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ABSTRACT 

Chemiionization Reactions Involving 

Rare Gas Metastable Atoms 

by 

William Philip West 

Measurements of the branching ratios for chemiionization 

of Ar, Kr, Xe, N2, C>2, NO, CO, H2, C02, and N20 in collisions 

with rare gas metastable atoms are described. In addition 

measurements of absolute total ionization cross sections are 

discussed. A detailed analysis of the experimental procedure 

and the possible sources of error are given. The results are 

compared with previous experimental work. For the particular 

1 3 case of He(2 S, 2 S) - 0collisions, a qualitative description 

of the processes involved which fits the observations 

is presented. 
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CHAPTER 1 

Introduction 

Thermal collisions of metastable atoms A* with target 

molecules BC may result in deexcitation of the metastable 

atom accompanied by dissociation, excitation, and/or ioniza¬ 

tion of the molecule. Ionization may result from any of the 

following reactions: 

A + BC+ + e (1-1) 

— ABC
+ + e (1-2) 

— A + B
+ + C + e (1-3) 

— AB+ + C + e (1-4) 

A + B+ + C~ (1-5) 

whose occurrence is dependent upon the particular nature of 

A* and BC and upon the collision energy. These reactions are 

known as: (1-1) Penning ionization, (1-2) associative ioni¬ 

zation, (1-3) dissociative ionization, (1-4) rearrangement 

ionization, and (1-5) ion pair production. Collectively 

they may be referred to as chemiionization. 

Such reactions are known to occur in a variety of natural 

and laboratory environments, including planetary atmospheres, 

plasmas, and flames. In fact these reactions may contribute 

significantly to the loss of metastables in these environments. 

For example, Rundel and Stebbings^ (1974) have incorporated 
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measured chemiionization cross sections in an estimation of 
3 

the He(2 S) population in the earth's atmosphere. 

Previous experimental studies of metastable-neutral 

reactions have been primarily concerned with the determination 

of the cross sections for total ion production or for metastable 

deexcitation. However to gain a more complete understanding 

of these reactions and to test models of the processes in¬ 

volved, the relative cross sections for the different reaction 

channels leading to ionization (the branching ratios) are 

needed. To this end observations of the branching ratios of 

several chemiionization reactions have been made using a 

crossed beams apparatus and are reported here. In addition 

measurements of total ionization cross sections are discussed. 

The metastable species that have been studied in the 

present work are those of helium, neon, argon, and krypton. 

These metastables are customarily described in the LS coupling 

1 3 notation. This notation is well suited to He(2 S, 2 S) meta¬ 

stables; however, the other rare gas metastables are more ac- 

curately described by the jl coupling notation as ( P^ns'fè]- 

2 
and ( P%^)ns[V^ ] ^ • although for brevity the more common 

3 
LS notation ( P^ will be used. 

The target gases include the atomic species Ar, Kr, 

and Xe, and the molecular species N^, 0NO, CO, 

and ^0. 
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Model of Chemiionization 

A useful model of chemiionization involving metastable 

species has been developed by Herman and dermak (1966) and 

3 
recently discussed at length by Niehaus (1973). Confining 

the discussion to reactions of the form 

A* + B —«fc. (A* + B) —^ A + B+ + e 

—AB+ + e 

the ionization process may be thought of as the autoionization 

of the (A* + B) molecule into the continuum of (A + B+) + e. 

Referring to figure (1-1), the two particles A* and B approach 

each other along the potential energy curve V*(R) with some 

initial kinetic energy E^(°°). If a transition occurs, the 

Franck-Condon principle requires that the position and velocity 

of the nuclei do not change significantly during the transition. 

Thus, if the transition occurs at a nuclear separation Rfc , 

the kinetic energy E^ (Rfc) of the two nuclei before the tran- 

*(Rt) after the 

transition 

sit ion must equal the kinetic energy E. 

Ek(Rt) = V(V (1-6) 

Conservation of nuclear kinetic and potential energy then 

requires that 

Ek(Rt) = Ek(») + V* (“) - V*(Rt) (l-7a) 



Figure (1-1): Potential Curves Relevant for 
Penning ionization 
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and 

Ej^CRt) = 
E
k'(°°) + V

+(“) - V+(Rt) (l-7b) 

while conservation of total energy during the transition requires 

Ek(Rt) + V*(Rt) = ^'(R ) + V+(Rt) + Eel(Rt) (1-8) 

where Ee^(Rt) is the energy carried away by the ejected 

electron. Combination of equations (1-7) and (1-8) yields 

V<-'V = \l"> + E0 ’ Eel(Rt> (1-9) 

(co#Rt) is the kinetic energy of the particles A and 

B+ at infinite separation and where 

EQ = V*(®) - V+(œ) 

and 

Eei<V - V*(Rt) - V+(Rt) 

(00#Rt) is positive, the collision leads to Penning 

ionization; whereas, if E '(°°,R ) is negative, the two nuclei 
Jc 

remain bound resulting in associative ionization. If the 

potential curves V*(R) and V+(R) are known and if the transition 

frequency W(R) for autoionization as a function of internuclear 

separation is known, then the cross sections for Penning and 

associative ionization can be calculated as a function of 

interaction energy. 

If \ 

where 
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The potential curves and the autoionization transition 

frequency are, however, rarely known, although in some cases, 

these functions can be approximated and calculations can be 

4 
performed. Hotop and Niehaus (1970) have calculated and 

measured the ejected electron energy distribution of He* - Na 

collisions. Using potential curves of the form 

V* (R) = [ (RQ/R) 
12
 - 2(RQ/R)

6
] 

V+(R) = 0 

and a probability for autoionization proportional to 

exp (-6R/Rq), the calculated distribution agrees well with 

their measured distribution. 

5 
Olson has used this method to calculate the energy 

1 3 
dependence of the ionization cross sections for He(2S, 2 S) - Ar 

-3 4 
collisions from 10 to 10 ev. He used potential curves 

which agreed with previous theoretical calculations for the 

repulsive wall and the long range interaction. By assuming 

a transition probability proportional to exp(-otR) and 

adjusting a, he was able to obtain agreement with measured 

metastable destruction cross sections at both thermal energies 

2 3 
and higher energies (10 -10 eV). 

In the range of thermal energies, the model predicts 

that the ratio of associative ionization to total ionization 

decreases as the relative interaction energy increases. This 

may be seen from equation (1-9) : as E^(to) is increased, 
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E^^(ooyRt) also increases, therefore the range of Rt over which 

,(00/Rt) is negative decreases and the associative ionization 

fraction decreases. The prediction is supported by measure¬ 

ments of Illenberger6 (1971) and Pesnelle^ (1971) for 

13 8 3 
He(2 S, 2 S) - Ar collisions and by Hotop and Niehaus for 

3 
Ne( p ) - Ar, Kr, and Xe collisions. The results of some 

o, / 

of these measurements are shown in figures (1-2) and (1-3). 

For a molecular target, BC, three additional ionization 

channels are available: dissociative ionization, rearrange¬ 

ment ionization, and ion pair production. Dissociative and re¬ 

arrangement ionization may occur if the (A* + BC) molecule 

autoionizes into the continuum of an excited state of the 

molecular ion (A + B + C)+ + e which subsequently dissociates 

. + + . 
into A + C + B or AB + C. Ion pair production may occur 

if the (A* + BC) molecule predissociates to A + B+ + C . 

