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The problem with which this investigation is concerned 

is that of measuring the rate coefficients for termolecular 
+ 

charge transfer reactions of He2 in atmospheric pressure 

afterglows with the minority reacting species. 

The concept of the rate coefficients for the bimolecular 

and termolecular charge transfer reactions of He^ with the 

secondary reacting species, theory of charge transfer pro-

cess, and the reaction processes affecting the He^ popula-

tion in a pure helium plasma have been reviewed in detail. 

The equipment and the experimental techniques have been 

described. 

In particular the measurements of termolecular charge 

transfer reactions into non-associative product channels 

were described. Ion destruction frequencies have been ex-

perimentally determined from the selectively excited fluo-

rescence of in high pressure afterglows of mixed gases 

excited by an intense electron beam discharge. Data have 

been obtained as functions of helium pressure over the range 

from 300 to 1500 torr and as functions of the partial pressure 



of reactant from 25 to 400 u Hg. From these data, pressure 

dependent rate coefficients have been extracted and sub-

sequently resolved into contributions from bimolecular and 

termolecular components for reactions of He2 with Ne, Ar, 

N2, CO, C02, and CH^. The bimolecular components have been 

found to agree with the results shown in literatures to 

within experimental error, and in some cases the values 

reported here represent an improvement in precision. 

Of particular interest was the discovery that the pres-

ence of a third body can change an improbable charge transfer 

+ 1-reaction involving He2 into a very probable one, as in the 

case of the reaction with argon. For example, in Tables 

II and II it was shown that less than a 300 torr pressure 

of helium was required to double the effective rate of reac-

tion of argon with He^ while over 3000 torr was required 

for CH4. 

The sensitivity of the method has been sufficient to 
OA C 

detect termolecular components as small as 2 x 10" cm /sec 

-30 

and values were found to range widely from 2 x 10 for 

Ne to 67 x lO"30 cm^/sec for CO2. The size of these ter-

molecular rates not only served to explain specific anomalous 

efficiencies of the charge transfer process observed in atmos-

pheric pressure lasers but also suggested the general impor-

tance of three-body ion-molecule reactions in higher pressure 

plasmas. 
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CHAPTER I 

INTRODUCTION 

The majority of kinetic investigations in gases are 

carried out with the objective of gaining insight into 

the mechanisms by which reactions occur. These investi-

gations may be solely concerned with establishing the 

reaction mechanism in a particular system, or if that 

is known, studies of the reaction kinetics may be con-

cerned with the details of the rates of the interaction 

of the reactants. When the reactions of interest involve 

atomic and molecular species with very short character-

istic lifetimes, studies are typically conducted in 

gaseous plasmas in which the reactive species may be 

produced as fragments of energetic collisions, often 

with electrons. In particular the studies of reactions 

involving ions of small molecules in the gas phase fall 

into this category and the literature is rich in exam-

ples of this type of work. 

Although such reactions of ions are of fundamental 

importance to chemistry, until recent times, their study 

had received its greatest motivation from applications 

in ionospheric physics. As a result, studies of reactions 

involving atmospheric ions have received much attention 



and a rather profound understanding of these processes 

has developed. Conversely, the reactions of ions of 

little importance to earthlike or planetary atmospheres 

have received proportionally less attention. Only re-

cently have the successes in using charge transfer 

mechanisms to pump high-energy lasers refocussed interest 

onto the reactions of non-atmospheric ions. It is the 

study and quantitative measurement of the characteristic 

rates of reactions for one such ion, He+ that is the 

subject of the work reported here. 

In 1947, Bates and Massey^" initiated the modern in-

terest in charge transfer reactions by suggesting that 

atomic ions such as 0+, produced in the upper atmosphere 

of the earth through photoionization of (or 0) by 

solar ultraviolet radiation, might be interacting with 

other neutral atoms and molecules by charge transfer. 

In general it was found that the loss of the photoions 

follows the pattern that charge transfer reactions con-

vert the primary ions to species which can be more readily 

lost by recombination than could the original atomic ions. 

For example, in the region near 300 Km where the dominant 

ion is 0 , the reactions, 

0+ + N2 + N0
+ + N (1.1) 

0+ + 02 0+ + 0 (1.2) 



are considered important in converting the primary ion, 0+, 

to molecular species, N0+ and 0^, which may then recombine 

by dissociative recombination, 

N0+ + e N + 0 , (1.3) 

0* + e -»• 0 + 0 . (1-4) 

o 

This tends to control the electron density in the iono-

sphere. Although most of these types of ion-neutral 

reactions have been studied in laboratory plasmas, there 

have been some difficulties in producing a laboratory 

plasma with properties similar to the ionosphere. In 

situ measurements using rockets and satellites have at-

tempted to use the ionosphere itself as the "laboratory 

plasma" and many useful results have been achieved. 

More recently, however, drift tube techniques have 

been widely applied in the study of ion-molecule reactions. 

This technique introduced the major technical development 

of mass spectrometric sampling of the reacting ions. As 

implemented, this generally occurred at the end of the 

flight path through a drift tube in which the number of 

collisions that the ion underwent with molecules during its 

travel could be varied over a wide range. However, one of 

the most productive methods used in kinetic investigations 

of the reactions involving ions has been the study of the 

behavior with time of the afterglows of electric discharges 



in a gaseous media. Such afterglows may be considered to be 

the plasmas existing during the periods of time extending 

from the cessation of sources of excitation of gaseous 

discharges to the time when the ionization densities go 

essentially to zero. Observations of the evolution of the 

populations of various ionic reactants and products in 

suitable afterglows have been used in the study of the 

reactions of both atmospheric and non-atmospheric ions. 

Although the reactivity of inert gas molecular ions was 

first suggested by data obtained in an active discharge, 

virtually all of the subsequent work demonstrating the 

general importance of the reactivity was done with such 

afterglow systems. It is with the reactivity of one inert 

gas molecular ion, He^, that this work is concerned. 

3 

In 1957 Oskam first suggested, from the study of the 

segregation in a discharge of a very small neon impurity 

in helium, that the ions of inert gas molecules might be 

significantly reactive. He postulated that the preferen-

tial production of neon ions in helium afterglows might be 

occurring as a result of the process, 
+ + 

He2 + Ne Ne + 2He , ( 1 . 5 ) 

as was independently verified by Loeb^ and Pahl and Weimer.^ 

In collaboration with Mittelstadt,6 Oskam reported the 

estimation of a relatively large binary reaction rate, 



1.5 x 10~10cm3/sec, for the reaction (1.5). They determined 

this rate by measuring the spatial gradients of the electron 

density in a stationary microwave afterglow in which the gas 

was spatially fixed. However, this technique has not been 

utilized very widely for other quantitative rate measure-

ments since the mobilities for most ions do not vary widely 

and competing reactions can cause confusion. 

The development of ion-molecule reaction studies has 

been more strongly influenced by the introduction of the 

flowing afterglow technique. This technique differs from 

that of the stationary afterglow in substituting space reso-

lution for time resolution. Thus, the composition of the 

afterglow can be controlled in space in a way that is not 

7 8 9 

possible in time. In 1963 Collins and Robertson ' ' first 

demonstrated spectroscopically that the reactions such as 

(1.5) could occur more generally with neutral molecules. 

They reported the selective pumping of emission bands from 

the reaction products by using a flowing afterglow technique 
9 

and formulated the reaction mechanisms, 

H e2 + N2 CN^D * + 2He (1.6a) 

H e2 + °2 C°2)* + 2 H e (1.6b) 

He* + CO -*• CCO+)* + 2He (1.6c) 

where the asterisk indicates electronic excitation to a 

radiating state of the product ion. Most of the bimolecular 



charge transfer rates important to aeronomy and related 

studies of planetary atmospheres were subsequently measured 

to a satisfactory degree of precision with the more gen-

eral flowing afterglow technique which was developed by the 

ESSA group. 

In 1966, Fehsenfeld, et al.,^ made the first quantita-

tive measurement of an inert gas molecular ion involved in 

an ion-molecule reaction such as reactions (1.5) and (1.6a). 

Though of no importance to aeronomy, they did this in the 

course of a series of measurements designed for the reactions 

of helium atomic ions, He+, with N2, O2, % , NO, Ne, Ar, CO 

and CO2. They reported a rate coefficient for reaction 

(1.5) with He^ of 1.4 x lO'l^cm^/sec and a rate coefficient 

for reaction (1.6a) of 6 x 10~^"®cm^/sec, a value approach-

ing half the theoretical maximum given by the Langevin 

cross section.^ Their measurement was made by determining 

the dependence upon reactant concentration of the He^ con-

centration measured with a mass spectrometer in low pressure 

flowing afterglow. In 1968, they modified"^ the flowing 

afterglow technique to cover a range of gas temperature from 

82° to 600° K. This was necessary for them to obtain better 

information about the reaction rate coefficients at iono-

spheric temperatures, as those were known to vary from some-

what below 300° K to substantially above 300° K, depending 

upon altitude and time. Their investigations of the temper-

ature, or energy, dependence of the rate coefficients 



established additional experimental expertise which coin-

cidentally provided an improvement in the production of an 

afterglow dominated by reactions involving homonuclear 

inert-gas molecular ions. Previously, charge transfer 

reactions involving these species had been less tractable 

to the generally successful flowing afterglow technique for 

measuring reaction rate coefficient at room temperature be-

cause of the experimental difficulties associated with 

establishing a dominance of the weakly bound molecular ions 

of the inert gases. In 1970, they"^ finally succeeded in 

measuring the bimolecular charge transfer rates for He^, 

Ne^, and Ar£ reacting with Ne, Ar, Kr, NO, O2, CO2, N£ and 

CO2 under cryogenic conditions. At temperatures up to 

200° K the necessary predominance of the molecular ions 

could be established and rates generally approaching the 

theoretical limit were found. For example, a rate coefficient 

-9 3 

of 1.3 x 10 cm /sec was reported for reaction (1.6a), which 
-Q 3 

has a value of 1.26 x 10 cm /sec in the theoretical limit. 

