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Measurements of the lifetimes of several N2 A 2IIu vibration levels 

excited by electron impact have been performed. The measurement is 

accomplished by use of an improved single photon versus time counting 

technique to observe the time dependence of Meinel system radiation 

decay. Details of the technique are presented in conjunction with a 

test measurement of the n£ B 2E* (v ‘ = 0 )  lifetime. Natural lifetime 

and N2 quenching cross section values are obtained from a Stern-Volmer

relation between the observed "apparent" lifetime and pressure.

2
The measured lifetimes of the A n v' = 2, 3, and 4 levels are 

9.4 ± 1.0, 9.5 ± 1.0, and 8.9 ± 1.0 microseconds respectively. These 

results fall between widely separated values of previous measurements. 

Subsequent lifetime measurements have shown a much improved agreement 

with this work. N2 quenching cross section values presented are in 

fair agreement with results of previous work.
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CHAPTER I 

INTRODUCTION

The auroral spectrum consists mainly of emissions due to atomic 

and molecular nitrogen and oxygen, which are excited by both protons 

and electrons. The relative importance of protons and electrons as 

excitation agents varies from one auroral display to another (Omholt, 

1971), but there is no doubt that the exchange of energy between ener

getic electrons and nitrogen molecules is one of the more important 

excitation processes in the atmosphere. An interaction between elec

trons and nitrogen molecules of importance to auroral aeronomy is 

the process:

N2 + e (N2)* + e + e

-*■ N2 + e + e + hv.

Here, the frequency, v ,  of the resulting photon depends on the specific 

molecular transition involved. The well-known 3914 and 4278 A emis

sions associated with the first negative N2 bands observed in 

auroras, are produced by this type of interaction. Under certain 

conditions, the intensity of another N2 emission, the so-called 

Meinel band system, may be of the same order of magnitude (Meinel, 

1950). The Meinel bands have their origin in the same kind of 

electron-molecule interaction as that described above.

1
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The presence of the Meinel bands in the auroral spectrum has 

been responsible for a number of investigations of the excitation 

and decay processes giving rise to the emissions. Detailed, quan

titative information about molecular states such as those involved 

in the Meinel system radiation, are best obtained in laboratory 

experiments.

A quantity which is inextricably linked with the intensity of 

any atomic or molecular emission is the radiative lifetime of the 

excited upper state. If a system comprised of a number of molecules 

is in equilibrium and it absorbs some additional energy, then the 

energy distribution among its component molecules is changed. It 

may happen that a large number of molecules find themselves in one 

particular excited energy state, causing a non-equilibrium distribu

tion of energy in the system. In the absence of further perturba

tions, the system eventually "relaxes" to an equilibrium state after 

some characteristic time. The characteristic time, or mean lifetime 

of the state in question depends on the rates at which a diversity 

of processes transfer energy from the state. When the state is 

depopulated by radiative transitions to lower states only, a simple 

exponential relation, e”t//T, describes the depopulation process.

The constant, t , is called the mean radiative lifetime, or natural 

lifetime, of the state. It depends on the sum of the individual 

probabilities per unit time associated with each of the various

2
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possible downward transitions. The radiative lifetime depends only 

on these probability rates, called transition probabilities, and 

therefore is an intrinsic property of the molecular state alone.

Radiative lifetimes are useful for determining other molecular 

quantities. When combined with appropriate, emission, relative 

intensities, they can be used to calculate band strengths and transi

tion probabilities. Quantities which characterize energy absorption 

phenomena, such as oscillator strengths or integrated absorption 

coefficients, are calculable in turn from the band strengths or 

transition probabilities.

Molecular radiative lifetimes provide fundamental information 

about the structure of molecules. It is common practice in calcu

lating lifetimes to use approximate expressions for the molecular 

orbital wave functions associated with the participating states.

Good lifetime data provides a test of the validity of the approxi

mations.

Some of the better-known energy levels of N2 and N2 are depicted 

schematically in Figure 1. The Meinel bands arise from the electronic 

transition A 2nu + X *£*. Photon energies from the transitions lie 

between the far red and near infra-red region of the spectrum. The 

Meinel spectroscopic bands are characterized by three prominent 

branches, and several other faint branches (Douglas, 1953).

3
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Figure 1. Potential energy curves for N2 and N2 

(after Gilmore, 1965).
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Cascade transitions into the A 2nu state from higher states are 

probably unimportant. Many transitions are forbidden by quantum- 

mechanical selection rules. Janin and d'Incan (1958) and Tanaka, 

et. al. (1961) have observed an extremely weak band system which is 

identified as being due to the transition D 2ng -*■ A 2nu , a possibility 

which was at first ruled out by Mulliken (1932), who estimates the 

D 2ng state as being a repulsive state. In any case, contributions 

from the D 2ng state are certainly negligible. Cascading is sometimes 

identifiable from double, or even multiple, exponential decay curves 

of intensity with time, but no such behaviour has been noted for 

the decay of Meinel radiation.

While cascade contributions do not complicate the experimental 

situation, other factors do. Consequently, previous work on Meinel 

lifetimes has been conflicting. A detailed description of other 

investigators is reserved for a later section.

Experimental difficulties associated with lifetime determina

tions for the Meinel system are mainly due to three factors: Low 

signal strengths, overlapping bands from other transitions, notably,

N2 first positive, and the relatively long lifetime of the A 2nu 

state. The problem of overlapping spectral emissions from the N2 

first positive group has been thoroughly investigated by Shemansky 

and Broadfoot (1971). The difference in excitation cross sections

5
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with energy may be used to help minimize the production of the 

B 3ng state giving rise to the first positive bands, relative to 

the Meinel bands, but secondary electrons from the ionization of 

N2 can be a significant B 3ng excitation source at higher pressures. 