Penning and associative ionization of molecules and 

atoms in thermal collisions with metastable atoms generally 

lead to ions having thermal kinetic energy. Since in most 

cases 

V*(Rt) - V (Rt) V*(co) - V (oo) 

then from equations (1-9) and (1-8) 

Ek" (°°'Rt) ** E
k(°°) • 

However, when dissociative or rearrangement ionization occurs, 



Figure (1-2): Associative Ionization Fraction 

3 
He(2 S) - Ar (Reference 7) 

Velocity 
(cm/sec) 



Figure (1-3): Associative Ionization Fraction 

Ne(3p0,2) - ** 

Relative Interaction Energy (meV) 
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the autoionization of (A* + BC) may leave the (A + B + C)+ 

molecule on a repulsive potential curve well above the 

asymtote. Therefore, during dissociation along the repulsive 

curve, the ion may acquire substantial kinetic energy. 

It has been observed that in some cases, Penning ioni¬ 

zation of molecules leads to vibrational excitation of the 

molecular ion according to Franck-Condon transition probabi¬ 

lities (such as the ground electronic states of H2
+, N2

+, 

C2H2+' C0+' an<^ N0+* also N2+B2^U+' References 4' 1°) 

while in other cases drastic deviations occur (such as the 

+ + + A electronic states of 02 » HC1 , HBr ; Reference 11). These 

two facts indicate that in some cases the perturbation of the 

molecular potentials by the metastable atom is weak, leading 

to Franck-Condon transitions, whereas in other cases the 

perturbation is much stronger, leading to the observed devia¬ 

tions . 

Quantum mechanical calculations of the potential curves 

V*(R) and V+(R) and the transition frequency W(R) have been 

carried out for collisions of He(2^S, 2^S) with ^ and 

14 ... 
H2 . The calculated ionization cross sections for 

1 3 
He(2 S, 2 S) - H collisions agree satisfactorily with measure- 

15 ments of Howard et al. (1973), however the values calculated 

for H2 are approximately an order of magnitude below those 

15 ... measured . Collisions involving more complicated systems, 

such as those studied experimentally in this thesis, have 

not yet been treated quantum mechanically. 
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Previous Experimental Work I: Total Cross Sections 

The existence of Penning ionization processes was first 

proposed by Franck and Jordan3"^ (1926) to explain earlier 

17 measurements by Franck and Knipping (1920) of the photo¬ 

electric current generated by radiation emitted from helium 

as a function of the energy of the electrons used to excite 

the helium. In pure helium, the photoelectric current showed 

a steep rise when the electron energy reached 21.2 eV, the 

threshold for 1^SQ—2^P^ excitation. Whereas, when small 

amounts of impurity were present the discontinuity occurred 

1 3 . . 
at 19.8 eV, the threshold for 1 SQ-^ 2 excitation. Franck 

and Jordan^ explained this early rise in the photoelectric 

current as due to emission of radiation accompanying what are 

now known as Penning collisions of He(2 S) metastables with 

impurity molecules. 

18 In 1927, F. M. Penning demonstrated that small amounts 

of impurity, which could be ionized in chemiionization reactions 

with neon and argon metastable atoms, would lower the ignition 

voltages of glow discharges in these gases. During three 

decades following the initial work of Penning, measurements 

of reaction rates for metastable atoms were attempted by 

19 20 several workers (Penning and co-workers ' , 1934, 1937? 

21 22 
Kruithof and Druyvesteyn , 1937? Hoffman , 1942? and Schut 

23 
and Smit , 1943)? however, the results were difficult to 

interpret. 

More recently, fairly extensive studies of metastable 

atom reactions have been made using three methods: the static 
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afterglow, the flowing afterglow, and molecular beams. These 

studies have been discussed in several recent articles (Rundel 

24 25 3 
and Stebbings , 1972; Lampe , 1972; Niehaus , 1973; and 

2 6 Riola et al. , 1974). Only a brief description will be given 

here. 

An afterglow occurs for a short period of time following 

the extinction of an active gas discharge. During the discharge 

electrons, ions, photons, and metastable neutrals are continu¬ 

ally created and lost through a wide variety of collision 

processes. During the afterglow, the gas relaxes back to its 

equilibrium state. By monitoring the concentration of various 

species in the afterglow as a function of time, a number of 

reaction rates may be inferred. In a study of the reaction 

A* + BC (products) in a static afterglow apparatus, both A 

and BC are present during the active discharge. Therefore 

each species may be ionized, excited, or dissociated, leading 

to complications in interpretation of the measurement. 

Many of the problems present in the static afterglow 

are eliminated by use of a flowing afterglow apparatus in 

which the afterglow is separated spatially from the active 

discharge by fast flow of the discharge gas. The target gas 

BC is then introduced into the afterglow containing A* 

downstream from the active region, so that it is not affected 

by the discharge itself. In a typical afterglow measurement 

the decrease in the density of the metastable species due to 

the presence of the added gas is monitored and the experi¬ 

mentally derived quantity is the total metastable destruction 
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rate coefficient. 

In the usual beams apparatus, a beam of neutral atoms 

A is excited to metastable states A* by electron impact. 

These excited atoms are then permitted to interact with a 

target gas BC which may be in another beam or in a gas cell. 

In such systems the ion production rate may be measured and 

the cross section for ion production derived. 

Comparison of the results of afterglow studies with 

those of beam studies is difficult for several reasons. Par¬ 

ticularly important is the fact that in the afterglow work 

the total metastable destruction cross section is derived 

from the measurement, while the beams measurement yields the 

total ion production cross section. Comparison of the two 

cross sections is valid only if metastable destruction by 

collision mechanisms which do not result in ion production is 

negligible. However there is now evidence that in many 

collisions between metastàble atoms and molecules dissociation 

and/or excitation of the molecule occurs rather than ioniza- 

27 28 tion. ' It is expected therefore that the total destruction 

cross section will sometimes exceed the total ion production 

cross section. However when the target is an atom rather than 

a molecule, dissociation is naturally not possible and excit¬ 

ation is unlikely except in the case of near resonance such 

as occurs in He* - Ne collisions. Deexcitation of the meta¬ 

stable atom without ion production would then require the con¬ 

version of internal energy to translational energy or to photon 

emission, neither of which appears very likely. Thus for 
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atomic targets comparison of afterglow and beam measurements 

may well be valid. 

In comparing the results, however, care must be taken 

that the effective temperatures of the two environments are 

29 the same. Recent work using a flowing afterglow apparatus 

has indicated that the cross section for destruction of 

3 
He(2 S) increases rapidly with temperature within the range 

300*K<T<800°K. It should be noted that in an afterglow the 

reactants are in thermal equilibrium at a well defined temper¬ 

ature but in a beam experiment the "temperature" may not be 

well defined and may be only approximated in terms of the 

average collision energy. Comparison of beam and afterglow 

data therefore requires extreme caution. It should be recog¬ 

nized that the two techniques are complementary with each 

providing valuable data. In some respects, however, the crossed 

beam technique may be considered more flexible in that it allows 

measurement of several collision parameters including the 

total ion production, the branching ratios, and the angular 

and energy distributions of the ejected electrons. 

The primary purpose of this thesis is to describe measure¬ 

ments of branching ratios for collisions between rare gas 

metastable species and a variety of atoms and molecules. 

This work may be viewed as the natural extension of earlier 

work in this laboratory of total ion production cross sections 

26 for helium metastables , which are presented in table (1-1) 

along with ion production cross sections measured by other 

workers. 