Since a strong dependence on temperature would not be ex-

pected, a priori, at least for the highly probable exothermic 

reactions, the 200° K values seemed sufficient for existing 

needs. 
Recently the interest in ion-molecule reactions involving 

inert gas molecules has been refocused by the proposal of 
14 

Collins, et al., that resonant charge transfer might 



provide a nearly ideal mechanism for pumping high pressure 

gas lasers. The potential of the pumping sequence, 

He* + N 2 + N^CB
2SJ + 2He (1.7) 

was reported in the same letter14 together with the success-

ful extraction of stimulated emission in the B X 

transition, 

CB22u) + hv + (X2£g) + 2hv , (1.8) 

in a high pressure helium-nitrogen plasma excited by the 

discharge of an intense electron beam. The first ion 

laser pumped by charge transfer from He£ was subsequently 

constructed1"* and the most recent studies of power output 

have shown that it is scalable to operation at high power 

with high efficiency.16 It appears, a priori, that these 

mechanisms represent the most efficient means of exploiting, 

for the production of visible laser radiation, the energy 

stored in a high pressure gas by an intense electron beam. 

Moreover, charge transfer offers considerable advantages 

over other laser pumping mechanisms because of the large 

cross sections, 10"1Z|'cm2, characteristic of such processes. 

These values lead to reaction rates which are at least an 

order of magnitude larger than those characteristic of most 

excitation transfer sequences involving neutral atomic and 

molecular species. Secondary advantages lie in the large 
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number of possible reaction systems making probable a large 

selection of transition wavelengths. For example, a weak 

stimulated emission from C0+ pumped by an analogous reac-

tion has been observed.^ 

The current attention to these electron-beam lasers has 

stimulated a further interest in the ion-molecule reactions 

involving inert gas molecules and partial cross sections for 

charge transfer from He^ into specific output channels of 

the reaction have been recently determined in an atomic 

beam apparatus.Nevertheless, in the course of devel-

oping this new type of laser, attempts to model the kinetic 

sequences pumping the high pressure lasers suffered from 

the paucity of rate coefficient data appropriate to atmos-

pheric pressure. Efforts to describe the strong dependence 

of laser outputs on gas pressure did not succeed when 

models were based upon extrapolations of available low 

pressure data. In the flowing experiments, because of the 

restricted range of lower operating pressures which were 

available, the effects of termolecular reaction channels 

for which the three-body rate coefficient was less than 

about 3 x 10~28cm6/sec could not be detected whenever there 

was a parallel bimolecular channel having a cross section 

near the Langevin limit.^ Such a generous limit is not 

helpful at atmospheric pressures where much smaller termolec-

ular rates would still dominate. 
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The recent work of Bour&ne and Lecalv£^0 provided the 

first suggestion that reaction rate coefficients for He^ 

measured at high pressures could be significantly different 

from those derived from low pressure data. In their work, 

bimolecular rate coefficients for the He^ reactions with 

O2, H2, N2, CO, CO2, ^0, H2O, CH^, Ne, Ar, Kr, and Xe at 

pressure between 50 and 1500 torrs were obtained from the 

experimental device similar to the one which will be re-

ported here, A comparison with present work is possible in 

a few cases as shown on Table II in Chapter VI, but no re-

port on termolecular rate coefficient was made in their 

work. 

This work reports what are believed to be the first 

measurements of termolecular charge transfer reactions into 

non-associative product channels. These reactions are the 

termolecular analogs to the well-known^ bimolecular charge 

transfer reactions involving helium molecular ions. In a 

sense they form parallel reaction channels, favored at high 

pressures, connecting the same reactant and product popula-

tions as the bimolecular ion-molecule reactions dominant at 

low pressures. For example the reaction, 

He2 + N2 + He N2(B2EU) + 3He (1.9) 

is the termolecular analog of (1.7) and with a rate coef-

ficient of only 10*"^cm^/sec it would still dominate in high 
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pressure lasers operating at several atmospheres while being 

completely negligible (in comparison with (1.7) ) in the 

conventional low pressure ion^molecule experiments. Evi-

dently, the possibility of termolecular reaction channels 

paralleling the bimolecular ones has not received much 

attention in the past and it appears that termolecular chan-

nels have been investigated9 only for associative ion-

molecule reactions for which that bimolecular analog is 

extremely unlikely. 

In this work ion destruction frequencies have been 

determined as functions of helium pressure over the range 

from 300 to 1500 torr and as functions of the partial pres-

sure of reactant from 25 to 400 y Hg. From this data 

pressure-dependent rate coefficients have been extracted 

and subsequently resolved into contributions from bimo-

lecular and termolecular components for reactions of He2 

with Ne, Ar, N2, CO, C02 and CH4. The bimolecular compon-
13 

ents have been found to agree with the ESSA results to 

within experimental error and in some cases the values re-

ported here represent an improvement in precision. The 

sensitivity of the method has been sufficient to detect 
30 6 

termolecular components as small as 2 x 10 cm /sec and 

values were found to range widely from this threshold value 

for Ne to 67 x 10~30cm6/sec for C02. The size of these 

termolecular rates not only serves to explain the anomalous 
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pressure dependence of the output from charge transfer 

lasers but also suggest the general importance of three-

body ion-molecule reactions in higher pressure plasmas. 



CHAPTER II 

THEORY 

Preliminary Concepts 

The key parameter throughout all discussions of reac-

tion kinetics is the value of the reaction rate. The term 

"reaction rate" may be defined from the equation 

— = k*f(a,b,c...) , (2.1) 
dt 

where k is termed the "rate coefficient" which could be a 

function of pressure or temperature, or perhaps other para-

meters and a, b, c... represent the concentrations of the 

reactants A, B, C... at time t. The function f(a,b,c...) 

represents some mathematical expression, usually a product 

of concentrations, that is a characteristic of the reac-

tion. In the simple cases involving two reactants A and B, 

the explicit form of the function is f(a,b)=[A][B] where the 

brackets denote concentrations. Finally, the reaction 

coefficient is related to the collision cross section by the 

equation: 

00 

k = J <y(v)'V* f Cv)dv , (2.2) 

13 
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where f(v) is the relative velocity distribution, c r ( v ) , the 

cross section for the collision, which will be discussed in 

the following section, and f(v)dv, the fraction of encoun-

ters in which the relative velocity v lies between v and 

v+dv. Therefore, if either k or c r ( v ) is known the other 

can be found in most cases of practical interest. 

As a typical example, let us consider the reactions be-

tween the two components 

Hê J + X -*• Products , (2.3) 

together with the analogous three body reaction process 

He^ + X + He Products , (2.4) 

where X is the secondary reacting species. The expressions 

for the rates of reaction are, respectively, 

d[He2] ru +1 
— — 2 2-̂  f 1 > (2.5) 

and 

_ d [ H 6 2 3 - k [He!][He][X] , (2.6) 
dt 3 2 

where is the binary rate coefficient defined in units of 
O -I 

cm sec and kg the ternary rate coefficient in units of 

cm̂ sec-"®". The latter of the order of 10"~28 to 10~32 Units 

for typical reactions, in contrast to the binary rate 
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coefficients which are usually of the order 10 ® to 10 

units. In many cases experiments can be performed to 

determine the rate coefficient either directly or indi-

rectly. 

However, the situation presented thus far is compli-

cated when the other mechanisms in a decaying afterglow 

are considered. For example, in the study of collision 

processes occurring at thermal energies, one of the 

mechanisms playing a dominant role in the decay of low 

pressure plasmas is diffusion. In a highly ionized gas, 
7 8 

the ionization density being higher than 10 - 10 par-

ticles/cm3, the diffusion equation describing the trans-

port of particles as a result of concentration gradients 

91 
is given by^x 

- D V2n , (2.7) 
at a 

where D is ambipolar diffusion coefficient, which char-
a 

acterizes the diffusive motion of the two charge carriers. 

It is expressed by the relation 

D = D + M" * M + D " , (2,8) 
a D+ + M" 

where the M's are mobilities and the signs refer to positive 

ions and electrons. In a real afterglow plasma, diffusion 

contributes to the loss of ions in addition to the reactive 
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losses, although conditions can be chosen so that one or the 

other predominates, In the example of the reactions in the 

pure helium plasma, the rate equation for the He^ ion can 

be expressed as 

dt" e2 ] - k [He+] [He]2 - k [Y] [He*][e] + D aV
2[Hep , (2.9) 

dt s 

where k is the rate coefficient for the formation of He^ 
s 

by the reaction, 

He+ + 2He •* He* + He , (2.10) 

k r is the recombination rate coefficient of He^ with 

electron by the reaction, 

He^ + e + Y -»• He2 + Y , (2.11) 

where the third body, Y, is needed to stabilize the capture 

of the electron,and the last term is the transport term. 

Theory^ predicts that D a varies inversely with the pressure 

if the electrons and ions are in thermal equilibrium with 

the gas at a temperature that is held constant as the gas 

pressure is varied. Thus at sufficiently high pressure, 

the transport term is negligible, and so is the source term 

because of the rapid conversion of He+ into molecular ions, 

HeJ, according to reaction (2.10). The equation (2.9) is 

then simplified to 
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l_[He*] - k„[e][Y] , (2.12a) 

[He2] dt 

or to 

- i- an[He+]) - kr[e][Y] = vCt) , (2.12b) 
dt 

where v(t) is defined to be the destruction frequency of the 

ions, or inverse lifetime of the ion concentration, due to 

recombination. To this basic equation describing the loss 

of He^ ions in pure helium must be added terms such as 

those of eq. (2.5) and eq. (2,6) describing the reactive 

losses when other gas atoms of molecules are added to the 

afterglow. These modifications are discussed in the follow-

ing sections. 

Theory of Charge Transfer Process 

Classical Langevin Theory 

The charge transfer reaction can be studied theoreti-

cally within the framework of quantum mechanics, but it has 

been shown that its applications to specific processes may 

be possible only after the introduction of drastic approxima-

tion. A basic idea in the development of the theories of 

charge transfer reactions is that the electronic motion can 

be averaged over the time of collision because of the rapid-

ity of the electronic motion in comparison to the nuclear 
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motion. As a result, the motion of the two nuclei can be 

treated classically. 