Thus the overlap problem restricts the Meinel observations to low 

pressures.

Lower pressures mean lower signal intensities. The weak 

intensity of Meinel radiation at low pressures and the reduced 

sensitivity of photomultipliers to near-infrared light impose major 

limitations on signal detection. Long time intervals of data 

acquisition improve the situation, but numerous practical diffi

culties limit the intervals to a few days, at most.

The long lifetime of the A 2HU state causes it to be deacti-

3
vated appreciably by collisions even at "low" (say, 10 torr) 

pressure; the effect increasing with pressure. Assuming low enough 

operating pressures to discount contamination of the signal by over

lapping emissions, the true lifetime can be inferred by measuring the 

apparent dependence of lifetime on pressure, and performing an 

extrapolation of the data to zero pressure. Unfortunately, another 

phenomenon, the diffusion of target molecules out of the observing 

region, becomes important at low pressures. Combinations of the 

phenomena just mentioned are in part responsible for the conflicting 

results obtained in previous measurements.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This dissertation describes an electron beam excitation 

experiment to measure the lifetimes of the v' = 2, 3, and 4 

vibrational sublevels of the A 2IIU state of Ng. A determination 

of the B 2ZU (v‘ = 0) lifetime of N2 is also described.

7
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CHAPTER II 

BACKGROUND

A. Theory

In this section, the mean radiative lifetime of a molecular 

state is related to the microscopic, quantum description of the 

molecule.

The depopulation rate of any excited state by radiative 

transitions influences the rate of photon emission from an assembly 

of molecules and hence the total radiant power associated with the 

decay. The depopulation rate from a given excited state obeys the 

relation:

dN

a f  - A A -

Here, N„ is the concentration of excited state molecules, and A _n * nm

is the probability per unit time that a molecule in state n decays

to lower state m by emitting a photon. The total radiant power

per unit source volume is:

I = N h c v A  . (2)nm n nm nm9 v •

is the speed of light, and v is the wave number.
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The transition probability per unit time for spontaneous emission 

of photons is related to the square of the matrix element of the 

molecular dipole moment ft̂  by the equation:

Anm ■ ^  k | \  (3)

gn

where gn accounts for the degeneracy of the initial state. ft[J is 

defined by:

= K h *- (4)

^n and ^m be1*n9 the total wave functi°ns the two states, ft is

the dipole moment operator.

The functional form of the dipole moment ft!! for a diatomic r m

molecule depends on the moment operator ft and the molecular wave 

function, ft is commonly written as the sum of a term ft6 due to the

electron motion and a term ftnu due to the motion of the nuclei, that

is:

ft = ff + ft™.

Assuming that the electronic motion and vibration and rotation of 

the nuclei do not appreciably influence each other, the Born- 

Oppenheimer approximation may be used to separate the total wave 

function into three factors:

9
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^ (r)

♦ivj ■ +1 (V ? 2 ............ V  r) - V -  ^  (s> *>•

where ip.. is the wave function for the electronic motion and ipv , ipj 

are the wave functions that describe the vibration and rotation of 

the nuclei, respectively. The vectors r , r ........... r_ specify
1 2 S>

the positions of the orbital electrons in an orthogonal coordinate 

system (£, n, s) located at the nuclear center of mass, whose axis 

is fixed along the molecular axis (Figure 2). r is the nuclear 

separation. The angles, 0 and <f>, specify the orientation of the 

molecule in the "space fixed" reference from (x, y, z). Translation 

of the molecule is disregarded. 0 and tj> obviously relate the two 

sets of coordinates (£, n, s)» (x, y, z).

Substituting expressions for ^ and into equation 4 resolves

the dipole moment into a sum of two terms. The term contain

ing the nuclear moment operator vanishes for a transition between 

two electronic states (i,j) due to the orthogonality of the electronic 

wave functions. In addition, ftnu is identically zero for homonuclear 

molecules. Therefore:

= | 7  V W  r  ♦ j W  dTn dTe-

10
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11

Figure 2. Relative orientation of molecular coordinate 

systems (x,y,z) and
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Here, drn = r2sined6d<j> is an incremental volume element of the nuclear

coordinates (in the space fixed frame) and dte is an incremental

volume element of the electron coordinates.

It is convenient to transform from the space fixed coordinate

system to the molecular fixed system:

s s
AP = - E eftk(x,y,z) = - E er. (C,Ti,O*5(0»<f>). 

k=l K k=l K

5(0,<)>) is the dyadic associated with the coordinate transformation

matrix. The dipole moment now is

ftjyHjH = | .(r)^eipv„(r)dr • (e,<f>)?(e 9< f > .,(e,<f>)sineded<t»• (5)

where fP, called the electronic transition moment, is

5s(r) = | i|ii * ( r i , . . . , r s, r ) [ - ^ e f k]i|>; ( r i  r$,r)dTe.

The transition probability rate then has the form

Av'J';v"J" = 3h(2J'+l)vv'J1;v"J" Pv'v" SJ'J" »

where the i,j electronic state designation is assumed here and in 

all that follows. The term Py ivi.» called the band strength, is

pv'v" ■ •

Sj ,j „, the "Honl-London factor," comes from the remaining terms in 

the rotation integral in equation 5.