Table (1-1): Previous Measurements of Total 

ion Production Cross Sections 

Target 
Metastable Species 

Species 
He(21S) He(23S) Ne(3p0,2> 

Ar 22.7a 16.9a 4.3° 

Kr 
_ _ . â 
33.4 19.13 4.3° 

Xe 34.13 20.0a 5.2° 

N2 
20.9a 15.5a 

°2 
42.9a 29.4a 

NO 
_ _ _ 3 
37.9 38.13 

CO 
__ 9. 

28.7 22.2a 

“2 
58.6a 63.13 

N2O 46.3a 37.79 

H2 
3.3 n _b 3.7 

H2 
,88d 

H2 
.l6 

a From reference 26 

b From reference 15 

c From reference 33 at .037 eV interaction energy 
+ 

d For production of HeH only at .05 eV from 
reference 31 

e For production of HeH* only at .05 eV from 
reference 32 
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Previous Experimental Work II: Branching Ratios 

Experimental work on the branching ratios of chemiioniza- 

tion reactions has appeared in the literature only recently. 

Hotop and Niehaus have used a crossed beams apparatus capable 

of both mass analysis of the product ions and energy analysis 

of the ejected electrons to measure branching ratios. Muschlitz 

and his co-workers have used a beams apparatus capable of mass 

analysis of the product ions. The results obtained by these 

workers are presented along with the present results in Chap¬ 

ter 3. 

In order to measure the dependence of the associative 

ionization fraction on the relative interaction energy, a 

mechanical velocity selector was incorporated by Hotop and 

Niehaus^'8, on their apparatus, whereas Pesnell et al.^ used 
3 

a pulsed He(2 S) metastable beam. Typical results have been 

presented in figures (1-2) and (1-3). 

34 
Bush et al. (1972) have the only published data on 

ion pair production by metastable atoms. They have studied 

1 3 the collisions of He(2 S, 2 S) with in a flowing afterglow 

system and in a crossed beams apparatus. These workers inter¬ 

preted their results as indicating that essentially all the 

0+ is formed by ion pair production rather than by dissociative 

ionization. In the light of more recent work, both here and 

elsewhere, this conclusion appears to be in error. 
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CHAPTER 2 

EXPERIMENTAL APPARATUS AND PROCEDURE 

Total Ion Production Measurements 

The apparatus is shown schematically in Figure (2-1). 

A beam of ground state helium atoms formed by a glass multi¬ 

channel array is merged with a magnetically confined beam 

of electrons which produces excitation and ionization. The 

helium beam then passes through a region where it may be 

irradiated with light from a helium discharge lamp, which 

causes the He(2^S) metastables to be quenched via transitions 

111 3 
of the type 2 S-*n P-^l S. The He (2 S) metastables are not 

3 
quenched since the 2 S state is the lowest state of the trip¬ 

let system. Data appropriate to either metastable species 

may thus be obtained by making observations with the quench 

lamp alternately on and off. 

After removal of charged particles, the He beam inter¬ 

sects at right angles a modulated target neutral beam and 

then strikes a metal surface where the metastable atoms are 

detected via secondary electron ejection. Ions formed in 

the region of intersection of the two beams may be detected 

in one of two ways. In one mode they are extracted by an 

electric field and accelerated directly to a particle multi¬ 

plier. In the other mode they are extracted and then mass- 

analyzed in a 60* sector magnetic mass spectrometer before 

impacting on a particle multiplier. In both modes the ion 



Figure (2-1): Schematic of Crossed Beams 
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counts are registered by two scalers, gated by a reference 

signal from the target beam chopper, such that one scaler 

counts only when the target beam is on while the other counts 

only when the target beam is off. The difference in the two 

scaler count rates then gives the count rate due to the pres¬ 

ence of the neutral beam. 

The chemiionization cross section Qm(
v
m,V ) can be related 

to the experimentally measured quantities in the following 

way. The number of ions sm(Vm, Vfc) detected per second due 

to the interaction of metastables with velocity between 

v and v + dv. is 
m m t 

S (v 
m' 1 

m' vt)dvmdvt 
= kQm(V V F f (v ) A(v, 

m m m m pt(vt)dvmdvt 

(2-1) 

where k is the efficiency with which the ions are detected, 

is the total flux of metastables, f(vm) is the velocity 

distribution function for metastables (normalized to one), 

^m^vm' vt^ t*ie effective path length of metastables through 

the target beam, and Pt(vfc) is the number density of target 

neutrals within the specified velocity interval. F , i-m, 

and can be written as 

m 

F = ëÿ 
m m (2-2) 

Vvm- vt> V 
m 

1 
2 

(2-3) 
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Pt(vt> = Ftf(vt)/-eohovo (2-4) 

where I is the current of secondary electrons ejected by 

metastable impact from a surface whose secondary electron 

ejection coefficient is Ym' ^ is the total flux of target 

neutrals, f(vt) is their velocity distribution, and and 

hQ are the width and height of the target beam. The total 

signal is then found by integrating over all values of vm 

and v^.. In carrying out this integration, it is assumed that 

is a slowly varying function of the velocities, so that 

it can be taken outside the integral. (For more discussion 

of this assumption see Appendix A). 

S 
m 

k 
h. 

m 

ey 
F, Q 

m m JÎ 
(v, m 

2A 
vt)

8 

V V. 
m t 

f ( v ) f(v i )dv dv. 
m t m t 

(2-5) 

A further measurement is then made in which the meta¬ 

stable beam is replaced by a 1 KeV electron beam, and the 

number of ions Se detected per second is again determined. 

Since the electrons are essentially monoenergetic, and their 

velocity is much greater than that of the target neutrals, 

Se is given by 

Se “ K„ 5^ Ft Qe 5 Vt1 f(vt>dvt (2-6) 

where Qe is the appropriate electron ionization cross section. 

From equations (2-5) and (2-6) both k and Ffc may be 

eliminated giving the chemiionization cross section Qm as 
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Qm = Q, 
S I Y m e ni 
S I e m [ $ 

5$ -1 -1, 2 
V V. (v m t m 

vtlf(vt)
dv

t 
i  2v 

vt> 'f(
v
m)f(vt)dvmavt ] (2-7) 

The determination of thus requires the measurement of 

two siqnal count rates S and S , two currents I and I , and 3 me e m 

a secondary emission coefficient Ym* In addition the velocity 

distributions must be known, and Qg obtained from earlier 

published data. 

The key aspects of the experimental system and procedure 

are: 

(1) The production and composition of the 

metastable beam, 

(2) The 2'*'S quench system, 

(3) The determination of the velocity distributions, 

(4) The calibration electron gun, 

(5) The total ion collection system, 

(6) The determination of Y • 

They will now be discussed in detail. 

Production and Composition of the Metastable Beam 

The metastable atoms were produced by electron-impact 

excitation of a beam of ground state rare gas atoms emerging 

from a glass multichannel array. The electron energy used 

for these experiments was typically about 70 eV, and in con¬ 

sequence ionization, and excitation to states other than 2^S 

3 
and 2 S, also occurred. It was important therefore to ensure 
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that the observed signals and currents originated solely 

from metastable atoms and had no contribution due to charged 

particles, atoms in long-lived high Rydberg states, or 

ultraviolet photons. 