In general, the charge transfer reactions which have been 

studied are the processes of symmetrical resonant charge 

transfer between atomic ions and atoms, 

A+ + A A + A+ , (2.13) 

and asymmetrical, nonresonant charge transfer reactions, 

A + B A + B + AE > (2 • 14-) 

where AE is the energy difference in ionization potentials 

between the initial and final states with the particles at 

infinite separation. The latter case of asymmetrical charge 

transfer was first considered by Giomousis and Stevenson 

who developed a method of estimating ion-molecule reaction 

rates. They proposed a model for ion-molecule reactions 

which was an application of the kinetic theory of gases 
O O 

using the notion of the Langevin cross section derived 

from a simple classical orbiting model. 

Langevin1s simplified orbiting model assumed that the 

ion is a point charge, since the electron does not deflect 

the moving ion to any significant extent, and that the ion-

molecule potential function is dominated by the strong 

polarization forces, 

VCr) - - Hfl > (2.15) 
2r4 
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where r is the internuclear separation, e is the charge of 

the ion and a the electric polarizability of the molecule. 

Then the ions and spherical molecules moving under the 

given potential field were assumed to trace out classical 

trajectories determined by two parameters, the relative 

velocity, v, and the impact parameter, b. For these orbits 

there was found to be a critical value of bQ which led to 

a circular orbit of the ion around the molecule with radius 

r= 2̂. For b £ b_,, the ion was found to spiral inwards 
/2' 

until the repulsive forces between the electronic shells 

of the two particles repelled the colliding pair or until 

a chemical reaction occurred with subsequent separation of 

the products. This critical value of bQ was obtained by 

applying: (1) equilibrium conditions to the circular or-

bit, (2) angular momentum conservation and (3) energy 

conservation. The resulting expression 

b» - (—§-)1 '4 > <2-16> 
° mvz 

was derived with m being the reduced mass of the ion and 

molecule. Now if there exists a critical nuclear separation 

r which is less than such a reaction must occur for 
/2 

separations within rc, the cross section for the reaction is 

assumed to be the same as the cross section for orbiting 

collisions: 
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a - *b0
2 - - C — ) 1 / 2 • (.2.17) 

v m 

The rate coefficient, with which the experiment is normally 

concerned, can then be obtained by using eq. (2.2), since 

the macroscopic rate coefficient is an average overall 

possible value of the relative velocity, v. 

Giomousis and Stevenson^ considered the process, 

A+ + BC AB+ + C , (2.18) 

and assumed that the space charge field produced by the 

electron beam was negligible so both velocity distribu-

tions were Maxwellian. The simple expression for the rate 

of production of secondary ion was obtained as, 

dn3 

_ = a ^ k 

= n1n2va(v) 

- 2imin2eC5)
1/2 , (2-19) 

where np n2 and n3 were the number density of the primary 

ions, the molecules and the product ions, respectively. The 

rate coefficient k then was assumed to be the Langevin's 

value, 

k - 27ie(j)1/2 - 2.34 x 10"9(i)1/2 , (2.20) 

There are limitations on this classical description of 
-4 

ion-molecule reactions. First is that the polarization, r , 
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interaction may not be the leading term of v(r) but may, 

rather, depend on the type of molecule with which the ion 

is interacting. Of more concern in the development of 

above theory is the assumption that a chemical reaction 

always occurs on every collision within a region described 

by the critical radius rc. The microscopic cross section 

for an ion-molecule reaction can be expressed better as 

o (v) = pao00 > (2.21) 

where p is the probability that the reaction will occur if 

orbiting occurs. This probability, p, is assumed to be 

unity in the Langevin theory. Therefore, that model pro-

vides only upper limits for charge transfer rate coeffi-

cients and has generally failed to predict the absolute 

value of the rate coefficient. 

Resonance Considerations 

Charge transfer in ion-molecule reactions of highly 

exothermic systems has been known to be an efficient pro-

cess for producing excited molecular ions. However, it is 

very often assumed that charge transfer in such systems can 

have a large cross section only if a resonance exists be-

tween the energy of the ground state of the primary ion and 

a particular vibrational and rotational level in an electron-

ically excited state of the neutral molecule such that the 

energy defect is on the order of a few wavenumbers. This 
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assumption is mainly based on the approximate expression of 

the maximum cross section for calculating the thermal 

energy charge transfer reaction developed by Bohme, 

e t That expression, which incorporates the 

energy defect with the Langevin cross section,is given by 

a = cL(v) exp K"*(l -
 A|^E') » (2.22) 

where aT is the value of the Langevin cross section for the 
JL 

ion-molecule reaction, K' and A are constants, h is Plank's 

constant, v is the relative velocity and AE is the energy 

defect at infinite separation for the case when the reactant 

and product molecules are in their ground vibrational and 

rotational state. However, because AE is actually a func-

tion of the separation of the colliding particles it is 

difficult to predict the most probable reaction simply by 

considering the energy defect at infinite molecular separa-

tion. For example, if energy defects, AEeff, which are 

effective during the collision process, are assumed equal 

to those maintained at infinite nuclear separation, AE^, 

this may lead to serious errors for the simple reason that 

the inward spiralling orbits may modify the nuclear separa-

tions, r, over which the transitions take place. Therefore, 

the correct value of AE should correspond to that for the 

separations at which the transition most probably occurs. 

Unfortunately, the relevant energy defects at the specific 
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reaction distances are almost always unknown. Nevertheless, 

the requirement remains that a resonance must exist with a 

level of the molecular ion having a favorable Frank-Condon 

overlap with the neutral molecule.26 Whether both of these 

requirements play important roles for a particular charge 

transfer reaction or either of these dominates over the 
26 27 

other has not been fully investigated, to date. 

Nevertheless, it seems clear that Frank-Condon factors 

must be important in hi,gh energy charge transfer reactions, 

while they may not be as important at thermal energies 

because of the higher possibilities for long interaction 

times. 

Figure la shows a typical energy level diagram from which 

the resonances of the ions of helium with the upper state of 

the nitrogen ion laser transition, the B2ZU state of N+, can 

be readily appreciated. Figure lb, 2 and 3 show energy 

level diagrams for the long-lived active species of helium 

and the possible product states of CO, Ar, Ne, C02 and CH4. 

In each figure, the most probable energy state available for 

transfer from primary energy storing species are indicated 

by arrows. 

Extension to the Present Work 

It is useful in applying the techniques inferred in the 

previous sections to first consider in greater detail the 

reaction processes affecting the He2 population in a pure 

helium afterglow. 
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Helium Ion Formation 

Since helium is a naturally monoatomic gas, ionizing 

events first produce atomic ions. The molecular ions are 

then formed either by termolecular association, 

He+ + 2He •* He2
+ + He , (2.10) 

or by recombination, 

He+ + e + X He* + X , (2.23) 

where X is a third body and the asterisk denotes an excited 

state, followed by associative ionization, 

He* + He -> He2
+ + e (2.24) 

where He* denotes an excited state with energy equal to or 
4" 

above that of the appearance potential He2 • A number of 

investigations28'29 have indicated that the process (2.24) 

is a nearly resonant reaction, resulting in molecular ions 

in an excited vibrational state, v=4 for the 3 1D level. 

However, associative ionization, (2.24), is generally 

negligible compared to the ion conversion reaction, (2.10), 

because of the very small concentrations of the excited 

atomic species. Therefore, reaction (2.10) would seem to 

be the primary process contributing significantly to the 

production of He2
+ in the pressure range of this experiment. 

The frequency of conversion of He~̂  into He2 is given by 
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Bp2, where p is the helium pressure. The temperature depen-

dence reportedly31 goes as f \ where T is the absolute 

temperature. It follows, thus, that the times required 

for these reactions (2.10) to go to completion are mini-

mized at low gas temperatures and high pressures. However, 

these are just the conditions favoring further association 

of the ions according to the scheme, 

He+ + 2He * He* + 1 + He , (2.25) 
tl 

for n - 2. Reaction (2.25) must be considered reversible 

because of the very low binding energies of additional 

helium atoms. Though little is known about the larger 

helium ion clusters, He+ both experiment32 and theory33 

agree that such clusters are stable, at least for n=3 and 

, 34 
4. 

Helium Ion Clusters 
~ ~~ ~ 9,19 

Theory supported by observations of fluorescence 

from products of charge transfer reaction for helium 

ion-molecule reactions indicate that in some cases the 

fluorescent transitions in product ion are pumped by the 

resonant transfer of energy from the diatomic helium ion, 

He^. More recently, however, the importance of helium ion 

clusters and their subsequent involvement in the ion mole-
35 

cule reaction chain has been suggested by Collins, et al. 
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Although relatively little energy is lost in successively 

binding additional helium atoms to the ion for n > 2, the 

energy available for transfer is reduced substantially be-

cause of the repulsive energy between pairs of neutral 

helium atoms'^ remaining at small internuclear separations 

after any transfer reaction. Thus, it can be expected that 

if given reaction is exothermic with respect to charge trans-

fer from He* then resonance will be improved by the succes-

sive ionic association implied by (2.25) until the reaction 

finally becomes endothermic. Xn the example of the helium-

nitrogen bimolecular charge transfer reactions, 

Heri + N2 N2^b2su^ + n H e ' (2.26) 

the successive associations of reaction (2.25) tend to bring 

a closer resonance with the v=0 level of the B state of N2 

for He^ than for HeJ, but preclude the reaction for n=4 by 

making it endothermic. Other similar systems may offer the 

possibilities of even closer resonance. 

Continuity Equations 

Most of the available information on helium ion clusters 

has been obtained from drift tube experiments32 conducted in 

relatively tenuous plasmas at temperatures below 200° K and 

at pressures of 10-20 torr. The rate coefficient for con-

version of He^ to He^ has been estimated to be greater than 

that for conversion of He* to He^. Those results indicated 
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+ 
that helium ion aggregates, notably He3, tend to form as 

+ + 

rapidly as a result of termolecular reactions of He2 as He2 

forms from He+. The equilibrium constant was measured in 

those experiments and as a consequence of the relatively low 

range of pressures examined, the He^ concentration was found 

to be insignificant at other than cryogenic temperatures. 

However, if these low-pressure results are extrapolated to 

atmospheric pressures of helium, even at 300 K, as much 

as 10 percent of the helium ion concentration can be ex-

pected to be triatomic after very short times. This, then, 

suggests that since populations of the various helium ion 

clusters cannot be readily decoupled at the pressures char-

acteristic of the experiments reported here, the possibility 

of the simultaneous occurrence of reaction (2.26) for n=2 

and 3 must be considered. 

