
tions (4.13) do not take place. This process will be one cf 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™ concer-
tration at the point of observing the nitrogen emission [Hem]z , ore
must integrate Eq. (4.31). Since nitrogen is added at 215 thelloss

term represented by k can be set equal to zero. Eq. (4.31) then

beccmes
m
e R3] (.32)
LHe ] u
where the integration is taken fr: 1 Z, to 95
m m R PR |
1n[He ]zl - 1n(He ]zo = -\:r K+ I, [X]] (4.33)
and
my _ M ' . )
(He ]Zl = [He ]Z0 expz - T{K + kx[x]M (4.34)
Now let [Hem]z * represent the metastable helium concentration for
1
the limit [X] - 0. Eq. (4.34) becomes
my o, My % [ 1
(e™], = L™, exp| - Tk [x]! (4.35)

where again T is the reaction time T =4/u. Substituting

Eq. (4.35) in Eq. (4.25)

e e
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a3y "E .
I \ . ] 1 1 [} * ,
vy @ g X T!jx k: [Hem}z exp -(Tkxij] (4.36)
v" vy 1

Iu the limit (X] - 0,#I_, u» and the integrated intensity becomes,

A E
o _TwyW'v'w" v'p my ¥
Loy =g Ky [He], (4.37)
o V' 1

Dividing Eq. (4.36) by (4.37) and teking the natural logarithm of
both sides, one obtains,

viv"
In (g *
v'v"

= - 7k [X] (4.33)

Now the slope of the curve In (Iv'v") plotted against [X] divided
Ig'v“
by the resction time, T, gives a velue for the absolute rate
constant. k_.
p's
Reactions with the atomic ion, He' of the type,
k

He' +X ¥ He + %7 (4.39)
are studied by observing the (1,0) band of the Azﬁ-x?E electronic
transition of CO+. In an otherwise analogous method to .at for He™®
reactions outlired above, a relation similar to Eq. (4.38) can be

obtained. The integrated intensity for the en" emission whose upper

state is populated according to reaction (l4.le) can be written;

I = AoveByryr oy
viv' A ke (He ]7 [C02] (h.hﬁ)
v. V'V" 1

From Eq., (4.C) describing the rate of change of He+ concen-

tration in % pure helium afterglow, one can ma.e the following
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substitution for the combined 1lnss mechanisms.

e
2 a[§§-J = - Ké[He+] (L.41)

[ A 0 2
where Ka =a'n, + Da/A2 + kS[He]

Upon addition of ti: reactants X and CO,» Ed. (4.41) becomes

a a[ggj] = - Ké[He+] - ke[He+][002] - k;[ne*][x] (4.42)

Since CO2 is added at the point of observation, one can neglect the

term represenved by k, and integrate (L.42) from 2, to 2y yielding

[He+'!zl = [He+]z:: exp[- 'rk)'c[x]] (4.43)

*
where again [He+]Z “s the ion concentration at z, for [x] - o.
1 1

Substituting {4.43) in (4.40), one obtains,

I - = AV'V"EV'V" v' 44 * " M
v'v E—A-:—'T- ke [He ]z exp [- Tkx[x:]. (L.uk)
v" vy 1

Dividing Eq. (L4.4lL) by the intensity when (X) - O and taking the

natural logarithm, one obtains the relation similar to Eq. (4.38),

1ln Iv'v" .
(75— )= - mx;[X] (L.45)
viv"

where k' represents the rate of reaction {4.39).

For charge transfer reactions with the molecular helium ion of

“he type,
k t
He; +% &% 2He +x7 (L4.46)

the He; concentration is mcnitored by measuring the relative

intensity of bands in the BZE-XZE transition of Ng originating from
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\

112
the v' > L4 levels populated according to reaction (4.lc). According
to the discussion in Section 3.4, the v' > 4 levels are not expected

to be popL’ <4 by irelastic collision with He™ and Hel species.

2
+
Although being exothermic, the charge transfer reaction with He
is assumed to be negligible because of the large energy defect
involved (AE ~ 4,7eV).