Elimination of charged particles from the metastable 

beam was accomplished by a combination of magnetic and 

electrostatic fields. Highly excited atoms must have prin¬ 

cipal quantum numbers greater than about 200 in order to 

have a natural lifetime sufficiently long for them to survive 

the journey to the interaction region. However, such levels 

lie within a millivolt of the ionization limit so that ioni¬ 

zation occurs rapidly in electric fields of a few volts/cm. 

Field ionization of these atoms therefore occurred in the fields 

applied for charged particle removal. As a confirmation of 

this, a subsidiary test was carried out for helium in which 

the metastable beam was crossed by a beam of SFg. It has 

35 been demonstrated that the reaction 

He** + SF^-fc He+ + SFT (2-8) 
6 6 

-12 2 has a cross section of order 10 cm for He atoms in high 

Rydberg levels. However, a search for He+ ions using the 

mass spectrometer revealed that none were present. 

Atomic resonance radiation and other UV photons were 

produced together with the metastable atoms. Such photons 

would photoionize the various target species of interest 

and would also eject secondary electrons from the metastable 
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detector. Most photons were emitted in a direction other 

than along the metastable beam, but it was nevertheless 

necessary to measure the photon content in the beam. This 

was done using a gas cell whose back plate normally served 

as the metastable detector. The current of secondary elec¬ 

trons ejected from the back plate of this cell was then deter¬ 

mined as a function of the pressure of argon or nitric oxide 

in the cell. Because the cross sections for attenuation of 

metastable atoms and photons in the gas are so different, the 

presence of photons would have been made apparent in a semi¬ 

log plot of current versus pressure by a change from a steep 

to a shallow slope at a pressure sufficiently high that 

essentially all the metastables were scattered from the beam. 

Further increase in pressure would then result in a continued 

gradual decrease in the secondary emission current because 

of attenuation of the photon beam by photoionization. Extrap¬ 

olation to zero pressure of this high pressure linear portion 

of the plot then permits evaluation of the photon content 

of the beam. In the measurements described here this content 

was always less than 2%. 

The He(2^S) Quench System 

The quench system design closely follows that described 

in the literature"5 . Its performance was monitored by obser¬ 

vation of the reduction in the secondary emission current 

from the metastable detector as the quench discharge current 

was increased. It was determined that following an initial 



19 

abrupt decrease the secondary emission current remained 

unchanged for discharge currents greater than about 36 mA. 

This gave confidence that complete quenching of the 2^S atoms 

had been achieved. Confirmation of this was achieved by crossing 

1 3 the mixed 2 S and 2 S atom beam with a laser beam capable 

of photoionizing only the 2^S component, and detecting the 

resulting ions. No measurable ion current remained when the 

quench system was operated under "saturation" conditions, 

indicating that indeed total destruction of 2^S atoms had 

occurred. 

Thus it was demonstrated that chemiionization signals 

and beam currents determined with the helium quench on were 

3 attributable solely to 2 s atoms while the changes in signal 

and current observed when the quench was switched off were 

due solely to 2^S atoms. 

In the case of the other rare gases no comparable tech¬ 

nique for separating the effects due to the two species is 

currently at hand. 

The Velocity Distributions 

Since the target neutral beam is formed".by effusion 

through a small aperture, the velocity distribution may 

safely be assumed to be given by the modified Maxwellian 

f(vt)dvt = Av^ exp (-m^v^/2KTt)dv1. 

where mt is the target mass, T^ is the target source 

(2-9) 
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temperature, and A is a normalization constant. 

For the metastable beams, however, the velocity 

distribution will be affected by the details of beam formation 

in the multichannel array, the process of electron impact 

excitation, and the possibility of excitation transfer with 

residual gas. Therefore the metastable beam velocity distri- 

. . . . 37 butions were measured using a time of flight technique 

The measured distributions are well represented by expressions 

of the form 

f(vj = cv" '-V^2KTm> <2-10> m m 

where vm is the velocity, m is the mass of the metastable, 

and Tm is 300 K. The values of n are presented in Table (2-1) 

along with the average velocities and the average inverse 

velocities. The integrals appearing in equation (2-7) have 

been evaluated numerically. 

The Calibration Electron Gun 

As described earlier, measurements were made with the 

calibration gun to obviate the need to determine the absolute 

number density of particles in the target beam and the absolute 

efficiency with which the signal ions were detected. 

Implicit in the expression for [equation (2-7)] is 

the assumption that the target beam density and height were 

the same for both the electron measurements and the metastable 

measurements. While the use of collimating apertures ensured 



Table (2-1): Metastable Velocity Distributions 

Metastable 

Species 
n V 

cm/sec 

[(1/v)]"1 

cm/sec 

He(21,3S) 4 1.59 x 105 1.38 x 105 

Ne(3p0,2> 2.2 5.91 x 104 5.07 x 104 

Ar<3p0,2> 1.9 4.11 x 104 3.57 x 104 
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that both the electron and metastable beams passed through 

essentially the same region of the target beam, nonetheless 

the profiles of the electron and metastable beams are unlikely 

to have been identical and it is evident that any lack of 

uniformity of the target beam profile would lead to error. 

Measurements of Se/I were therefore made for several positions 

of the electron gun so that the electron beam passed through 

the target beam at different heights. The observed invariance 

of S /le demonstrated the uniformity of the target beam. 

Total Ion Collection System 

It is evident that since the expression for involves 

the ratio Sm/Se it is not necessary that every ion produced 

in the interaction region be detected, but only that the 

efficiency of ion detection be the same for electron impact 

and metastable atom impact. This eases the problem of ion 

detection because, although a small fraction of the ions are 

intercepted by the three grids (each 98.5% optically trans¬ 

parent) placed between the interaction region and the Johnston 

multiplier, this fraction is independent of the mode of ion 

production and no error in results. 

To expedite the acquisition of data the electron beam 

intensity I was chosen such that S »nS . It is essential, 

therefore, that the efficiency of ion detection be independent 

of the rate of ion production over the entire range of count 

rates used. This was shown to be so by the observed inde¬ 

pendence of S /I upon I over this range. 
6 6 6 
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Nonetheless care must be taken in the measurement of S 
e 

and the assignment of the correct values of Qg. Problems 

may arise because at an electron energy of 1 KeV multiple 

ionization occurs. The most reliable cross-section data 

for electron impact ionization are those derived from measure¬ 

ments of total charge production, which yield 

Qi = Q
+1 + 2Q+2 +...+ NQ+N (2-10) 

+N . 
where Q is the cross section for the removal of N electrons. 

The values of used in the present work are those determined 

38 
by Rapp and Golden (1965), However, in the experiment 

reported here the multipliers were used in a pulse-counting 

rather than a current mode. Since the detection efficiency 

for multiply charged ions is unlikely to be substantially 

different from that for singly charged ions, the cross section 

Qe to be used in equation (2-7) is therefore given by 

Qe = 
+1 +2 , _+3 . . +N 

Q + Q + Q +...+ Q (2-11) 

Values of Qg are not generally available but may be obtained 

. . +2 +3 
from measurements of using published values of Q , Q , 

39 etc. which, while less reliable than the data for Q^, are 

known sufficiently well to permit the necessary small correc¬ 

tions to be made. 

For molecular targets the cross sections for multiple 

ionization are virtually unknown. The little available data, 
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however, indicates that the cross sections for multiple 

ionization are negligible. In this event the neglect of 

multiple ionization will result in an error of at most a few 

percent. 