12
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A transition probability per unit time for all the rotational 

transitions associated with a vibrational band can be simply approxi

mated. It can be shown that (Herzberg, 1950)

Z Sj ,j „ - 2J' + 1 .
d

Thus summing equation 6 over all lower rotational states, the proba

bility expression is explicitly independent of the J' rotational 

quantum number. Only the wave number exhibits a variation with J',

J". Since the lines of a band corresponding to the allowed J' to J" 

transitions have very nearly the same wave number, a probability per 

unit time for the transitions of the band is approximated by replacing 

the wave number term with that of the J' = 0, J" = 0 transition, i.e.

a — 64u 3 p
v 1 v 11 " I T  V , 0 ; v " , 0 )  V v "

Since depopulation of the upper electronic state includes tran

sitions to all lower state vibrational levels, Av iv„ must be summed 

over all lower state vibration quantum numbers. Assuming there is only 

one lower electronic state for which transitions are probable, that 

the upper state is free from cascade effects, and that there are no 

collisional effects, the decrease in the number density Ny . of mole

cules in the v' state is

dNv , = -yNyIdt,

where

13
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The number density is then given by

Nv ,(t) = Nv ,(0)e"Yt . (7)

The mean life of the molecules in the v' state, tv ,, is related to 

the transition probabilities by

An experiment designed to measure lifetimes must consider other 

processes which compete with natural radiative decay to depopulate a 

state. In this experiment, collisions between excited molecules and 

ground state neutral nitrogen molecules deactivate some of the mole

cules before the radiative transitions occur. The deactivation rate 

of the excited level represented by equation 1 must be modified to 

include a collision term. Thus, 

dN .

i r  - - J A v V - f v A '  . «

where Py ,x is the probability per unit time that collisions occur 

which transfer energy from the v' state to some x level of another 

electronic state.

An expression for EPV ,x can be determined from the mechanics of 

the collisions. EPy ,x is equivalent to the fraction of excited mole

cules that are collisionally deactivated per unit time. Initially,
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15

the motion of a colliding excited molecule and neutral molecule is 

described by the position vectors ri and r2 and velocities Vi and v2, 

respectively, in a space fixed reference frame. Viewed from a relative 

frame of reference with the neutral molecule at rest, the incident 

motion of the excited molecule is described by the position vector 

ft = n  - r2 and relative velocity ft = v 1 - v2. Consider a uniform 

flux, Fv ,, of excited molecules incident with relative velocity ft on a 

target neutral molecule. The colli sional interaction deactivates and 

scatters some of the incident molecules at a rate dn into the area 

of a small solid angle dJl whose direction is defined by final velocities 

ft' to ft' + dft' (Figure 3).

The rate dn is proportional to Fyl and dn. Thus,

where o' is the constant of proportionality. If the particular energy 

transfers of the deactivation need to be specified,

Called the differential deactivation cross section, o' is in units of 

area. In general, a 1 is dependent on the magnitude of the relative 

velocity ft and the scattering direction V'. The scattering rate (with 

deactivation) in all directions is

dn = a'Fv idfi

n
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V'

Figure 3. Collision geometry of deactivation scattering.
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where the total deactivation cross section is defined by 

ct(V) = f a'(V,V')dn .

By expressing the incident flux through some small area dA as

Nv ,(dAVdt)

FV  " dAdt *

the deactivation rate is

n = Nv ,Vc .

If a density No of target molecules is available as scattering centers 

to the excited molecules, the total colli sional deactivation rate in 

a small volume, d3r, is

nN0d3r = VaNoNy id3r .

The probability of a deactivating collision per unit time, SPv ,x , then 

is

nNod3r

In practice, however, there is a distribution of the relative 

velocity V for the many collisions that occur. In the present measure

ments, the deactivating collisions are due to random thermal motion of 

the ions and N2 molecules. Assuming that the presence of a small 

magnetic field has a negligible effect on the velocity distribution 

of the excited ions, v x = v2 = V ,  the mean thermal velocity. For this 

case the mean relative velocity is approximated by
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V  = / T v  .

With this development, equation 8, giving the deactivation of the v' 

state by spontaneous emission and collision, is now represented to the 

approximations employed by

dN i _

—  = -  \  V v " N, '  -  • <9 >
dt v

The solution to the equation, Nv ,, has the same exponential form as 

equation 7 where the decay constant y is now given by the Stern-Volmer 

expression,

y = -r—  + ft avNo . (10)
v'

The reciprocal of y is called the apparent lifetime and is symbolized 

in the following text by t .

Since emission of a photon signals a radiative transition, the 

number of band (v' ,v") photons, Nv ^v< v„j, emitted per unit time per 

unit source volume should follow the pressure dependent exponential 

decay of Nv ,, that i s

dNv( v V u) = a , ..N0 ,e“Yt 
dt v v v

According to equation 10, a plot of the observed decay constant versus

pressure should be a straight line with the natural lifetime found as

the extrapolated zero pressure intercept, 1/t v ,. In addition, the

cross section for collisional deactivation is obtained from the slope
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of the plot, /I ov/kT, where the Boltzman constant k and the gas 

temperature T come from the conversion of N0 to pressure in units of 

torr. The validity of equation 10 depends critically on a demonstra

ted linearity of the observed decay constants with pressure. Any 

departure from linearity indicates the theory is not an adequate 

description of the deactivation processes.