In a method analogous to the one outlined in Eq.s (4.32 to 4.38),

the logarithm of the emission intensity ratio Iv'v“/Is'v“ expressed
as a function of reactant concentration is found to be
In Iv'v" -
() = - m[x] (L.47)

where k& is the rate constant to .e measured for the reaction (L.46).
Finally, rcactions of the type

k

Hep + X ¥ 2 He + e (4.143)
cen be studied by observing the A2H - X22 transition of N, as a

2

function of reactant concentration where the upper levels are pop-
vlated according to reaction (4.1d). As was pointed out in
Section 3.4, there is some uncertainty about the popnlating wech-
anisms for the A2H state of Ng because of the uncertainty in
available energy in Heg for the reaction. If reaction (4.le) is
the assumed dominant mechanism for populating the A?H state, then

in a manner similar to the methods outlined above, the dependence

of emission intensity on reactant concentration is found to be

I
(o, )= - ™l (4.49)
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where Ky is the rate constant for re=:tion (4.48) involving Heg.

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-
ation into radiating statesl3, then this emission can be used to
measure the atomic and molecular helium ion concentration. The
kinetic equation describing the populatiys of the ith excited level

of the helium atom is

. +
dNi/dt = o(i)[He™] n, - 1\113:4\1;j (4.50)

In the steady-state approximation, the rate of formation is set

equal to the decay rate,

aN, /at = 0
and
N, =§-%'—' cr(i)[He+]ne (4.51)
3

The simple model described by Eq. (4.51) is based on the assumpticn
that the ith level is populated by direct electron-positive ion re-
combination with rate o(i) and decay is by radiative transitions

to ali possible lower energy levels j. Substituting the steady state
population into Eq. (4.15),

- AiJEid a(i)[He+]n (k.52)
U Ta; e
y U
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By adding the reactant X to the afterglow and weasuring the intensity
in Eq. (4.52) as a function of [X], the rate for the following
reaction can be obtained,

kl
Het +x < He +x* (4.39)

The results obtained from (L.52) should give a direct comparison to
the rate measurements obtained from Eq. (k.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),

A E,. (4.53)
I.. =71571 +q%
ij ﬁi—% o{1)[Be"];, exp [-miylx]]
p J
Dividing Eq. (4.53) by the expressior for the intensity with [x) -0,

and taking the logarithm of both sides, gives
in Ii
(131 )= - T[] (4.54)
ij

where the rate constant from (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 predominately due to elec-

tron-ion recombination

He; + e'g' He; (k.55)

the methed outlined for the atomic emission can be applied to the
rate measurements for the reaction,

k'

Hel +X % 2He + X' (4.46)

2
An expression analogous to Eq. (4.47) is obtained,
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In (Iv'vﬁ
I 1 n
v'v

= - Tk}‘rEX] (k.56
where I, u is the intensity for the (v',v") band of the molecular
helium emission. Again the rate measured in (4.56) can be compared
tc k& cbteined from Eq. (4.47). 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.

e © - _ s
'\“‘A"’Lg:'m-r = R, s
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V. EXPERIMENTAL RATE COEFFICIENTS

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
& single energetic helium species. Rates of reaction of several
reactant gases with energetic helium have been measured; these reac-

tants are Ar, Kr, N,, 0., H , NO, CO, and CO

27 T2 o 2

measurable rates were obtained since in each reaction investigated

. With neon, no

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 obtaeined 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 logar-
ithm of the emission intensity on the reactant to become nonlinear.

The range of reactant concentraticins used in the rate measure-
ments is primarily determined by the sensitivity of the optical

spectrometer used to observe the emission intensity. Under favorable




+)

118

conditions, a variation of approximately two orders of magnitude is
obtained for the relative intensity. 1In 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 mechanism under study.

The reactions in each of the four catagories were studied under
conditions favorable to the particular energetic helium species of
that cetagory. The validity of the method wag checked by making
rate measurements on sclected 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,