A complication does however arise in the case of molecular 

targets because dissociative ionization may result in the 

production of energetic charged fragments. In such cases 

it is convenient to determine S as a function of the electric e 

field applied across the interaction region and the procedure 

may be understood as follows. At sufficiently large retarding 

fields no ions can penetrate to the multiplier. As the re¬ 

tarding field is gradually reduced an increasing fraction of 

the more energetic ions can overcome the retarding potential 

and be detected. As the field passes from retarding to 

accelerating a large increment in ion signal is observed due 

to the collection of the thermal ions. Further increase in 

the collection field then results in more complete collection 

of the energetic ions until finally saturation is achieved. 

If the system is operated at saturation the cross section 

Qe to be inserted in equation (2-7) is that for total ion 

production by electrons having the appropriate energy. Alter¬ 

natively, the abrupt signal increment observed at the region 

of field reversal may be used for Se, in which event Qg will 

be the cross section for production of thermal ions. Values 

of Q0 may be obtained from the work of Rapp and Englander- 

Golden"^ (1965) and Englander-Golden and Rapp^0 (1964). 
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In principle either of these two approaches may be 

adopted. However the field necessary to assure saturation 

was sufficiently large to cause a significant deflection of 

the electron beam, and in consequence an uncertainty as to 

the exact collision path length is introduced. In the present 

measurements the thermal ion signal and the appropriate value 

for Q were therefore used. The appropriate values of Q 

are presented in Table (2-2). 

The Determination of Y 
   TH 

A gas cell has been used in an effort to measure y . 

This technique may be understood as follows. Let the meta¬ 

stable beam enter a cell and strike a surface for which the 

probability of a metastable atom ejecting an electron is Ym* 

Let the total current ejected from the surface by the beam 

of metastable atoms be I . If a gas is admitted into the cell e 

and if the only loss of metastables is by chemiionization of 

this gas, then the number of ions formed is exactly equal to 

the number of metastables destroyed. If the current of 

Penning ions 1^ and the reduced value of the secondary electron 

current 1^ are measured, then y can be found as e m 

Y m (2-12) 

This expression may be used to evaluate Ym with the proviso 

that any metastables destroyed in other ways must also be 

considered. In practice, the modifications to equation (2-12) 



Table (2-2): Electron Impact Ionization Cross Sections 

for Production of Thermal Ions at 960 eV 

Gas 
(10~16 cm' 

Ar 0.875 

Kr 1.237 

Xe 1.535 

N2 0.768 

CO 0.791 

NO 0.924 

°2 0.772 

C02 1.097 

N2° 0.994 

H2 0.243 



25 

to account for the other loss mechanisms are extensive. Two 

important effects that must be considered are as follows. 

First, the metastable beam is attenuated by collisions with 

gas streaming out of the cell. This means that the total 

metastable flux entering the gas cell is different when gas 

is present from that when the cell is empty. Second, a number 

of metastables are elastically scattered to the walls of the 

cell when gas is present. The current of secondary electrons 

ejected by these metastables would cause an error in deter- 

t *f* • 

mining the ion current I^_ if not properly accounted for. 

Three methods of measuring Ym/ which are described in 

41 42 detail elsewhere ' can be carried out using the gas cell. 

The Ym measured by these methods agree very well; however, 

none of the methods are capable of accounting for collisional 

deexcitation of metastables which is not accompanied by ion 

production. As discussed previously, this process may be 

quite efficient in some cases. Since this would cause the 

+ 
measured I+ to be smaller than the actual number of metastables 

destroyed by collisions, the measured Ym would be larger than 

the true value. 

This prompted further work in this laboratory using a 

variety of target species in the gas cell resulting in the 

values of Ym showh in Table (2-3). These results clearly 

cast doubt on the gas cell technique. 

The values of Ym used by Riola et.al. (1974) for 

He(2^S, 2^S) are those measured by the gas cell technique 

using Ar and N2 as target species. There is other experimental 



Table (2-3): Results of Measurements of Ym using a 

Variety of Gases in the Gas Cell 

Metastable 
Gas 

Species 
Ar Kr N2 «2 CO 02 C°2 NO C2H2 

He(23S) .72 .65 .70 .57 .76 .75 .57 .60 .61 

He(21S) .57 .55 .57 .51 .65 .68 .59 .55 .65 

Ne(3P02> .56 

Krt3p0,2> 
.23 

Metastable Gel s 

Species 
C2H2 NH3 H0S CcHc 2 6 6 NO C2H6 

Ar<3t>0.2> .37 .5! .56 .77 .79 .99 
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evidence to be considered when assessing the accuracy of 

these values of Ym* The photoionization cross sections for 

both helium metastable species have been measured in this 

43 laboratory . Since the metastable density (and hence y ) 

must be measured in order to determine the photoionization 

cross sections, values of Ym may be inferred from comparison 

of the measured cross sections to several accurate calcula¬ 

tions. A value of .57 is obtained for He(2^S) metastables, 

which is in excellent agreement with that obtained by the gas 
3 

cell technique. For He(2 S) metastables .63 is obtained. 

Although this value is somewhat lower than that used by Riola 

2 6 
et al. , it is within the estimated experimental error. No 

comparable evidence exists for the other rare gas metastable 

species. 

In the near future a method of determining Ym using a 

thermal detector will be attempted. This method, which has 

44 been applied in this laboratory by Geis et al. to measure 

Y for energetic neutral hydrogen, will calibrate the meta¬ 

stable flux by measuring the total energy in the metastable 

beam from which the flux may be inferred. Subsequently the 

electron current ejected from a surface will be measured and 

Y may be obtained. 

Errors in the Total Ion Production Cross Sections 

The major contributions to the uncertainty in the meas¬ 

ured cross sections for neon, argon, and krypton metastables 

arise from (1) the electron impact ionization section, to 
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which an uncertainty of 10% is assigned for atoms, and 15% 

for molecules, (2) the values of Ym which have an undetermined 

uncertainty, and (3) the statistical errors in the measured 

count rates and Se> Due to the large uncertainty in y , 

values of are not given with the results in the next chap¬ 

ter, however QiU/Y is presented in the next chapter along with 

the estimated error. 

Mass Spectrometer 

Analysis of the product ions was accomplished by use of 

a 60° sector mass spectrometer. The beam optics shown in 

Figure (2-2) consist of a series of grids and apertures 

(Gl, 2, 3, 4 and Al, 2, 3) an einzel lens, a two stage quad¬ 

ruple lens system, a 60° magnetic sector, and an ion detector 

which is preceeded by an aperture. Positive ions created 

in the collision region are accelerated toward the magnetic 

sector by an electric field produced by biasing Gl at +1025 

volts and G2 at +975 volts. Grids (G2, 3, and 4) and apertures 

(Al, 2, and 3), the einzel lens, and the quadrupole lens 

serve to accelerate and focus the ion beam to provide mass 

selection with high transmission. The magnetic sector is at 

ground potential and the ions therefore enter the magnetic 

field with an energy of approximately 1000 eV. The magnetic 

field is used to focus ions of the appropriate mass onto the 

ion detector entrance aperture after which they are further 

accelerated to 4-5 KeV and are detected by a Johnston CuBe 

electron multiplier. 
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The mass spectrometer is also used to analyze and detect 

negative ions. By reversing the direction of the magnetic 

field, and by changing the sign but not the magnitude of all 

biasing potentials, negative ions can be detected. 