B. Previous Work

There have been numerous efforts to obtain the lifetimes of the

+ 2
N2 A nu states from optical measurements of the Meinel bands. Sheridan 

et al. (1964) first estimated that the lifetime of the v 1 = 2 state is 

3 ysecs. The estimate was based on diffusion broadening of (2,0) band 

emissions due to an assumed excitation beam of electrons. O'Neil and 

Davidson (1967) observed the intensity decays of the (0,0), (1,0), 

and (2,0) bands at several pressures. Lifetime values of 8.5, 6.8, 

and 6.3 ysecs for the v' = 0, 1, and 2 states, respectively, were 

obtained from the zero pressure extrapolation of the Stern-Volmer 

plots. Their results are questionable due to the appearance of 

anomalous pressure effects in the data. Shemansky and Broadfoot (1971) 

attempted to measure lifetimes from the (1,0) and (2,0) bands. The 

non-exponential behavior of their low pressure data led them to refrain 

from calculating lifetimes from the data. Questionable pressure 
2

effects have also appeared in the A nu excitation cross section work 

of Simpson and McConkey (1969), Stanton and St. John (1969), and

19
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Srivastava and Mirza (1969). All appear to have non-exponential 

pressure dependence in the region below 1 to 2 mtorr. Hollstein 

et al. (1969) obtained a lifetime value for the v' = 2 near 12 ysecs 

using a time of flight experimental method that was not dependent on 

pressure considerations. However, Shemansky and Broadfoot argued 

that this value was too high to be compatible with the well estab

lished total ionization cross section and the excitation cross sections

7 2 +
for the A nu and B Eu states of nitrogen.

Thus, the results of previous work have been conflicting. Measure

ments of the v 1 = 2  state from the (2,0) band range from 3 to 12 ysecs.

The peculiar low pressure effects observed in some of the work casts
?

suspicion on the assumption that the decay of A nu states is not

2 +
complicated and governed only by spontaneous transitions to the X Eg 

states and first order colli sional deactivation.

With the conclusion of our measurements [Gray, Roberts, and Morack,

(1972)], Holland and Maier (1972) published time of flight measurements 

for the v' = 2 to 5 states. The most recent work, Peterson et al.

(1973), obtained values for the v' = 1  to 8 states with the time of 

flight technique. Both experiments yield a consistent set of values 

with a range of 7 to 14 ysecs. Further discussion of these experiments

are included in a later section.

20
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CHAPTER III 

APPARATUS AND PROCEDURE

A. Design of the Experiment

The experimental method is similar to the delayed coincidence 

technique applied by Heron, McWhirter, and Rhoderick (1956) to obtain 

atomic lifetimes. The time-dependent decay of a given emission from 

an assembly of molecules is recorded at various pressures. This 

information is then graphed as a "Stern-Volmer plot" (a linear plot 

of reciprocal apparent lifetime versus pressure) whose zero pressure 

intercept gives the natural lifetime of the molecular state.

In this experiment, the time difference between the onset of 

excitation of the Ng molecules by a burst of energetic electrons 

and the detection of an emitted photon of the appropriate frequency 

is measured. A time to pulse height converter receives two pulses: 

a start pulse, signalling the onset of the electron excitation, and 

a stop pulse from a photomultiplier behind an interference filter.

The time to pulse height converter (TPHC) shapes a pulse whose height 

is proportional to the difference in pulse arrival times.

A square wave modulated electron beam affords repetition of this 

measurement sequence. Tabulation of the resulting converter pulses 

by a multichannel analyser (MCA) generates a statistical distribution 

21
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of photon counts versus time.

Two conditions must be satisfied for the distribution to be an 

accurate record of the excitation and decay processes observed. The 

repetitive measurement sequence requires that the timing increment 

during operation is constant for the duration of the count accumula

tion. The arrival of the start pulse at the TPHC must correspond to 

some particular time when the excitation beam is in the collision 

chamber. Although the arrival time is arbitrarily chosen, the start 

pulse establishes the zero time reference for the measurement. If 

the duration of the excitation period is constant, the exit of the 

beam then is well-defined in the MCA distribution. This establishes 

the beginning of the pure, time dependent decay portion of the 

distribution.

The other condition pertains to the rate of signal pulse 

production relative to the limited analysis rate of the TPHC and MCA. 

In this consideration, signal pulses missed because the TPHC and MCA 

are momentarily occupied with analysis of a preceding pulse distort 

the count distribution. The distortion is due to preferential 

counting of pulses arriving at the earlier times to the exclusion of 

the later pulses. If there is no more than one photon detected per 

excitation and decay cycle of the measurement sequence, the distribu

tion is an accurate record of both the build-up of the excited state 

population during the excitation period and the radiative decay in
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the absence of the beam. The phenomenon of multiple photon distortion 

is discussed further in a later section.

B. Gas Handling System

The vacuum system has two main sections: The electron gun

chamber and the interaction chamber (Figure 4). An oil diffusion

pump and fore pump combination differentially pumps the two chambers

through a small aperture. Nitrogen gas is leaked into the interaction

-2 -4
chamber through a variable leak. Pressures between 10 and 10 torr

-4
are maintained in the interaction chamber, while a pressure below 10

torr in the electron gun chamber permits a well-defined electron beam.

A Pi rani gauge and an ionization gauge monitor collision chamber 

-3
pressures above and below 10 respectively. A bypass around the 

aperture plate is sometimes used to increase the differential gas flow 

rate of the system. The bypass is open for experimental operation at
_3

collision chamber pressures below 10 torr to decrease the time 

required for ion gauge degassing before a pressure measurement. Base 

pressure is 7.5 x 10"^ torr with the bypass open and 7 x 10"^ torr 

with the bypass closed.

C. Electron Beam System

The electron gun is modified from a cathode ray tube electron gun 

(Appendix). A demountable fitting for the glass envelope feed-throughs

23
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is designed to facilitate changing the platinum-triple carbonate 

filament. The 1/8" wide, .005" thick filament strip carries from 7 

to 9 amps during gun operation. With an accelerating voltage of 1100 

volts, the gun produces a maximum beam current of about 1.5 microamps 

at the aperture plate. Typically, 70% to 90% of the electrons enter 

the interaction chamber when the beam is focussed on the 1.6 mm 

diameter aperture. The relatively long distance between the gun's 

deflection plates and the aperture plate (17 cm) enables small 

deflection voltages (5 volts) to sweep the beam out of the aperture 

completely. The position of the electron beam relative to the aper

ture is determined from an electrometer connected between the aperture 

plate and ground. Fluorescent paint on the aperture plate is used for 

preliminary visual alignment and focussing of the beam. A Faraday 

cup at the end of the collision chamber suppresses the effects of 

electron reflection and secondary emission. A solenoidal winding 

on the collision chamber creates an axial magnetic field in the region 

of the beam for ion confinement. The field strength during operation 

is approximately 35 gauss. The magnet heats the chamber wall slightly 

but outgassing is not significant.