The continuity equations for the time rate of change of 

ion populations resulting from (2.25) and (2.26) can be 

written for n=2 and 3 as 

d [ H e2 ]= -v [He+]-Sp2[HeJ+k [HeJ+D V 2[HeJ , (2.27a) 
dt 2 2 2 D 3 a 2 

-v- [Het] +$p2 [Het] -k [Het] +D V2 [He*] , (2.27b) 
dt 3 z D J a j 

where v 2 represents the destruction frequency of [He2], 

v 2 - v Q + k[N 2] , (2.28) 
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caused by reaction (2.26) for n=2. It is described by the 

rate coefficient k with the v0 providing the flexibility 

of including the effects of other first order losses of 

Het Further, in (2.27a) and (2.27b) the forward reaction 
2 

for (2.25) is described for n=2 by the rate coefficient gp , 
+ 

and v3 represents the destruction frequency of He3 in a 

manner analogous to v2 for He^. k Q is the rate coefficient 

for dissociation of He^ by the reverse reaction for (2.25). 

In local thermodynamic equilibrium the reaction (2.25) 
would be represented by 

[Hepgp2 - [Hep^ . (2-29> 

Thus, it follows, 

+ . 

or, 

k . [He2] BP2 . <2'30> 
D [He$] 

k„ - — . (2-31) VD R 

where R=[He*]/[He^] at equilibrium. Therefore, equation 

(2.27a) and (2.27b) take the forms, 

1- [He*] - -v„ [He^] - 3p2[He*] -li^-lHe*] , (2.32) 
dt 2 2 R 

2 
— [He*] - -v-lHet] + 3p2[HeJ [Heg] , (2.33) 
dt 3 3 3 2 R 
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where the transport terms have been neglected because of 

the high pressures. The solutions of this coupled set of 
37 

rate equations for the decay of the "normal modes" of 

the populations give, to a high degree of approximation, 

that the sum of the populations of the ions should decay as 

[Hep + [Hep - C exp'(v2+Rv3)t/(1+R)} . (2.34) 

The difference between the [Hep and its equilibrium value, 

R[Hep, should decay as 

R[He+] - [He^] s A exp {-3p2t(1+R)/R> • (2.35) 

2 

The degree of approximation is of the order of vR/6p which 

is significantly less than 1% at pressures over 200 torr. 

In the range of pressures of interest in this work $p /R 

will be of the order of lO^sec when 3 is estimated from 

the corresponding value^ for the termolecular association 

of He+. Thus, equation (2.35) implies that departures from 

the equilibrium ratio of He^ to He^ will be erased at a rate 

of lO^sec"^ and, provided other destruction frequencies of 

these populations are significantly smaller, equilibrium 

populations of the helium ion clusters for n - 2 must be 

expected. 

Equation (2.34) implies that the total molecular ion 

population undergoing charge transfer reactions will decay 

in the absence of external sources at a rate given by the 
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weighted mean of the reaction rates of each individual 

species. Since the equilibrium population of He+ should 

exceed 90% over the 300 to 1500 torr pressure range of 

interest in these experiments, barring the occurrence of 

a rate coefficient for the reaction of He* an order of 

magnitude in excess of the Langevin limit, the loss of 

either the total helium molecular ion concentration, or 

[Hejj, should be controlled by the reactions of The 

Helj population can be expected to play the role of a minor 

additional degeneracy of the He2 state and the pressure 

dependence implied in the term appearing in (2,34) 

should be negligible. Consequently, it can be expected 

that measurements of the rates of loss of [He2l populations, 

parametrically as functions of reactant concentration, can 

indeed yield rate coefficients for the reaction of He2, 

reasonably unaffected by equilibrium populations of larger 

helium ion clusters. 

In the first approach^ to the practical problem of 

measuring populations of He£ i-ons a -̂ atmospheric pressure, 

the transient ion concentration was monitored by observing 

the time-resolved radiation from excited states of He2> 

formed by the collisionally stabilized recombination of the 

HeJ with electrons. However, this technique is rather 

difficult in application, because of the complex relation-

ship between the recombination radiation and the [He^], 
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7 8 9 19 

and an alternate scheme is suggested by prior reports ' ' ' 

of intense fluorescence emitted from product states formed 

as the result of charge transfer from He2 in low pressure 

afterglows. In a reaction such as (2.26), if the destruc-
+ 2 

tion frequency, v^, of the product N2(B Eu) populations 

is greater than v2> the reaction frequency of the reactants, 

the population of products will first decay at the faster 

rate until the population approaches the quasi-equilibrium 

value 
[N*CB)] = Cv2/vdHHe£] • (2.36) 

After that time the population of N2(B) will "follow" the 

evolution of the He2 concentration and spontaneous radiation 

from that product state will serve as a convenient monitor 

of the ion concentration. 

In practice the necessary condition v(j>>v2 is not diffi-

cult to fulfill as the concentration of reactant admixture to 

the helium can be made arbitrarily small. Estimates of 

must include both the rate of spontaneous radiation and the 

rate of collisional quenching and studies of laser outputs 

pumped by (2.26) have indicated latter term dominates by 

nearly an order of magnitude. Since the lifetime for spon-

39 
taneous emission is 66 nanosecond, can be expected to 

8 1 

be at least of the order of 10 sec"1 at atmospheric pressures 

in electron-beam plasmas. Thus, if the measured destruction 

frequency for the decay of the fluorescence from reaction 
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products is significantly smaller than 108sec-1, it can be 

reasonably equated with the destruction frequency v2 of the 

He^ concentration. 

This then suggests the experimental procedure of adding 

a sufficiently small amount of nitrogen to a high pressure 

helium plasma and observing 

1 dl 
V - — — . (2.37) 

where I is the intensity of the transient fluorescence from 

the nJ product states. Then provided v<<108sec-1, the iden-

tification can be made v=v2« From (2.28) it follows that 

, 3v k = -7—r • (2.38) 
3[N2] 

Finally k must be examined for a possible dependence on 

helium pressure for it must be expected to have the form, 

k = k2 + k3[He] , (2.39) 

where k2 is the rate coefficient for the binary reaction 

(1.7) and is the rate coefficient for the ternary reaction 

(1.9). 

For the measurement of rate coefficient for the reaction 

o He2 with species not yielding a convenient product fluo-

rescence, a small fixed concentration nitrogen can be added 

as an indicator to monitor the He^ concentration while the 
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concentration of the other species is varied. In that case 

the analog to (2.28) is written with the k rate coefficient 

for the desired reactant replacing that for ^ and the con-

stant contribution from the small concentration of the 

nitrogen is absorbed into the constant \>0. Then if the 

partial differentiation of equation (2.32) is taken with 

respect to the varying concentration of desired reactant, 

the rate coefficient is obtained for the reactions of Hê jj 

with that species. Resolution of the resulting coefficient 

still follows equation (2.33). 

Although several possibilities beside nitrogen exist to 

monitor the HeJ ion concentration, the relatively large vd, 

large rate coefficient k, relatively small kg, and high in-

tensity of the resulting fluorescence proved decisive factors 

in the selection of this ion indicator. Generally 50 y Hg 

nitrogen were added to the helium, and in the case of the 

subsequent addition of another reactant, its partial pres-

sure was always kept low enough so that the total destruction 

frequency of equation (2.37) was less than 3 x lO^sec-"^ over 

the range of data needed to determine the rate coefficients. 

For most of the important data v - lO^sec"^ and the models 

implied by equations (2.37), (2.38) and (2.39) were found to 

be completely consistent for v up to 3 x lÔ sec-"*" so that the 

identification of V=V2 was considered confirmed. 



CHAPTER III 

EXPERIMENT 

Apparatus 

Figure 4 shows the high pressure cell with which these 

experiments were performed. It was constructed from stain-

less steel and had a 0.025 mm thick titanium window through 

which the electron beam entered. The 1/4" thick quartz 

windows were sealed by viton gaskets across the optical 

axis which was arranged to be perpendicular to the axis of 

propagation of the electron beam. A third window sealed 

across the end of the axis of beam propagation permitted 

the observation of the spectrum, integrated spatially along 

the axis of beam propagation. The cell was connected to a 

vacuum and gas handling system along the other axis per-

pendicular both to the direction of the beam propagation 

and to the optical axis. 

A block diagram of the vacuum and gas handling system is 

shown in Figure 5. It included liquid nitrogen cooled traps 

which were filled either with glass wool for the removal of 

particulate contamination or with molecular sieves for 

gases purification. All components in the dashed line were 

Varian UHV-grade while the remaining parts were copper of 

34 
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vacuum grade. Parts in the dotted line comprised a cali-

brated volume which provided for the accurate measurement 

of the pressures of the test gases. The thermistor gauge 

was used to check the ultimate pressure of the pumping 

system. As shown in the figure, the cold trap filled with 

molecular sieves was placed nearest to the pump. This 

trap functioned, primarily, to prohibit the transfer of 

pump oil vapor into the vacuum system and, secondarily, to 

pump, by condensation, water and other vapors which may 

have originated in the system. As a consequence, it was 

necessary to maintain a constant low temperature of the 

cryopumping surfaces in this trap to prevent pressure bursts 

resulting from the re-evaporation of condensate. The final 

system integrity was such that after baking with heating 

tapes the pressure rise in the sealed cell was less than 

1 p Hg over the time required for acquisition of a complete 

set of measurement made with a given gas sample. 

The primary ionization of gases contained in the high 

pressure cell was produced by means of an electron beam, 

which propagated at 300 KV and entered the cell through the 

0.025 mm thick titanium foil window. It was produced by a 

Field Emission Corporation model 706 electron gun which 

could emit 2 x 10^ electrons in a 3 nanoseconds pulse, 

nominally triangular in duration. Typically, a pulse was 

approximately 7 nanoseconds long with a half width of about 
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3 nanoseconds. The divergence of the beam was reported to 

be 30 degrees in angle. 

The experiments performed with the system described 

above can be categorized in two parts. These are the time 

integrated spectral survey and the subsequent, time resolved 

intensity measurements for a particular component wave-

length. In the first, spectra were recorded photographi-

cally with an f/6.3 Jarrell-Ash 0.75 meter Czerny-Turner 

spectrograph. This arrangement for obtaining time-

integrated survey spectra is shown schematically in Figure 

6, Five discharges were usually required for a useful 

exposure on Eastman 2485 film, developed to an ASA equiv-

alent index of 8000, Slits were set to give 1 A to 10 A 

resolution, depending on the data taken. 