Branching Ratios 

The branching ratios can be defined as the ratio of 
JL. U. 

the production rate of the i— ion species to the total 

ion production rate. The are therefore given by 

N. 
R. = -i- (2-13) 
1 EN. 

a. 

Ideally the ion optical system would allow transport of all 
X. r_ 

the ions of the i-=— species from the collision region to the 

detector at one particular magnetic field B^ 

Bi = 

V“2m.E 

re (2-14) 

where m_^ is the mass of the species, E is its kinetic energy, 

e is the ionic charge, and r is the radius of curvature of 

the magnetic sector. The ion count rate, assuming 100% 

detector counting efficiency, would then be N^. 

However this ideal situation was not realized with the 

present spectrometer. As discussed in the first chapter, ions 

resulting from dissociative and rearrangement ionization may 

be formed with substantial kinetic energy, which prevents 
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4_l_ 

simultaneous collection of all the i-=— species of ions. 

Therefore, the operating procedure was to measure the ion 

count rate S(B) as a function of the magnetic field B. The 

i— ion species appeared as a peak in S (B) centered at B^. 

In order to relate the size of the i— peak to it is 

convenient to consider the distribution of ions S(y) along 

the plane of the detector entrance aperture as shown in 

Figure (2-3). The distribution S(y) is moved across the 

aperture as B is varied. The distribution S(y) is related 

to by 

where A1 is the detector entrance aperture width. As shown 

in Appendix B, dy/dB is given by 

N. 
l 

which can be approximated by 

(2-15) 

dy const. 
dB B 

and becomes 

d(ln B) (2-16) 

where C is a constant. 
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From a plot of S(B) versus In B values of P^ 

P i 
d(In B) (2-17) 

are calculated numerically for each mass peak and the branching 

ratios are then given by 

Possible Systematic Errors in the Measured Branching Ratios 

The possibility of systematic error exists due to the 

fact that different ion species may be collected and de¬ 

tected with unequal efficiencies. Collection involves the 

extraction of ions from the collision region and transport 

through the mass spectrometer system. The ions are then 

detected by a Johnston CuBe electron multiplier. 

The result of unequal collection and detection efficien¬ 

cies would be that the integrated signals P^ may not be re¬ 

lated to the true production rates by a single constant, as 

equations (2-14) and (2wl5) imply, but the relation now becomes 

where the k^ may be slightly dependent on the particular ion 

species. The effect of these k^ on the measured branching 

ratios R^ may be seen by examining a two channel system. The 
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ratio is then given by 

R1=  ^ 

Vl + k2H2 

N, 

N1 + H2 

If N2 » N^, then the relative error AR^/R^ becomes 

AR, 

R, 
= (1 - k/k^ (2-18) 

where AR^ is the difference in the measured R^ and the true 

R^ [equation (2-13)]. If » N2, then the relative error 

is much smaller than that indicated by equation (2-18), there¬ 

fore it will be estimated for the dissociative, associative, 

and rearrangement branching ratios, since these ratios are 

usually smaller than the Penning branching ratios. The error 

in R_ . will be estimated from the errors in the other Penning 

V 
Several systematic checks of the collection efficiency 

have been performed. The ratio PQ+/Pç0+ for collisions of 

13 ^ 
He (2 S,2 S) with CC>2 has been measured as a function of the 

extraction field between G1 and G2 [see Figure (2-2)]. Since 

the 0+ ions are formed with substantial kinetic energy and 

are potentially more difficult to collect than C02 ions which 
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are formed with thermal energy, a significant drop of this 

ratio at low electric fields would indicate a partial loss 

of the 0+ ions. As Table (2-4) shows, however, the collection 

efficiency is essentially constant over the range of extraction 

fields used. 

The ratio of the transverse to axial velocities of the 

ions during transport through the spectrometer is directly 

proportional to the amount of spreading of the beam. The 

1 3 
ratios P +/P_ + and P +/P + for collisions of He(2 S,2 S) U 2 w U 

with CC>2 and 0^ have therefore been measured at two ion 

energies, 500 and 1000 eV. A significant drop of the ratios 

at the lower energy would again indicate a loss of 0+ ions. 

However the results which are presented in Table (2-5) show 

that no significant drop was observed. 

As a third check of the collection efficiency, the ion 

count rate Sm measured by the total ion collector may be com¬ 

pared with 2 N.. Each N. may be evaluated from equation 
i i l 

(2-16) where the constant C has been evaluated as shown in 

1 3 
Appendix B. This comparison has been made for He(2 S,2 S)- 

CC>2 collisions and the results which are shown in Table (2-6) 

indicate a high collection efficiency. These three checks 

suggest that the possible error in due to the systematic 

effects of ion collection is small, therefore it will be 

neglected. It should be noted that all these systematic 

checks of the collection efficiency are independent of the 

detection efficiency. 



Table (2-4): Ratio of P(dissociative) to P(Penning) 

as a Function of Extraction Electric Field 

Extraction 
Field 

He (21S) He(23S) 

volts/cm P (o+)/p (co^) P(0+)/P(C0+) 

20 .334 .357 

25 .327 .429 

50 .334 .367 

100 .361 .431 

Average .339 .396 



Table (2-5): Ratio of P(dissociative) to P(Penning) 

Versus Ion Kinetic Energy 

Kinetic 
Energy 

eV 

He (2 Xs) He (2 3s) 

P(0
+
)/P (0+) P(0+)/P(C0+) P(0+)/P(0+) P(o+)/P(co^) 

1000 .345 .344 .062 .397 

500 .311 .348 .069 .428 

Average .328 .341 .066 .413 



Table (2-6): Comparison of EN^ to Total ion Signal S 
m 

He(21S) - C02 He(23S) - C02 

EN. 
1 

182.8 + 3.4 counts/sec 115.9 + 5.3 counts/sec 

S 
m 

191.4 + 4.8 counts/sec 107.7 + 5.8 counts/sec 

EN./S 
1 m 

0.96 + 0.03 1.08 + 0.07 
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The meaningful comparison of the integrated signals p^ 

requires that the multiplier has nearly equal detection 

efficiencies for all species. Previous workers have found 

that the detection efficiencies of Johnston CuBe electron 

multipliers are near unity for many ion species. Aitken 

45 *3+ + et al. (1971) have measured the efficiency for N and N 

ions at an impact energy of 6.6 KeV and found it to be greater 

than 95% in both cases. The current gain of these multipliers 

46 has been measured by Schram et al. (1966) and was found to 

be essentially the same for He+, Ne+, Ar+, and Kr+ at an impact 

energy of 5 KeV, which indicates that the detection efficien¬ 

cies for those ions were similar. The secondary electron 

yield for activated CuBe has been measured for several ion 

. 47 48 , . . species ' and the data indicate that the probability of 

ion detection was near unity in all cases. 

On a daily basis the count rate observed from the de¬ 

tector was measured as a function of the ion impact energy 

and was found to reach a saturation plateau in the range of 

4-5 KeV depending on its condition. Figure (2-4) shows the 

saturation plot for 0+ ions, for which saturation occurs near 

4 KeV, and for 0 ions, for which saturation occurs near 

3 KeV. 

The magnitude of the error due to the possibility of 

unequal detection efficiencies is hard to estimate. The 

. . 45-48 existing data suggest that a value of 10% is adequate. 