D. Collision Chamber, Photomultiplier and Filters

The interaction chamber has the same inside diameter as the gun 

chamber, 4.5 cm. A photomultiplier viewing port of the same diameter

25
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is located 7 cm downstream from the aperture and has a quartz window. 

The outside wall has a baked-on coat of a platinum and ruby paint 

mixture with a 98% spectral absorption of radiation above 6000 A to 

reduce the reflection of stray light in the chamber. The outside wall 

is also covered with black tape and paper to prevent light leaks.

Fabry Perot interference filters are interposed between the 

observation window and the detector photocathode to screen unwanted 

emissions from contributing to the detection signal. The spectral 

characteristics of the interference filters are presented in Table I. 

Because of the collision chamber geometry (Figure 5), a filter re

ceives emission photons with all angles of incidence up to a worst 

case of 13°. Filter characteristics change with radiation angle of 

incidence resulting in decreased transmission percentages and small 

displacements of the band pass. The band pass shift is of most con

cern as undesireable radiation may be transmitted to the detector. 

Investigation with a scanning spectrophotometer of the effect of 

angle of incidence on the filter's response showed that in all cases 

the shifted pass band overlaps a relatively intense portion of the 

corresponding emission band's spectral width. The filter for the 

Meinel (2,0) band merits special consideration, however, because a 

wing of the shifted pass band extends into the region of the relative

ly intense first positive (2,0) band emission. Figure 6 shows the 

synthetic spectra that Shemansky and Broadfoot (1971) have caluclated 

to match their observed spectra from 100 ev electrons bombarding

26
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FILTER
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Figure 6. Filter transmission curves for several radiation 

angles of incidence and the spectral intensity of the 

Meinel (2,0), first positive (7,6), and first positive 

(2,0) bands.

Reproduced w ith perm ission o f the copyright owner. Further reproduction prohibited w ithout permission.



nitrogen at a pressure of 3 mtorr. The composite filter transmission 

curve for all angles of incidence is superimposed on the spectra 

where the maximum relative intensity of the Meinel band coincides with 

a 100% filter transmission. From the spectra and filter response 

information represented, it is conservatively estimated that contribu

tions to experimental data from the first positive (2,0) and (7,6) 

band emissions does not exceed 2% at an operating pressure of 3 mtorr. 

According to O'Neil and Davidson (1967), the effect of extraneous 

contributions due to IP (2,0) and IP (7,6) is even less important 

at lower pressures.

29

Table I. Interference Filter Characteristics.

Emission Band Filter Peak Filter
Observed Wave Length Transmission Half Width

( A) (*) (A)

Nj 1NG (0,0) 3902 26.0 36

Ng M (4,1) 7065 73.4 55

Nj M (2,0) 7848 72.5 50

n+2 M (3,1) 8085 66.0 50
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Two photomultipliers are used in the experiment, an RCA 7265 and

an RCA C31000E ERMA. The S-20 response of the 7265 is suitable for

detection of the first negative (0,0) radiation at 3914 A. The

relatively high band intensity and the sensitivity of the detector

provides ample signal intensity at low pressures. Although the

detector is noisy by factory specifications, the signal to noise

-4
ratio is 2:1 at a chamber pressure of 3 x 10 torr. Because of the 

large signal and dark count rate, multiple pulse distortion is en

countered at the higher pressure measurements of the first negative 

(0,0) band in this experiment.

Several factors preclude use of the 7265 photomultiplier for the 

Meinel measurements. Since these transitions are in the near infra

red, the S-20 sensitivity is minimal for any of the bands. The detec

tion problem is complicated by the relatively weak intensity of the 

Meinel system. Finally, the noise level of the 7265 buries the decay 

curve in the statistical dark count fluctuations. The cooled C31000E 

extended-red-response photomultiplier substantially improves detection. 

At a chamber pressure of 5 x 10"^ torr, the (2,0) band detection has 

an observed signal-to-noise ratio of 1:1. When the photomultiplier 

is cooled to a temperature of -70° C with dry ice and methyl alcohol, 

the dark count rate is less than 50 counts per second including stray 

light counts.

Reproduced w ith perm ission o f the copyright owner. Further reproduction prohibited w ithout permission.



31

E. Electronics System

The electronic system (Figure 7) is comprised of three main 

components: a fast risetime square wave generator, a time-to-pulse 

height converter, and a multichannel analyser. The square wave 

generator begins the measurement sequence by delivering a 5 volt 

square pulse to an electron gun deflection plate, sweeping the elec

tron beam into the interaction chamber. A trigger pulse from the 

generator also starts the TPHC timing capacitor voltage ramp, and 

establishes a zero time reference for monitoring the excitation and 

decay process in the interaction chamber. An interference filter 

selectively allows emitted photons from the particular molecular 

state transition passage to enter the photomultiplier. In the event 

of an observed decay, the photomultiplier pulse produced stops the 

build-up of charge on the TPHC capacitor. The resulting charge on 

the capacitor determines the height of the output pulse sent to the 

MCA. If a stop pulse does not arrive at the TPHC within the charging 

capacitor's time range, the capacitor is internally discharged and 

the TPHC is reset for a start pulse to again initiate the charge 

build-up. The Nuclear Data 2200 MCA used in this experiment divides 

the 0 to 10 volt range of the TPHC pulses into 256 channels. By 

pulse height analysis, the MCA assigns the incoming pulses to the 

appropriate channels, storing them as counts in the channels' mag

netic core memory. The X-Y recorder and typewriter reproduce the 

accumulated data from the memory, providing a permanent record in
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both analog and digital form.