In the second phase of data acquisition the transient 

intensity was measurements at a particular wavelength with 

an f/4 Jarrell-Ash 0.25 meter monochromator and a nine stage 

RCA^C31025C photomultiplier. The photomultiplier rise time 

of 1.5 nanoseconds insured that the transient intensity 

could be monitored with nanosecond resolution. As shown in 

Figure 7, the data acquisition and recording were handled by 

a Biomation model 8100 transient digitizer interfaced directly 

to an on-line Hewlett Packard model 2100 computer. The func-

tion of the model 8100 transient digitizer was to record 

successively defined time segments of an analog signal. It 
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provided the 8-bit digitation of input signals for a total 

recorded time of 2048 increments of the sample interval, at 

minimum 10 nanoseconds. As used in these experiments the 

overall time resolution was 10 nanoseconds and the resolu-

tion of intensity was one bit in 256, although in practice 

this was reduced to 1/128 of peak intensity by the practi-

cal inability to insure each data set reached full scale 

at maximum intensity. As shown in Figure 7, all data were 

acquired in an electrostatically screened room behind a 

lead shield to eliminate both RFI and X-ray noise. The 

total screening was adequate to reduce the noise recorded 

as a result of the electron-beam discharge to 2 percent of 

the detected optical signal for wavelengths of interest. 

Procedures 

Although the final verification of the integrity of the 

vacuum and gas handling system was obtained with a commer-

cial helium leak detector, a more continuously operable check 

on the integrity of the system was necessary. This was done 

by periodically recording the spectrum of the electron-

beam discharge into pure helium. This technique of photo-

graphing the spectrum will be discussed immediately after 

introduction of operating procedures. 

The main procedural obstacle was to arrange an efficient 

way of operating the vacuum and gas handling system in order 
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to keep the system "clean", while filling with test gases 

and simultaneously measuring the pressures very accurately. 

Throughout the experiments, maintaining the high purity of 

sample gases was a stringent condition for obtaining sig-

nificant and reproducible results. The initial purity of 

the helium was set by the choice of using the chromato-

graph grade supplied by AIRCO. This helium gas from a 

cylinder containing primarily 10 ppm of condensable impur-

ities was further purified by passing it through a trap 

containing molecular sieves at liquid nitrogen temperature. 

Resulting purity was believed to be better than a few ppm. 

The purity of additive gases was equivalent to the Linde 

standard grade of 99.97 percent. They were further purified 

cryogenically to the extent consistent with their condensa-

tion temperatures. 

In operation, the cell was always filled with minority 

gas first and high pressure helium next. In an example of 

operation, minority gas was first passed from the cylinder 

into the trap. From there it was passed through the inlet 

port, still being isolated from the cell. While the inlet 

port and manifold was filling, the pressure was monitored on 

the Wallace and Tiernan differential aneroid pressure gauge. 

The rate of filling with the gas was approximately 80 y Hg 

per second. The small calibrated volume in the manifold 

was then sealed with the indicated pressure of the minority 
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gas being trapped in the volume. During all these steps, 

the cell was being continuously pumped through the liquid 

nitrogen cold trap. After the high pressure cell was iso-

lated from the pump, it was filled from the calibrated 

volume through the valve. The pressure of minority gas 

was then determined from the calibrated ratio of expansion 

from the source pressure indicated by the Wallace and 

Tiernan pressure gauge into the total volume including the 

cell. This expansion ratio had been previously determined 

to be 0.0125, in terms of pressures. 

In a second step the cell with a known pressure of 

minority gas was then isolated from the calibrated volume. 

The high pressure gas manifold was valved off from the 

pump and filled with helium to the desired pressure through 

a molecular sieve trap cooled to liquid nitrogen tempera-

ture. Then the high pressure cell was quickly filled through 

the valve and the valve was closed. While keeping the pres-

surized cell completely isolated, the rest of the system was 

then evacuated. After evacuation, the small calibrated 

volume was filled with the gas mixture from the cell and 

sealed. The total pressure of the gas mixture was then 

determined from the calibrated ratio of expansion from the 

calibrated volume to the evacuated volume containing the 

Wallace and Tiernan pressure gauge. This ratio of the cal-

ibrated volume to the total volume had been previously 
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determined to be (32.2)"1. After data was taken, the measure-

ment of the total pressure was repeated and served as a check 

on the leakage of the system under high pressure. Neverthe-

less, because of slight variance in valve closures coupled 

with gauge resolution and the relative high expansion ratio, 

errors as great as 5 y Hg were expected occasionally. 

The first diagnostic investigations conducted were spec-

tral surveys to locate the wavelengths of the prominent 

features of the possible product states from charge transfer 

reactions. In the case of pure helium, these provided a 

very sensitive test for system purity, as mentioned early. 

For this part of the experiments a spectrometer with a low 

f-number was needed because of the inherent weakness of the 

fluorescent radiation from the transient plasma which rad-

iated only for times comparable to the radiative lifetimes 

of the excited states of the reaction products. However, 

it was determined quickly that the 0.75 meter Jarrell-Ash 

spectrograph described in the previous section was capable 

of photographing spectra with sharp and well defined lines. 

That instrument had a nominal exit aperture of f/6.3 and an 

entrance aperture of f/4. As it is generally important that 

the light collection system be of the right combination of 

focal length and aperture, the focusing optics had to have 

an aperture of at least f/4 to fill the aperture of the spec-

trograph completely. Two concave mirrors, which had 
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apertures of f/4 were used instead of a lens in order to 

reduce loss due to absorption and reflection. All optical 

components were mounted kinematically on the optical bench 

attached to the spectrograph. 

For the system arrangement to be in correct optical 

alignment, a He-Ne laser was first used to place the axis 

of the high pressure cell and the centers of focusing mir-

rors in co-planar alignment with the spectrograph. The 

entrance slit of the spectrograph, the two mirrors and high 

pressure cell were placed in the plane as closely as pos-

sible, so as to minimize the off-axis angle. A mercury 

source placed in the laser beam path was used for focusing 

purposes. To prevent scattered light and stray light from 

entering the optical system, the light shield was used as 

shown in Figure 6. 

Figure 8 presents a survey spectrum taken of the after-

glows of discharges into nominally pure helium at three 

different pressures. Principal features including impur-

ities have been identified. Although trace impurities are 

seen, even further improvement in purity was achieved in 

t-he later stage of the experiments. 

In the time-resolved emission measurements, techniques 

similar to those used for the spectral survey were used to 

obtain correct optical alignment. However, in this case 



42 

a quartz lens which had an aperture of f/4 was used for 

focusing the beam onto the entrance slit of the monochro-

mator. 

In operation during this part of experiment, it was 

determined that it was necessary to change the gas filling 

the cell after four successive discharges because of the 

onset of perceptible variation of the apparent lifetimes of 

the fluorescent intensities. Figure 9 shows an example of 

the time evolution of four successive pulsed excitations of 

the 4278 £ fluorescence in the electron-beam afterglow at 

1 atmosphere of helium with 150 y Hg of nitrogen. Dis-

played is the scope output of the transient recorder. Even 

though the photograph does not show the extreme cases, it 

was observed that the slope of the decaying profiles varied 

with an increasing number of discharges. In practice, data 

was used only from the first two discharges into a particular 

gas sample. 

Systematic studies of the dependence of the measured 

logarithmic decay frequency, v, on possibly spurious vari-

ables showed no effect on v, as defined in Eq. (2.37) to 

result from linear attenuation of the optical beam, from 

changes of digitization range, or from changes of photo-

multiplier voltage, provided full scale deflection of the 

digitizer was avoided. Figure 10 presents typical lifetime 

profiles showing the decay of the logarithm of the intensity 
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o 

of the spontaneous emission detected at 4278 A as a function 

of time at a pressure of 818 torr helium containing 100 y Hg 

nitrogen. The slopes of the lines determined by the data 

points shows the independence on spurious variables mentioned 

above. 

Data obtained was reproducible to the extent consistent 

with the scatter seen in the following figures. Throughout 

the course of the experiment the v for 50 y pressure of 

nitrogen added to several different helium pressure was ver-

ified every second day. Only in the case of the last data 

set obtained, that for methane, was perceptible change 

noted in the base value of v. This is seen in the data of 

the following chapter. 



CHAPTER IV 

EXPERIMENTAL RESULTS 

Spectra 

It has been mentioned in Chapter III that the spectrum 

of the afterglow of an intense electron beam discharge into 

pure helium showed both the atomic lines and molecular bands 

of helium resulting from the recombination of the helium 

ions with electrons. It was reasonable, then, to expect 

that the afterglow formed in high pressure helium samples 

containing traces of a second gas would be characterized 

by the additional development of parts of the spectrum of 

the second gas. Particularly, as a result of the charge 

transfer reactions, 

He^ + X -»• Products , (4.1) 

emissions from the product states of the minority con-

stituents in near resonance with helium molecular ion, He^, 

were expected with a high probability. However, these 

particular spectral systems were expected to occur either 

weakly or not at all when the same gas was excited in a 

pure state. The actual intensity of each spectral system 

expected as a result of the charge transfer reaction (4.1) 

44 
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should, of course, depend on the pressure of the minority 

constituent. The addition of an insufficient quantity would 

yield a very low intensity because of competing channels for 

the destruction of the helium ions, while the addition of an 

excess of the reactant gas would also result in a low inten-

sity because the primary discharge would directly excite the 

secondary gas without any selectivity. 