In summary, the collection efficiency is approximately 

the same for all ion species, while the ffetection. efficiency 



Figure (2-4): Detector Signal as a Function of 

Ion Impact Energy 

Signa1 

(arb. 
units) 

I 1 1 I I  
0 1000 2000 3000 4000 

Impact Energy (eV) 
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may vary by as much as 10%. In most cases the error quoted 

in the next chapter for dissociative, rearrangement, and 

associative branching ratios are RMS sums of the systematic 

error due to detection efficiencies and the statistical error 

in the measured counting rates. Additional error has been 

quoted on the associative ionization branching ratios of 

He(2 S,2 S) collisions with Ar, since the HeAr peaks are 

not well resolved from the much larger Ar+ peaks. The meas¬ 

ured ratios involving target molecules may be in error 

49 + due to a metastable state of . This metastable state 

may dissociate into N0+and N during transport through the 

spectrometer, yielding a peak at a magnetic field correspond- 

. so ... + 
ing to mass 20 amu which has! .been identified as HeO rather 

than NO+. 
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CHAPTER 3 

RESULTS 

Total Ion Production Cross Sections 

The measured values of ° /V u 
are presented in Table (3-1). 

These values may be used in conjunction with future measure¬ 

ments of Ym to obtain more accurate cross sections Q^. The 

only previously published data on these cross sections are 

30 3 those of McLennan for Ne( P_ .) - Ar collisions and Tang 
U / z 

33 3 
et al. for Ne( PQ 2) - Ar, Kr, Xe collisions. All the cross 

sections were obtained by using a Ym determined by gas cell 

techniques and are therefore subject to the previously mentioned 

uncertainties. 

Positive Ion Branching Ratios 

The measured branching ratios are presented in Tables 

(3-2a, b, and c). Comparison with previous data where possible 

shows good agreement in most cases. 

The appearance potential for each ion species, the excita¬ 

tion energy of each metastable species, and the observed ions 

resulting from the metastable - neutral collisions are pre¬ 

sented in Table (3-3). This table indicates that in some 

cases ion species whose appearance potential is less than 

the metastable excitation energy were not observed. Those 

ions may have been undetected for two reasons: (a) lack of 

mass resolution, and/or (b) a cross section for production 

-19 2 
less than 5 x 10 . cm . 



Table (3-1) Qr/Ym for Ne(3p
n ' Ar^3pn and 

mm 0,2 0,2 
3 

Kr ( „) Metastables 
0,2 

Target 
Gas 

Metastable Species 

Ne(3p0,2> ftr(3p0,2> Kr<3p0,2) 

NO 38.5 34.3 90.9 

Ar 26.4 

Kr 31.7 

Xe 26.3 

H2 
4.77 

°2 
45.9 

N2 
18.7 

CO 20.1 

ffl
2 

67.4 

NO 44.6 
2 
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Table (3-3): Observed Ions 

Target 
Gas 

Ion 
Appearance 
Potential* 

He^S) He(23S) Me‘3pO,2> Ar(3P0>2) Kr(3P0>2) 

(ev) 

Ar Ar4* 15.8 O.A 0,A 0,A 

Kr Kr+ 14.0 0,A 

Xe Xe* 12.1 0,A 

«2 >»: 
H 

15.4 

18.1 

0, A 

0,A 

0,A 

0, A 

0 

A 

N2 15.6 0,A 

N 22.9 

NO N0+ 9.3 0 0 0,A 0,A 0,A 

N+- 19.8 U Ü 

o+ 18.9 Ü Ü 

°2 i> 
12.1 

18.7 

0 

0 

0 

0 

0,A 

CO co+ 14.0 0,A 

c+ 20.4 

0+ 22.8 

C°2 co2
+ 

co+ 
13.8 

19.5 

0 

0 

0 

0 

0,A 

o+ 19.1 0 o 
N20 N,0+ 

< 
12.9 

17.2 

0 

Ü 

0 

u 

0,A 

U 

NO+ 14.2 0 0 O 
t +• 

0 15.3 0,A 0, A O 

N+ 19.5 U U Ü 

Excitation Energy 20.6 19.8 16.6,16.7 11.S,11.7 9.9,10.6 

O - ion observed 

U - no signal observed 

A - AB* observed, where AB results from associative 
or rearrangement ionization 

* - obtained from references 57, 58, and 59. 
\ + )» 
t - possibly NO resulting from dissociation of N^O 

during transport through the spectrometer 
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The branching ratio for associative ionization 

1 3 [Q(A)/Q(A) + Q(P)] resulting from He(2 S,2 S) - Ar collisions 

varies with the effective temperature of interaction, as shown 

in Table (3-la) and Figure (3-1). These results are similar 

to those of Illenberger6 in that for He(21S) - Ar shows a 

much stronger dependence on interaction energy than that for 
3 

He(2 S) - Ar, however he reported much larger values of R^ 
3 

than those shown here. The values shown here for He(2 S) - Ar 
7 

agree well with those obtained by Pesnell et^al. [Figure (1-2)]. 

Cross sections for the production of a particular ion 

species may be obtained from the total ion production cross 

sections and the branching ratios R^ by 

The values of for the production of HeH+ and HeH* from 
3 

He(2 S) collisions with Hj may be compared with values measured 

31 32 
by Neynaber et al. ' on a merged beams apparatus. Their 

results which appear in Table (1-1) are somewhat higher than 

those obtained here. 

Negative Ion Production 

1 3 The relative negative ion production from He(2 S,2 S) - 

55 collisions is included in Table (3-4) (West et al.. 1974) 

The present results indicate that ion pair production is not 

a significant source of 0+, in disagreement with the results 



Figure (3-1): Associative Ionization Fraction 

He (21S,23S)-Ar 
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34 
of Bush et al. (1972), who interpreted their observations 

as demonstrating that 0+ production results from ion pair 

production rather than dissociative ionization. However, 

Schmeltekopf (private communication) has indicated that these 

earlier results were probably in error, and that more recent 

measurements using a flowing afterglow apparatus appear to 

confirm the present results. Attempts were made to observe 

1 3 negative ion production in collisions between He(2 S,2 S) and 

CC>2 but were unsuccessful. 

Model of He(2^S,2^S) - 0^ Reactions 

1 3 The éxperimental observations of the He(2 S,2 S) - 

collisions may be qualitatively understood by assuming that 
* 

these collisions lead to the formation of a temporary HeC>2 

molecule which preferentially autoionizes into the underlying 

HeO^ continuum. Dissociation then yields 0^- In collisions 

1 2 — + involving He(2 S), the B 2 state of 0„ is energetically access 
9 ^ 

ible [Figure (3-2)], and this state is known to predissociate56 

Thus, in accordance with the observations, collisions invol¬ 

ving He(2^S) would be expected to have a higher probability 

+ 3 
of producing 0 than collisions involving He(2 S), for which 

o ^ 
the B 2 state is not accessible. 

9 

0" ions may be produced if, instead of autoionizing, the 

He(>2 fragments into He and 02 in a repulsive state which has 

an avoided crossing with the 0+ + O- state. 
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Conclusions 

In the past, comparisons of metastable destruction cross 

sections to total ionization cross sections have led to apparent 

discrepancies between the results of the several investigators. 