The square wave generator is a Hewlett Packard 21 IB. Because 

of the small capacitance of the deflection plates (6 miF), the 3 nsec. 

rise time of the 5 volt, 50 ohm output pulse sweeps the beam in and 

out of the chamber in less than 2 nsec. The generator allows selec

tion of the electron beam duration in the collision chamber by 

adjustment of the square wave symmetry and duration. For a pulse 

repetition period of 6 to 9 state lifetimes, the square wave symmetry 

is adjusted for 2 to 2.5 lifetimes of excitation duration, to assure 

equilibrium. The first negative (0,0) measurements have a pulse 

repetition frequency of approximately 1.7 MHz. The pulse repetition 

frequency for the Meinel measurements is approximately 20 kHz. A 

Hewlett Packard 5216A electronic counter monitors the generator 

frequency and drift.

The main features of the MCA count distribution arise from pulses 

from three sources: externally generated noise, signal pulses, and 

internally generated noise. Arrival times of photomultiplier and 

preamplifier noise pulses are random. Conversion and analysis of 

these pulses merely provides a constant baseline to the MCA distribu

tion, provided multipulse distortion is not present. The effects of 

multi pulse distortion are discussed in Chapter IV. Photomultiplier 

pulses from detected signal photons of the molecular state decay 

determine the build-up and decay of the distribution

33
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corresponding to the presence of the electron beam in, and absence 

from, the target chamber. Finally, low voltage internal MCA noise and 

pulse pick up on the TPHC to MCA cable registers some unwanted addi

tional counts in the first 10 channels of the distribution. These 

low voltage pulses are not recorded in higher energy channels owing 

to their limited amplitude.

Because of the additional counts in the first 10 channels, it is 

desireable that all the decay curve information occurs in later 

channels. For the Meinel measurements the generator trigger pulse 

to the TPHC coincides with the electron beam's entrance to the target 

chamber, so that the first 80 to 90 channels (depending on the 

symmetry and frequency of the generator's square wave) collect 

information of the molecular state's excitation. The remaining 

channels collect the decay curve information (see Figure 12). In 

the first negative (0,0) measurements the Tektronix 7M11 175 nano

second delay in the TPHC start pulse line compensates for the 81 

nanosecond transit time delay of the photomultiplier, preamplifier, 

and discriminator in the stop pulse life, and the extra delay denies 

TPHC acceptance of stop pulses for the first 94 nanoseconds of the 

excitation period. Typically this excitation period is 155 nano

seconds. Thus with an MCA channel width of 2.65 nanoseconds only the 

first 23 channels present excitation information and the rest may be 

used for the decay curve (see Figure 9). The 175 nanosecond delay
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has an insignificant effect on the Meinel distribution where the 

excitation period is in the order of microseconds and the channel 

width is 218 nanoseconds.

Apart from the problem of extra counts in the first channels, 

inclusion of all or a portion of the excitation build-up on the MCA 

record provides more information. Since the time for the beam to 

sweep across and out of the aperture hole is less than a 2.65 

nanosecond channel width, the onset of the exponential decay in the 

distribution should be abrupt if the repetitive excitation and decay 

timing conditions remain the same for the duration of the count accumu

lation. Thus the appearance of the distribution's excitation and 

decay peak provides a test for the constancy of the experimental 

conditions.

It is necessary to shield the sensitive pulse detection system 

from electromagnetic disturbances other than photomultiplier pulses. 

Periodic counts in the MCA time spectrum, inconsistent with the 

excitation and decay processes in the collision chamber, are asso

ciated with the periodic nature of the electron gun operation.

Enclosure of the gun chamber and the gun voltage divider network in 

grounded copper boxes or sheaths eliminates this extraneous source of 

MCA counts. Random counts added to the system dark count are reduced 

with use of an enclosed battery pack power supply for the Hamner N381 

preamplifier, rather than use of an external power supply.

35
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F. Data Collection Procedure

The observation of the inherently weak Meinel emissions is 

limited by the experimental requirements, namely, low beam current 

and low pressure. The low beam current reduces the likelihood of 

space charge depleting the observation region of the relatively long- 

lived ions. The low pressure observations are desirable for two 

reasons: Low pressure information is valuable for the zero pressure 

extrapolation used to obtain the natural lifetimes. Also, in higher 

pressure observations, an increasingly significant contribution of 

overlap N2 first positive emissions complicate the data analysis. In 

order to compensate for the weak signal resulting from these restric

tions, data collection periods range from 6 to 52 hours to accumulate 

sufficient photon counts for a useful emission decay record. It is 

essential then to initially prepare the experimental conditions and 

maintain these conditions for the duration of the data accumulation 

period to obtain good final results.

Stable electron gun performance is obtained before each run 

through prolonged preliminary operation. The apparatus is checked for 

an acceptably steady position of the periodically swept beam at the 

aperture entrance to the collision chamber, and a stable generator 

frequency. Drifting beam position and generator frequency incorrectly 

register in the MCA display because they vary the beam's exit time 

from the collision chamber with respect to the TPHC start time.
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Fortunately, the generator frequency stabilizes and its change did 

not exceed 0.1% during all data runs. Beam current loss from 

filament degradation does not significantly affect lifetime values, 

as the cycling time of the 256 MCA counting channels is of the order 

of seconds compared with a current decrease rate of 1/2% per hour.