In the example of He-N2 mixture, provided the partial 

pressure of minority constituent was low enough to complete 

the reaction (2.10), the ionization was expected to convert 

from He+ to He^, thus making available the charge transfer 

reaction (4.1). Figure 11 shows the resulting spectrum for 

the cases of an electron-beam discharge into two samples of 

nitrogen, 1 torr and 50 torr, diluted in 1 atmosphere of 

helium. For the lower partial pressure of nitrogen, the 

strong selective excitation of the First Negative system of 

I&2 is seen, while the intensities of the selective excita-

tions are reduced for the higher partial pressure. This 

is in agreement with the expectations discussed above. The 
2 + 

transition which gives rise to this system is the B Eu -»• 

X2E+ electronic transitions of N* The component bands are 
g L 

blue-degraded and the three most prominent sequences occur 
o p 

in the wavelength region 3914 A (0,0), 4278 A (0,1) and 
o 

4709 A (0,2), where the numbers in parentheses give the ini-

tial and final vibrational quantum numbers. As can be seen 
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in the figure, these were clearly the most dominant features 

observed in the case of the optimal partial pressure of 

nitrogen. However, even then, it was difficult to observe 

the First Negative system completely free from the Second 

Positive system of n£. Since the Second Positive system of 

N-? is very easily excited in almost any type of discharge 

through pure nitrogen or through a gas mixture containing a 

trace of nitrogen, the appearance of the system was attrib-

uted to the direct electron impact excitation of the ground 

state nitrogen molecules. 

The spontaneous emission spectra from an electron beam 

discharge into two samples of carbon monoxide, 1 torr and 

50 torr, diluted in 1 atmosphere of helium are shown in 

Figure 12. The emissions expected on the basis of energy 

level diagrams and resonance considerations were the First 
, 2 2 

Negative system of CO , the B E •+• X E electronic transition, 

+ 2 2 

and the Baldet-Johnson system of CO , the B I + A TI transi-

tion. The most prominent sequences of the Baldet-Johnson 

system actually observed were the (0,0), (0,1) and (1,0) 

vibrational transitions. The First Negative system of CO 

was not observed in the ultraviolet region. The features in 

the spectrum of a He-CO mixture, as seen in Figure 12, con-

tained contributions from all nascent species resulting from 

free radical reactions occurring at later times in the after-

glow. 
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Figure 13 shows the spectrum for the cases of electron 

beam discharges into two samples of carbon dioxide, 1 torr 

and 50 torr, mixed with one atmosphere of helium. The 

emissions expected were the A2IIu X n g band system and the 

B2E+ X2IU band system of the Co| electronic transitions. 
U 8 * , + rr2 

However, no emissions were detected from theB •+ X IÎ  

transitions of CO2 which are known to consist of a single 

band, a doublet at 2882 A and 2896 A. Though a great deal 

of information on C0+ is available in the literature, many 

of the bands reported have not actually been classified due 

to the complexity of the complete band system. The prominent 

features of the spectrum shown in the figure have been iden-
2 

tified in terms of various progressions of the form Hu 

(0,0,0) - 2n (ni,n2,n3). The upper state is always
 2nu 

(0,0,0) and, thus, only transitions to the different vibra-

tional energy levels of the lower Hg state were involved. 

Figure 14 shows the resulting spectrum of electron-beam 

excited gas mixtures of 1 torr and 50 torr of methane in 1 
atmosphere of helium. As can be seen, in these cases the 

2 2 
(0,0) bands of the A A X n electronic transition and the 

2 2 

(0,0) bands of the B £ + X n transition of CH appeared 

strongly in the spectra of the electron-beam discharges. 

No observations were made at other wavelengths. 
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The spectra from a discharge into the monoatomic inert 

gases in torr amounts in 1 atmosphere of helium showed the 

atomic lines. Figures 15 and 16 show the resulting spectra 

of electron-beam discharges into two samples of neon and 

argon, 1 torr and 50 torr, each, diluted in 1 atmosphere of 

helium. The strong 5852 1 line was particularly prominent 

in the case of neon, together with certain other portions of 

the spectrum of neutral atomic neon. No fluorescence spec-

tra supporting charge transfer were observed from mixtures 

of helium with either of the monoatomic inert gas. 

Table 1 summarizes the various major spectral systems 

observed in fluorescence in the visible wavelength region 

from the corresponding gases mixed in torr amounts into 

one atmosphere pressure of helium. 

Time Resolved Spectral Intensities 

It was found that a thorough examination of the fluores-

cence spectra from each of the gas mixtures was first 

necessary in order to avoid possible overlap of other after-

glow fluorescence with the N+ (B+X) transition used to mon-

itor the time dependence of the ion concentrations. In fact, 

first attempts to acquire this data were complicated by such 

spurious effects leading to an apparent non-correlation of 

reactant and product channels in some cases. Careful 



49 

TABLE I 

SUMMARY OF THE SPECTRAL SYSTEMS OBSERVED IN THE VISIBLE 
WAVELENGTH REGION OF THE FLUORESCENCE FROM THE 
AFTERGLOW OF AN ELECTRON-BEAM DISCHARGE OF 
THE INDICATED GASES MIXED IN TORR AMOUNTS 

INTO ONE ATMOSPHERE OF HELIUM 

Reactant 
Spectral 
Systems 

Charge 
Transfer 

Source 
Comments 

N 2 
N 2 (B-*-X) Yes 

N2(C+B) No Direct exci-
tation of N2 

CO CO+(B-*A) Yes 

C2("SWAN") No Free radical 
chemistry 

C2("high pressure") No ff 

C02 C02 (A
2TTu (0,0.0) •* 

X2irg(n.0,0)) No Unknown 

CH4 CH(A^X) No Free radical 
chemistry 

CH(B+X) No IT 

He Ne(5852 A) No Dissociative 
Recomb. of 
HeNe 

Ne*(Various) No tl 

Ar Ar*(Various) No Unknown 
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attention to the spectral components emitted from each after-

glow served to avoid this problem. 

From the data of Table I it was concluded that none of 

those emissions could contribute spurious intensity at wave-
o 

lengths closely corresponding to the band head at 4278 A 

for the 0->l vibrational component of the N2(B->X) transition, 

even in triple component mixtures containing relatively 

little of the nitrogen to be used to monitor the He2 con-

centration. In practice this was verified for the afterglow 

of each mixture of helium and other reactant by observing 
o 

a digitized signal at 4278 A less than 2 bits in the absence 

of nitrogen at any time of importance in the afterglow. 

However, a reasonably narrow spectral resolution of 4-10 
o 0 . 

A was required near 4278 A to be certain to avoid spurious 

fluorescent components from the nitrogen itself. Figure 17 

shows the variation as a function of wavelength of the 

destruction frequency, v, defined by Eq. (2.37) in Chapter II, 

measured in a mixture of helium and nitrogen. Shown by the 

scale to the right of the figure is the corresponding peak 

intensity observed. The destruction frequency can be seen 

to be constant to within experimental scatter near the peak 
o 

of intensity at the band head in the P-branch at 4278 A. 

Conversely, some variation begins to show with decreasing 

wavelength from the second peak in intensity. Throughout the 
remainder of this experiment the wavelength used to monitor 

+ ° 
the concentration was chosen to be 4278 A and the 
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o 
spectrometer resolution of 4 to 6 A was sufficient to reject 

spurious contributions to the experimentally measured de-

struction frequency. Measurements of the transient depen-

dence of the intensity at 4278 A were then taken as functions 

of helium pressure over the range from 300 to 1500 torr and 

as functions of the partial pressure of reactant from 25 to 

500 v Hg. 

Typical Data for Binary Gas Mixtures 

Figures 18 and 19 show typical data for the transient 

dependence of the intensity emitted spontaneously at 4278 A 

from the afterglow of a mixture of helium and nitrogen. 

Displayed is a linear plot of the digital output from the 

Biomation 8100 transient digitizer used to store the record 

of transient fluorescence from a single electron-beam dis-

charge into the gas. The scale of these data is 100 nano-

seconds per horizontal division. Figures (18a) and (18b) 

were taken from afterglows in which the helium pressures 

were held constant and the nitrogen pressure were varied as 

shown. Results similar to these were recorded for the cases 

of the constant pressure of nitrogen with the different 

helium pressure, as shown in Figures (19a) and (19b). The 

resulting transients not only varied as functions of the 

partial pressure, but also differed as functions of the 

helium pressure. The significant variations were found 
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in a logarithmic plot of the digitized signals as shown 

in Figures 20, 21 and 22. Figures 20 and 21 show typical 

data for the transient dependence of the intensity at 

4278 A from the afterglow of 50 y Hg and 200 u Hg par-

tial pressures of nitrogen diluted into the different 

pressures of helium, respectively. Figure 22 shows typical 

data for the transient dependence of the intensity emitted 

spontaneously at 4278 A from the afterglow of 830 torr of 

helium containing the various partial pressures of nitrogen 

shown. Intensities have been normalized in these figures 

to avoid possibly confusing intersections. On this time 

scale the 3 nanoseconds duration of the electron beam dis-

charge cannot be resolved. The pronounced curvature appear-

ing at later times is believed to result from contributions 

from the Penning ionization of by the relatively smaller 

population of metastable 2 helium atoms of lower reactiv-

ity. Values of destruction frequency obtained from later 

portions of the data than those shown in Figure 22 agreed 

roughly with values to be expected from known rate coef-

ficients for Penning ionization. These data from the later 

portions of the intensity curves were not used in the work 

reported here. 
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From the slopes of the curves plotted in Figure 22 the 

corresponding values of v were directly obtained as indicated 

by equation (2.37) in Chapter II. The consistency of the 

various values of destruction frequency could be readily 

examined by plotting the measured values of v as functions 

of the partial pressure of the nitrogen reactant, as shown 

in Figure 23. This is a standard procedure in the study of 

chemical kinetics and from such a Stern-Volmer plot the 

appropriate value of reaction rate coefficient for charge 

transfer can be obtained. Provided the points representing 

the destruction frequency do not deviate critically from 

the line determining the rate coefficient, the intercept of 

this line gives the normal destruction frequency of the 

He* population in pure helium. 

In the case of the data of Figure 23 obtained for 830 

torr of helium, the reaction rate coefficient was found to 

be 1.4 x 10"9cm3/sec. It was, a priori, suggestive that this 

did represent the rate coefficient for the bimolecular charge 

transfer reaction in agreement with the ESSA value of 1.3 x 

10"^cm^/sec. However, an examination of Stern-Volmer plots 

of data obtained from different pressures of helium did not 

support this concludion, but rather suggested the necessity 

of conducting a systematic study of the dependence of the 

rate coefficient on helium pressure. 
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It was considered that the acquisition from Stern-Volmer 

plots of a set of rate coefficients that was statistically 

dense with respect to variations of helium pressure would 

be prohibitively time consuming and an alternative proce-

dure was adopted. In order to avoid any restrictive 

assumptions about the form of the dependence of destruction 

frequency on helium pressure, it was assumed that the 

dependence upon reactant concentration would be sufficiently 

linear that plots of v as functions of helium pressure and 

only parametrically as functions of reactant concentration 

would be adequate for analysis. Figure 24 shows the re-

sulting plot of data obtained for the destruction frequency 

as a function of helium pressure for two values of nitrogen 

concentration, 50 y and 200 v Hg. The apparent linearity 

of this data seemed to confirm its utility in the determina-

tion of charge transfer rate coefficients for the reactions 

described individually in Chapter V. 