However, in light of the recent observations that the metastable 

destruction cross sections are not necessarily equal to the 

total ion production cross sections, and that the cross sections 

may be strongly dependent upon the relative energy of inter¬ 

action, these discrepancies may now be understood. The values 

1 3 
of the cross sections for total ion production from He(2 S,2 S) 

collisions with various gases as measured in this laboratory 

2 (3 
by Riola et als (1974) have been presented. Accurate values 

of cross sections for Ne, Ar, and Kr metastables will become 

available when measurements of Y for these species is com- m •L 

pleted. These cross sections may be used in conjunction 

with the branching ratios to obtain absolute cross sections 

for the production of a particular ion species. 

In general, the observations presented here show good 

agreement with previous work. A qualitative description of 

1 3 the processes involved in He(2 S,2 S) - 02 collisions has 

been given and seems to fit the present observations. The 

temperature dependence of the associative ionization branching 

ratios of helium metastables in collisions with argon shows 

quite different behavior for the two metastable species. 

In the near future chemiionization involving rare gas 

atoms in high Rydberg states is to be studied in this lab- 

1 3 oratory. These excited species, such as He(n P,n P), will 
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be formed from the metastable states by absorption of photons 

produced by a tunable dye laser. This work should yield new 

information on the processes involved in chemiionization. 
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APPENDIX A 

Discussion on the Velocity Dependence of O 

The ion count rate S measured by the total ion collector 
m J 

can be determined from equations (2-1), (2-2), (2-3), and 

(2-4) and is given by 

Sm = m 
k Im r r 
ho eYm 

Ft^°: 

( 2 

m(v #v.)'
vm m m t   

2%t v. )s 

v v, 
m t 

f(vm)f(vt)dvmavt 

In order to derive a value of the cross section Q from the 
m 

measurements made using the crossed beams apparatus, Qm is 

assumed to be independent of vm and vfc and is therefore 

removed from the integral. Sm then becomes 

Sm h 
m 

ey, m 
F. Q 
t m 

/ 2 
( V 

is m 

9 ^ 
+ O» 

V V, 
m t 

f<vm> £(vt)dvmdvt 

If this approximation is valid, then the ratio q 

m ss (vm + V. ) 
2\"5 

m 

q = 
v v. 
m t 

f (v_) f (v. ) dv dv. 
m ' t m t 

ft (vm + vt>* 
V V. 
m t 

f(v )f(v.)dv dv. 
m ' t m t 

must be near unity. 

An estimation of the velocity dependence of Qm may be 

obtained from the temperature variation of the rate 



41 

coefficient k(T) for collisional metastable destruction 

(S chme1tekop f) 

k(T) = kQexp [ 
0.0586. 

KT J 

where KT is expressed in electron volts. Since the cross 

section for metastable destruction is given approximately by 

VT> = *m 
V(T) 

where v(T) is the average relative velocity of the colliding 

particles at temperature T, and since v(T) is proportional 

to VÏ, Qm(
T) can b® written as 

Qm(T) = Qm VT^/T exp [- m 
0.0586 
KT ] 

where the constants Ç) and T may be evaluated by setting 
mo 

Qm(T) equal to Qm when T equals the interaction temperature 

appropriate to the crossed beams apparatus (600°K). Qm^
v
m»vt^ 

may be obtained from Qm(T) by equating KT with the interaction 

energy resulting from velocities vm and vfc, yielding 

KT = | 

m m, 
m t 

m_ m + m, 
-Kv, 

m Vt) 

and 
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Qm(v«.-vt) 

o VT~ m o 
, mm. 
(1_ m jt 

~¥ 
(v, m + v£)“

sexp [ 
2 (.9586) (m. + m ) nr 

2 K m +m m t 

m m. (v 
m t m 

+ -t> 

where m and m. are masses of the metastable atoms and target 
m t J 

3 
particles. For He(2 S) - Ar collisions, Qm(

v
m'vt) becomes 

- Qm(5.1238xl0
5) (v* + v2)4 exp [- 

<vm + vt> 

where v and v. are in units of cm/sec. 
m t 

Using the appropriate velocity distributions (discussed 

3 
in Chapter 2), the ratio q for He(2 S) - Ar collisions becomes 

1.95x10 ^(v^+v?) sv^v^exp[-8.08xl0 exp[-8.08x10 ^v?] dv dv. * m t m t mJ ru t m t 

J^v^v^expf- — :i?ff_8xl0—] exp[-8.08x10 exp[-8.08x10 ^v2] ^vm^
vt 

(v2 + vl) 
m t 

The evaluation of these integrals using numerical techniques 

yields the result 

q = 1.07 

Thus the approximation appears to be valid. 
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APPENDIX B 

Signal Integration 

As equation (2-15) shows, in order to obtain the ion 

production rates from the measured count rates S(B), 

dy/dB must be evaluated. As shown in Figure (B-l), an ion 

entering the magnetic sector when the magnetic field is B^ 

will follow a radius of curvature of r^ and subsequently 

arrive at the detector entrance aperture at position y = y^ 

If the magnetic field is increased to B^ + AB^, the radius 

of curvature is decreased to = r^ - Ar and y becomes 

y = y^ + Ay. From the figure it can be seen that 

Ay = Ax + (8.65)A0 

From the triangle ABC the law of cosines yields 

r^ = (Ar)^ + (r^ - Ax)^ - 2Ar(r^ - Ax)cos9 

The quadratic formula may be used to solve for (r^ - Ax). 

(rl - Ax) = Ar cos 8 +Vi + (Ar)2(cos28 - 1)/r 

Since Ar « r_, (r - Ax) may be approximated as 

(r^ - Ax) « Ar cos0 + r^ 

to
 t
o 
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and Ax is proportional to Ar 

Ax « Ar (1 - cos0) 

From the same triangle, the law of sines yields 

A0 _ sin0 
Ar r2 

where A0 ^ sinAQ since A^ « 1. 

Since r2 « r^, A0 becomes 

, w » s in0 
A0 «a Ar —-— 

rl 

and Ay is therefore given by 

Ay «=* Ar[ (1 - cos0) + 8.65(Sÿ9)] 
rl 

Since 0 = 60° and r^ = 15cm, Ay becomes 

AY « Ar 

The radius of curvature, which an ion of mass m, charge e, and 

kinetic energy E in a magnetic field B will follow, is given 

by 

r _ V 2mJB B-1 

Thus is B is changed by AB 

Ar = B'
2 

, the change in r is given by 

AB 

AB 

B 
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Since r is approximately constant at 15cm, Ay/AB becomes 

AV 
AB 

fit* 
(15cm) 

B 

The detector entrance aperture width is 0.72cm, therefore 

equation (2-15) becomes 

Ni 
15cm 

0.72cm B 
dB 

« 20.8 S(B) d (In B) (B-l) 

Ratios of the measured count rates S(B^) at the i— peaks 

to the integrated are presented in Table (B-l). 



Table (B-l): Ratios of S (B. ) 
3.7 

to Ni 

Metastable 
Species 

Target 
Gas 

Product 
Ion S(Bi)/Ni 

He(21S) C02 C02 0.93 

He(23S) C02 C0+ 0.97 

He(21S) C02 0+ 0.80 

He(23S) C02 0+ 0.80 

He(21S) °2 °2 0.73 

He(23S) 
°2 °2 0.85 

He(21S) 
°2 0+ 0.50 

He (23S) 
°2 0+ 0.63 

He(21S) NO N0+ 0.84 

He(23S) NO N0+ 0.87 

Ne(3P0>2) Ar NeAr+ 0.94 

Ne(3P0>2) N2 NeN* 1.01 

Ne<3p0,2» Kr NeKr+ 0.87 
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