The gas flow system is capable of maintaining stable pressures 

over the many hours of data accumulation except of course on those 

occasions when the development of small leaks in the vacuum system 

interrupt the flow balance. During the preparation period the use of 

standard high vacuum techniques reduce contaminant gas sources and 

achieve minimum base pressure.

The Pirani gauge itself poses the most significant stability 

problem as its zero pressure reading is subject to drift. Since the 

pressure range of interest on the gauge is from 1 to 5 mtorr on a 0 to 

50 scale, small changes in gauge zero produce large inaccuracies in 

pressure measurement if not taken into account. The reading error 

of the gauge alone introduces a +0.2 mtorr uncertainty, which is 

marginally tolerable for the Meinel Stern-Volmer analysis at higher 

pressures.

Once the initial preparation is accomplished the data collection 

sequence (establishment of the desired nitrogen pressure, decay data 

acquisition, and data record) is started. The sequence is repeated
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usually until the gun filament fails to produce sufficient beam 

current. If the collision chamber pressure desired is greater than 

10"3 torr, the Pi rani gauge is adjusted to read zero at the chamber 

base pressure prior to opening the N2 leak. Typically one hour is 

allowed for the pressure to stabilize after the N2 leak rate is se

lected. Initial values of the generator frequency and the pressure 

are then recorded and the acquisition of photon counts in the 

MCA is started.

The build up of the MCA count distribution and the general 

electronic system performance is monitored on an oscilloscope X-Y 

display. During this period deflection plate voltages require 

regular adjustment to correct for drift. When low pressure operation 

necessitates long count accumulation times, several intermediate ion 

gauge pressure measurements are noted. Termination of the counting 

is determined when the photon count distribution ranges at least 

three and one half orders of magnitude. A permanent analog and digi

tal record of the MCA count distribution is then provided by the X-Y 

recorder and typewriter, respectively. Final pressure measurements 

complete the data collection sequence; first the operational pressure 

is again recorded and then the chamber base pressure is checked for 

the appearance of small leaks. When the Pi rani gauge is used, a final 

zero reading is taken. In general the resultant emission decay record 

is judged valid when initial, intermediate, and final pressure values
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are within the reading accuracy of the gauge.

G. Calibration

The accuracy of the final measurement results is largely dependent 

on the time calibration of the MCA channel widths and the uncertainty 

of the pressure measurements.

The procedure for calibrating the MCA channels in units of time

uses the generator trigger pulse, the pulse delay unit and the TPHC

(Figure 8a). By delaying the generator trigger pulse to the TPHC start 

input a time td , the generator frequency, f-|, determines the arrival 

time of the stop pulse. The resulting time difference, At|, places 

pulse counts in one of the MCA channels. The time relation (Figure 

8b) is represented by:

T.| = j  = t^ + At|, At-| -»■ channel A.

A second repetition frequency, placing counts in another channel, is 

similarly represented by:

T2 = |- = td + At2 » At2 -»■ channel B.

The number of channels from channel A to channel B corresponds to the
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Figure 8. (a) Diagram of multichannel analyser time calibration.

(b) Diagram of start and stop pulse time relationship.
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change in the time difference, i.e.,

At2 - At-j = c (B - A),

where the proportionality constant c is the time width of one channel. 

The time per channel then can be calculated from the expression:

fl - f2
channel width c = f • .

The major limitation on the precision obtainable by this method

resides in the indeterminant portion of a single channel time width 

associated with At. If channel B is number 256 and channel A is 

number 6, the (B - A) term in the above expression is uncertain by 2 

parts in 250. This limitation can be overcome by identifying channel 

boundaries. The frequency control of the generator used is sufficient

ly sensitive (aided by initial drift and the electronic counter's 

rapid readout) to select a repetition frequency that straddles a 

channel boundary with nearly equivalent counts in the two adjacent 

channels. In this manner the uncertainty of the (B - A) term is

reduced. For the first negative (0,0) data, the time width of a

channel is 2.652 nsec. For the Meinel data the channel widths are 

0.2168 ysec. Repeated calibration throughout the course of the 

experiment determines that both values have a standard deviation of 

approximately 0.1%.

41

Reproduced w ith perm ission o f the copyright owner. Further reproduction prohib ited w ithout permission.



The Plrani gauge produces the most significant measurement error. 

As stated previously, the combination of gauge zero pressure drift and 

the scale reading uncertainty for values in the 1 to 5 mtorr range is 

primarily responsible for the large uncertainty in the pressure meas

urements. Because of this measurement uncertainty and the character 

of the Stern-Volmer plots, final calibration of the ionization and 

Pirani gauges is not attempted. However, occasional checks of the 

two gauges' agreement at the boundary pressure of 1 x 10 torr are 

performed.

The determination of a natural lifetime by extrapolating apparent 

lifetime reciprocals to zero pressure is not affected by the existence 

of systematic errors in the absolute pressure measurement. It is the 

zero pressure extrapolation that is important; this depends on how 

well the apparent lifetime versus pressure (actual or apparent) rela

tion is represented. The accuracy of the representation is limited by 

other than systematic error such as the relatively large reading 

uncertainty of the Pirani gauge.

On the other hand, the determination of the quenching cross 

section from a Stern-Volmer relation would be directly affected by 

systematic pressure error since the quenching cross section is 

extracted from the apparent lifetime's rate of change with pressure 

(see equation 10). However, the quenching cross section, while useful
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for applied calculations, is a quantity less fundamental to molecular 

structure than the radiative lifetime. Pressure dependent aspects of 

the experiment are further discussed in the last chapter.
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CHAPTER IV 

DATA REDUCTION

A. Multiple Photon Distortion of the Decay Curve

Once the time-to-pulse height converter receives a start and 

stop pulse pair, other stop pulses from the photomultiplier are not 

registered until analysis of the original pair is completed and another 

start pulse is accepted. For a high photon detection rate and/or 

photomultiplier dark count rate, the multichannel analyzer distribu

tion of the photomultiplier pulses is distorted by preferential count

ing at the earlier times.