Typical Data from Ternary Gas Mixture 

For gases other than nitrogen the changes due to the 

added reactant in the destruction frequency of the transient 

intensity of the 4278 A radiation emitted from the "constant 

50 u Hg component of nitrogen monitoring the HeJ concentra-

tion were used to obtain the desired reaction rate coeffi 

cients. In the case of methane the addition of various 

Tf 
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partial pressures caused a clearly monotonic decrease in the 

lifetime of the He^ population, as seen in Figure 25. In 

this figure intensities have not been normalized and the 

continuous decrease in the fraction of ions reacting to 

give nitrogen fluorescence is evident as the concentration 

of methane is increased. The data set denoted as having 

0 y Hg of methane corresponds to that for helium with only 

the 50 y Hg of nitrogen. Values of destruction frequency 

were obtained from the data shown in Figure 25. Figure 26 

presents the Stern-Volmer plot for methane which is analogous 

to that shown in Figure 23 for nitrogen. The intercept of 

the line determining the rate coefficient, for this case, 

gave the destruction frequency of He^ population m a mix-

ture of helium and nitrogen at 50 y Hg. The rate coefficient 

for the destruction of He2 determined by the slope of the 
-10 3 

linear fit to the data points was found to be 5 x 10 cm / 
20 

sec in good agreement with that reported in the literature. 



CHAPTER V 

ANALYSIS AND CONCLUSIONS 

Analysis 

HeJ + N2 

Figure 24 in Chapter IV has shown the observed varia-

tion of the destruction frequency, v, with helium pressure 

and parametrically with nitrogen concentration. The data 

shown represents the most comprehensive set obtained m 

the course of these experiments. Plotted are data obtained 

by taking the logarithmic derivatives of the transient in-

tensities emitted in the (0 - 1) 4278 A transition compon-

ent, as well as in the (0 - 0) 3914 A component of the 

B + X transition. Resulting values of v are plotted as 

0 and +, respectively. Data for both transitions from the 

same upper N^ (B2^u) state agree with the same linear ap-

proximations shown in Fig. 24, thus eliminating concern for 

any possible contribution to the intensity which might have 

resulted from stimulated emission, not linearly related to 

the upper state population. A few Stern-Volmer plots made 

at scattered values of helium pressure confirmed that the 

data lay in the range of linearity of the dependence on 

nitrogen pressure. Extrapolations of the data of Fig. 24 

56 
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to zero nitrogen pressure implied a destruction frequency 

of He* in pure helium consistent with reasonable recombin-

ation rates plus a small dependence on helium pressure, 

most probably resulting from charge transfer to non-

condensable impurities present in the helium at concentra-

tions of a few microns per atmosphere, i.e., a few ppm. 

The lack of parallelism in the data of Fig. 24 is 

most strongly indicative of the presence of a component in 

the destruction frequency proportional to both helium pres-

sure and nitrogen partial pressure. From eq. (2.39) it can 

be seen that such a term is completely consistent with the 

representation, k3[He][N2]. Rewriting the v 2 from eq. 

(2.27a) in terms of eq. (2.39) gives 

v2([He] , [N2]) - vQ + k2[N2] + k3[He][N2] (5.1) 

so that in practice the bimolecular k 2 can be determined in 

O 
units of cm /sec to be 

k . 7 6 0 [v(0,200)-v(0,50)1 , (5-2) 
2 0.15Mq 

where M Q is the Loschmidt number at room temperature. Then 

the termolecular rate coefficient can be written in units of 

fL 
cm /sec as, 

k = r o . l 5 P ) _ 1 ( — ) U v ( P , 200) - v ( P , 50)]-[v (0,200)-v (0,50)] } 
3 M 

(5.3) 
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where P is the helium pressure in torr. Obtaining the 

values of v appearing in eqs. (5.2) and (5.3) from the 

linear approximation to the data of Fig. 24 gave 1^ -

10.6 x 10"10cm3/sec and k 3 = 16±3 x 10"
30cm6/sec. It was 

found that 10~10cm3/sec and 10"30cm6/sec represented con-

venient scales for the bimolecular and termolecular rate 

coefficients, respectively, measured in this work and values 

obtained are presented in these units in the following 

material. 

The data obtained for 50 y Hg of nitrogen can be seen 

to exhibit the least scatter from the linear approximations 

shown in Fig. 24 and to display the greatest reproducibility. 

The corresponding linear approximation to that 50 u Hg data 

was then considered to be an empirical base line describing 

the component of v contributed by the constant, 50 u Hg, 

concentration of nitrogen used to monitor the He2 population 

through the relationship given by eq. (2.36). The departure 

from this base line caused by the reaction of He^ with any 

additional gas added, either nitrogen or a third component, 

provided the changes in destruction frequency from which the 

rate coefficients were derived. Comparisons with previous 

measurements of rate coefficients were placed in perspective 

by considering the destruction frequency ve, defined by 

v^CP) - vCP,50) + Ap (J 60/M ) _1k (P) , (5.4) 
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where k (P) is the value of rate coefficient from the liter-

ature, originally measured at a helium pressure of P, and 

Ap is the partial pressure of reactant added to the mixture 

of helium and constant 50 y Hg component of nitrogen in-

dicator. Essentially, this comparative value consisted of 

the base value of destruction frequency of He2 specific to 

this experimental apparatus, helium pressure and indicator 

plus an increase in destruction frequency computed from the 

product fo the comparative value of rate coefficient and the 

concentration of added reactant. In this case of He2 + ^ 

there were two values of k e from the literature. The con-

centration of added reactant must be interpreted to be the 

150 y Hg of nitrogen added above the base value of 50 y Hg. 

The resulting comparative values of ve are plotted m Fig. 

24 at the appropriate helium pressure. It can be seen that 

the extrapolation of the data of this experiment is in com-

plete agreement with the more recent of the two previous 

values to within the experimental uncertainty reported for 

that value. In fact it can be seen that the locus of inter-

cepts at zero helium pressure of the possible linear approx-

imations to the 200 y Hg data is substantially smaller than 

the experimental uncertainty in previous measurements and 

the most probable uncertainty in the bimolecular reaction 

rate determined from this data is ±10/0. 
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He* + CH4 

Figure 27 collects the results fo the measurements of 

v as a function of helium pressure for CH4 pressures of 50 

and 200 v Hg. In this figure the base line data correspond-

ing to a zero methane component is plotted by the filled 

circles fitted by the linear approximation marked with the 

corresponding zero partial pressure of CH,. This was the 

last reactant studied in this series and it showed the only 

variation in the base line observed. The value from Fig. 

26 is shown by the dashed line for comparison. 

Since two partial pressures of the admixture were ob-

tained in addition to the base line, the data formed an 

overdetermined set for the extraction of the rate coef 

ficients. This reduced the degree of arbitrariness in the 

linear approximations by requiring for consistency that 

v(P>200) - v(P,0) = 4 [v (P, 50) - v(P,0)] , (5.5) 

where the second index here referred to the CH4 partial pres-

sure. The linear approximations shown in Fig. 27 are the 

best which were consistent with data sets at both pressures 

and eq. (5.5). The corresponding rate coefficients for 

He^ + CH4 + Products , (5.6a) 

Het + CH, + He Products (5.6b) 
2 4 
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are = 5.0 x lO'^cm^/sec and = 5±2 x 10~^cm^/sec, 

respectively. Accuracy of the bimoleeular coefficient is 

apparently 25 percent. 

HeJ + Ne and HeJ + Ar 

+ 13 

The reactions of He2 with the monoatomic inert gases 

were expected to be small and, hence present greater diffi-

culty. Changes in destruction frequency caused by the 

added reactant were expected to be partially masked by 

random variation in the base vQ. 

Figures 28 and 29 show the resulting plots of destruction 

frequency as functions of helium pressure for 0, 50 and 

200 u Hg of added neon and argon, respectively. In these 

figures the base line is shown by the dashed line taken from 

the data of Fig. 24 and confirmed by the subsequent remeasure-

ments plotted as filled circles. Linear approximations were 

constructed to be consistent with data sets at both partial 

pressures of reactant and eq. (5.5). Comparative values of 

ve have been derived from values of the bimoleeular rate re-

ported in the literature and are plotted together with the 

reported uncertainty at the appropriate pressure. It can be 

seen in the figures that the linear approximations to the 

200 y Hg data are completely consistent with the previous 

ESSA values.13 
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The case of neon Is interesting because of the large 

variation in previous measurements of the bimolecular rate. 

Only the ESSA group13 has reported a value larger than the 

traditional6.20 1.5 x 10-10cm3/sec. They attribute the ^ 

smaller rate to the analogous reaction of neon with HeNe 

formed later in the afterglow. Although the data of Fig. 

28 indicates a larger rate, consistent with the ESSA value, 

a more accurate measurement was attempted. The evident 

parallelism of the linear approximations argues for a small 

termolecular rate coefficient and suggests that a Stern-

Volmer plot at any helium pressure in the pressure range of 

these measurements would be dominated by the bimolecular 

component. Figure 30 presents such a plot of data obtained 

at one atmosphere pressure and the straight line shown is 

consistent with a rate coefficient of 5.5 x l O ^ W / s e c . 

It is interesting to observe that at higher partial pressures 

of neon the destruction frequencies saturate and increase 

further at a rate more nearly consistent with the smaller 

value of rate coefficient. This was the only example ob-

served to show a saturation and it is possible that this 

results from a conversion of the dominant ion from He2 to 

HeNe+. The resulting rate coefficients for the bimolecular 

and termolecular reactions of He+ with neon were concluded to 

be 5.2 x 10"10cm3/sec and 2±2 x 10"30cm6/sec, respectively. 
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In the case of argon the linear approximations of Fig. 