Uncertainities quoted for the measured rate constants in the
remainder of the chapter are much larger than the reproducibility of
measurements under varying experimenta). cornditions. Systematic
errors in meusuring the average helium flow velocity are in greatest

doubt and therefore dominate the quoted errors. Under conditions

S y—— e A Yo T g T T T .
d =
.
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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 parsbolic distribution according to Eq. (2.5).
Reactions occurring ii & narrow cylindrical region along the axis
of the tube are then associated with a flow velocity two times the
calculated average. Ac tie "effective diemeter" of the emission
region and hence the diameter defining the reaction region was ob-
served to vary from 4.0 to 5.9 cm for different experimental
conditions, the corresponding values for the corrected average
velocity u, ranged from 1.5 ﬁo to 1.0 ﬁo cm sec . The rate con-
stants are calculated from the slope of the curves accerding to the

general method in Section 4.3, and the follcwing expression,

I T aplt
In (—— )=~ Tk [X] (L4.38)

o)
v'v

With diffusive mixing of the reactants, according to assumption (3)
in Section L.l, the steady state reactant concentration, [x], in

units of em™3 is calculated from the measured flow rate by the

reiation,
1
) --= &
Au_ dt

o
where dX/dt represents tue reactant flow rate in units of sec‘l.
In each of the following measurements, the effective diameter of

the source has been measured along with an estimate of the uncertainty.
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Values quoted for the rate constants are the average values
measured under different experimental conditions such as pressure,
helium fiow rate, and discharge power. The particular conditions
for which the curves are given will be noted. In practically all
the following reactions, the reproducitility 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 He™
In addition to the Penning ionization rate constants to be
reported for the reactions of Hem with the several reactant gases,

the particular reaction,

k
He™ + N, -2 He + N +e (5.1)

2
was studied and rate constants measured by three somewhat different
methods. In the first method as outlined in Section 4.2, the relative
intensity for the (0,1) band of the B22 transition in N; was measured
and plotted as a function of the nitrogen flow rate in Fig. 5.1.
As reaction (5.1) preferentially populates the v' = O level of the
B22 state, the nitrogen stecdy 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,

kK = 1 Cm3 sec_l ()4 29)
a TlNE]ma.x

For this method as weli as the remaining reactions involviny> Hem,

the experimental conditions of flow and reactant mixing gave an
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effective emission source diameter of d ~ 4.0 cm. With a downstream
pressure of 0.6 torr and an average velocity of 1.35 x 10h cm sec'l,
the nitrogen concentration corresponding to a maximum Iv'v" in

12 -3

Fig. 5.1 was [N =7.9x 1007 em Substituting in Eq. (4.29)

2]max
with a reaction distance, { = 14 cm, the measured rate constant ka
for reaction (5.1) was found to be 1.2 + 0.4 x 10710 em3 see”t,

A second method for obtaining the rate constant for reaction
(5.1) depended upon the measurement of Hem concentration as a
function of nitrogen flow by optical chsorption of the HeI 3889R
transition. The rate constant was cobserved to have the value
9+ 3x 10711 em3 sec™*. Because of the short path length (~ 4 cm)
and the overall sensitiviiy of the monochrometer and detection
system, the optical ebsorption method appeared to be the least re-
liable of the three although the agreement is within the quoted
uncertainities.

The third method similarly interprets the Hem concentratica
dependence on the niirogen 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 primarly excited by He®. This is the general
method, as outlined in Section 4.3, for measuring the rates for the
various reactants denoted by X. Both nitrogen and neon emission

spectra excited by the metastable hLelium were used to observe the

helium concentration, namely, the (0,3) band of the 5°F - X%

J"_"B.T‘F—.t-f,r“a‘,—“xﬂv* .. T
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transition in Ng ani the Nel 6&02.38 transition. Unless otherwise
specified, the relative intensity data reproduced in Figs. 5.2
thru 5.4 is for the nitrogen detector. The relative rontribution
of the Heg in exciting these bands in question was reduced by
operating at 0.4 torr dcwnstream pressure and with a 7w power
ricrowave field incident on the afterglow region for the purpose
of preferentially increasing the Heg ion removal by ambipolar
diffusion to 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™1° cmd 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 O.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

. . 1l
rate constant can be expressed in terms of a cross section, g,

L adn Bad aere - " Wi - em—
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XK = ﬁro (5.2)

where ﬁr is the mean relative velocity of the t o reactants witk a

2 cn/sec for He and N, at 300°K.

In Table 5.1, the rate constants and cross sections observed

value of 1.3 x 10

in the present work are listed in the second and third columns with
the estimated uncertainities. In every reeaction except a single
instance for reactent Kr, the reprcducibility 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
dete:mination, the quoted errors for the rates have been chosen to be
significantly larger than the ob<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>