29 gave rate coefficients for 

He^ + Ar Products , (5.7a) 

He* + Ar + He -* Products , (5.7b) 

Of k 2 = 2.2 x 10-
10cm3/sec and k 3 = 24±6 x 10-

30cm6/sec, 

respectively, making the termolecular reaction much more 

probable than the btaolecular. For both argon and neon 

experimental uncertainty in the bimolecular coefficients 

was estimated to be ± 30%. 

+ + 
He2 + CO and He2 + CC>2 

The reactions of He+ with both CO and C02 presented the 

greatest technical difficulties. For reasons most probably 

associated with a tendency of the gases to be absorbed on 

surfaces and with the difficulty in degassing the various 

traps after each gas sample was prepared, reproducibility 

was poor. This is reflected in the data of Figs. 31 and 

32. In the former the behavior of the destruction frequency 

at pressures above one atmosphere was completely anomalous, 

as can be seen by the open circles. Some improvement was 

obtained, however, by observing the evolution of the fluo-

rescence of the B ^ A transition of CO+ in binary mixtures 

of helium and CO. However, a rather complicated procedure 

was required to adapt the obtained from the weak CO 
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fluorescence from binary mixtures to the data of Fig. 31 

obtained with the nitrogen indicator. Plotted as open 

triangles is an equivalent destruction frequency for a 

three gas mixture, veg, obtained as follows. 

v e g C P , P ) * b a s e l i n e + ^ [ v c C P , 1 0 0 ) - v c ( P , 5 0 ) ] , ( 5 . 8 ) 

where p is the CO pressure in torr, and, as mentioned above, 

vc was derived from measurements of C0
+ fluorescence m 

binary mixtures of helium and CO. As can be seen in the 

figure, the agreement between these equivalent data, veg, 

and the open circles is good at the lower pressures and 

serves to assist in the derivation of a set of linear 

approximations consistent with eq. (5.5). Further the 

agreement indicates that the production of the B state of 

C0+ is one of the possible output channels of the reac-

tions 

He* + CO + Products , (5.9a) 

He* + CO + He -»• Products . (5.9b) 

Rate coefficients of 10.8 x 10"10cm3/sec and 36±8 x 

10-30cm6/sec, respectively, were determined to be most con-

sistent with the data. 

The same pattern of large bimolecular and termolecular 

rate coefficients was displayed by C02. From Fig. 32 rates 

of 15.6 x 10~10cm3/sec and 67±12 x 10"30cm6/sec were found 

for these analogs of (5.9a) and (5.9b). For the bimolecular 
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reactions of He^ with both CO and C02 accuracy was esti-

mated to be ± 30%, and in both cases good agreement with 

the ESSA values can be seen. 

Conclusions 

The results of this work were found to be m good agree-

ment with the values previously measured by the ESSA group 

at 200°K and, as shown in the figures of the preceding 

section, both values are well within the common region of 

overlapping uncertainties. 

More important, however, is the identification and 

measurement of rate coefficients for the termolecular 

charge transfer reactions of the form, 

He* + He + X -»• Products . (5.10) 

When rapid, these termolecular reactions offer significant 

parallel kinetic paths for the destruction of the He,, ions 

in a helium plasma. Thus, the destruction frequency ex-

pected in a given plasma must be expected to contain 

contributions from both bimolecular and termolecular 

reactions and as a result, primary reaction paths for 

molecular helium ions can differ widely in high and low 

pressure plasmas and afterglows. 



CHAPTER VI 

SUMMARY 

Values measured In this work for the bimolecular rate 

coefficients for charge transfer from He+ are summarized 

in Table II together with previously reported values. 

Results obtained for the corresponding three body rate 

coefficients are summarized in Table III. 

It appears particularly interesting that the presence 

of a third body can change an improbable charge transfer 

reaction involving He£ into a very probable one, as in the 

case of the reaction with argon. For example, from Tables 

II and III it can be seen that less than a 300 torr pres-

sure of helium is required to double the effective rate 

of reaction of argon with He^ while over 3000 torr is 

quired for CH^. 

It can also be expected that branching ratios among the 

possible reaction products will differ between the bimolecu-

lar and termolecular channels for the reactions of He2 with 

a particular reactant. This seems to be the case in the 

reactions of nitrogen, with the termolecular reaction^avor< 

ing a larger branching ratio into the B Eu state of N2. 

Thus, it appears that these larger termolecular charge 

transfer rates not only can serve to explain specific 
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anomalous efficiencies of the charge transfer process ob-

served in atmospheric pressure lasers but also suggests the 

general importance of three body ion-molecule reactions in 

higher pressure plasmas. 

TABLE III 

SUMMARY OF TERMOLECULAR CHARGE TRANSFER_RATE 
rrwRFTCIENTS FOR TRACTIONS OF He2 MEASURED 
IN THIS WORK WITH THE REACTANTS LISTED. 

UNITS ARE 10"-sucm°/sec. 

Reactant Rate Coefficient 

N2 
16 + 3 

GO 36 ± 8 

C°2 
67 ± 12 

CH4 
5 ± 2 

Ar 24 ± 6 

Ne 2 ± 2 



APPENDIX 

FIGURES 

The figures described in this dissertation are given 

below. 
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containing 100 u Hg nitrogen. (a): Signal detected at 
1 volt full scale of digitization range. (b): Signal 
detected at 0.4 volt full scale of digitization range and 
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Fig. 24--Graph of the measured destruction frequencies 
of the transient intensities of.transitions to two differ-
ent lower states from product ^ ( B £u) molecules resulting 
from the charge transfer from HeJ as functions of helium 
pressure in the afterglow of an intense electron beam 
discharge. The type of symbol indicates the corresponding 
wavelength; (0) 4278 A ; (+) 3914 A, Partial pressures of 
nitrogen are indicated and comparison values of v computed 
from Eq. (5.4) using previously reported bimolecular rate 
coefficients are shown together with the reported experi-
mental uncertainty where available. 
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from the 50 y Hg admixture of No used to monitor the He2 
concentration as functions of time in the 770 torr helium 
afterglow containing the indicated partial pressures of 
CH/, reactant. 
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Fig. 27--Graphs as functions of helium pressure of the 
measured destruction frequencies of the transient inten-
sities of 4278 A radiation from the 50 y Hg of nitrogen 
used to monitor the time dependence of the He"J concentra-
tion. Partial pressures of the added CH^ reactant are 
indicated. Linear approximations are shown which best fit 
the data while remaining consistent with Eq. (5.5). The 
dashed line records base conditions of destruction frequency 
in the absence of the added reactant obtained from the 
50 y Hg nitrogen data of Fig. 24, and filled circles record 
agreement of subsequent remeasurements performed at the end 
of the data set shown. 
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Fig. 28--Graphs as functions of helium pressure of the 
measured_destruetion frequencies of the transient intensities 
of 4278 A radiation from the 50 y Hg of nitrogen used to 
monitor the time dependence of the Hê " concentration. Par-
tial pressures of the added Ne reactant are indicated and 
comparison values of v computed from Eq. (5.4) using pre-
viously reported bimolecular rate coefficients are shown 
together with the reported experimental uncertainty. Linear 
approximations are shown which best fit the data while re-
maining consistent with Eq. (5.5). The dashed line records 
base conditions of destruction frequency in the absence of 
the added reactant obtained from the 50 y Hg nitrogen data 
of Fig. 24, and filled circles record agreement of subsequent 
remeasurements performed at the end of the data set shown. 
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Fi§- 29--Graphs as functions of helium pressure of the 
of 4278 frequencies of the transient intensities 
mLilll ^ f T T t h e 5 0 y H§ £ f nitrogen used to 
monitor the time dependence of the He? concentration. Par-
tial pressures of the added Ar reactant are indicated and 
comparison values of v computed from Eq, (5.4) using pre-

r eP°F t e2 bimolecular rate coefficients are shown 
together with the reported experimental uncertainty Linear 
approximations are shown which Best fit the data while re-

Y i t h E q' C5'5)« T h e 'dashed line records 
^ conditions of destruction frequency in the absence of 
of BFit d e£, r e a cJ a5? obtained from the 50 y Hg nitrogen data 

' a n d f l l l e d circles record agreement of subse-
shown r e m e a s u r e m e n t s Performed at the end of the data set 
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Fi-§* 31—Graphs as functions of helium pressure of the 
m|a|ureciod®struct3.°n frequencies of the transient intensities 

# ^ radiation from tfle 50 y Hg of ni trogen used t-n 
monitor the time_dependence of the He? concentration. Par-
tial pressures of the added CO reacta£t are indicated and 
comparison values of v computed from Eq, (5,4) u s i ^ P ? e -

l o e e S e / S S ^ h b t a o l e c u l a r coefficients are fho™ 
a 3 o x i m a t i ^ reported experimental uncertainty. Linear 

? r e s h o w n which best fit the data while re-

S e ' c L d S n s 6 ^ S 1 4? E q ; • C 5 • • Tlle d a s I l e d l l n e 

oase conditions of destruction frequency in the absence of 
of eF?f e24 E eaSf? 1

tl? bH t a l? e d
1
f r 0 i n t S e 5 0 w V n t t S E S ' d . t t 

rig, Z4, and filled circles record agreement of subseaiient* 
OpenatriIneles t h e ^ ° f t h e d a t a s e t s h o w*« 
intensitv of ?f supplementary data obtained from the 
«co?dinI W Eq ^ U ^ e s c e n c e fr°"> C0? product ions analyzed 
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Fig. 32--Graphs as functions of helium pressure of the 
measured destruction frequencies of the transient intensities 
of 4278 A radiation from the 50 y Hg of nitrogen used to 
monitor the time dependence of the HeJ concentration. Par-
tial pressures of the added CGo reactant are indicated and 
comparison values of v computed from Eq, (5,4) using pre-
viously reported bimolecular rate coefficients are shown 
together with the reported experimental uncertainty. Linear 
approximations are shown which Best fit the data while re-
maining consistent with Eq, (5,5), The dashed line records 
Base conditions of destruction frequency in the absence of 
the added reactant obtained from the 50 y Hg nitrogen data 
of Fig. 24, and filled circles record agreement of subse-
quent remeasurements performed at the end of the data set 
shown. 
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