Johnson and Fowler (1968) have derived an approximate expression 

for the decay curve distortion. Their derivation considers the proba

bility that a photoelectron, emitted in the interval dt at time t, is 

the first photon detected of the N excited molecules at the beginning 

of the decay cycle. For this to be the first photon detected requires 

that the other N-l excited molecules have failed to create a photo

electron by time t. The probability then is expressed as

dP = PJ.PrdP. ,

dPd = probability that the molecule radiatively decays in the 

interval dt at time t,
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Pc = probability that the emitted photon creates a photo

electron,

Pf = probability that the other molecules have not created a

photoelectron by time t.

If Pg is exp(-At), the probability that the excited molecule has

decayed and the photon detected by time t is Pc[l-exp(-At)], where A

is the observed state's decay constant. The probability that N-l 

excited molecules have failed to create a photoelectron by time t then 

is

Pf  =  { l - P j l - e x p t - A t ) ] } " - 1 . ( 1 1 )

Note that Pf is also the probability that photoelectrons are created 

after the first detection at time t. Because the single photon timing 

sequence does not count these photoelectrons, equation 11 provides the 

correction term for the multiple photoelectron distortion of a state's 

single exponential decay. For the conditions 

CNP ) n
— -—  «  1, n is any integer, 

n

the expansion of is approximated by the expression

Pf = exp{-M[l-exp(-At)]} ,

where M = NPC is the average number of photoelectrons produced per 

excitation and decay cycle. The time dependence of the emission 

intensity is now given by

45
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I = IQ exp(-At)exp{-M[l-exp(-At)]} .

Although M cannot be measured directly, for values much less than 

unity M is approximately equal to the average counts (first photo

electron) per cycle. Johnson and Fowler show that a rate of 0.1 

counts per cycle introduced an approximate 1% distortion error in the 

decay curve results. Since the Meinel measurements had a rate of 

less than 0.01 counts per cycle, multiple photoelectron distortion is 

negligible.

The experimental arrangement provides a way to test directly for 

the presence of distortion. If the frequency of the generator is set 

to include two excitation periods in the time range of the distribution, 

the resulting excitation peaks can be compared to determine the pre

sence of distortion. Preferential counting is not significant if the 

peaks are identical within statistical fluctuation. The disadvantage 

of the procedure is that it uses additional channels for the second 

peak when the portion of primary interest is in the decay curve part 

of the distribution. Some of the data collected for the B 2Z* (v'=0) 

lifetime uses this procedure. The abundance of photoelectrons 

produced at the higher pressure of experimental operation is suscep

tible to preferential counting. The test allows a relatively quick 

means to select the beam current for maximum signal without preferen

tial counting.
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B. Determination of Decay Parameters

47

Once a MCA count distribution is acquired for some purpose, deter

mination of the parameters characteristic of the decay portion of the 

distribution is straightforward. The decay information exhibits the 

relationship y = A exp(-Bx) + C, where y is the number of counts in a 

channel and x is an assigned channel number. The assignment of channel 

numbers separates the decay curve from the excitation portion of the 

distribution for purposes of the analysis. Here the channel associated 

with the beginning of the decay is designated as the zero channel. 

Values for the parameters A, B, and C are first estimated by graphical 

analysis. The procedure requires that the constant C be subtracted 

from the channel counts to isolate the time dependent term. These 

remaining channel counts are called photon counts. C is the average 

contribution to the channel count due to the TPHC and MCA analysis of 

noise pulses which are random in time. Usually the value is obtained 

by averaging the last 10 channels of the decay record where the time- 

dependent photon count is small. A semi-logarithmic graph of the pho

ton counts versus channel number determines a straight line plot, the 

slope of which is the first value for B. This assumes of course that 

the time dependence is in fact single exponential, that the semi-log

arithmic presentation of the photon counts demonstrates linearity for 

the entire length of the decay record. In practice a trial and error 

choice of C is sometimes necessary to obtain the required graphical
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linearity. This applies for the low pressure cases where the apparent 

lifetime is longer and the later channels of the decay record contain 

an appreciable number of the time dependent photon counts.

The graphical estimates for the parameters A, B, and C are the 

initial values for an iterative computer least squares fit of the raw 

data to the above equation. The resulting value for B divided by the 

channel time calibration factor is the measured decay constant, y,

that appears in equation 10.

In a like manner other values of y are determined from decay 

records associated with different pressure conditions in the experi

mental operation. If the variation of y with pressure is strictly 

linear, then the derived equation 10 Stern-Volmer relation applies,

and the extrapolation of y to zero pressure gives the reciprocal of

the observed state's natural lifetime.

48
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CHAPTER V 

RESULTS AND DISCUSSION

A. Ng B 2E* v ' = 0 Lifetime

The experimental program included a measurement of the 

Ng B 2£u v 1 = 0 state lifetime at the beginning of operation to aid 

in refining the measurement technique and in general test the method. 

The test, of course, is to duplicate a fairly well-established life

time value. The success of the measurement demonstrates the ability of 
2

the experiment to determine the A Hu state lifetimes.
2

The choice of the B Iu v' = 0 state has several other advantages 

in addition to having an established lifetime. First, it has a much
2

shorter lifetime than those expected for the A Hu states. The dis

play then of the photon count time dependence is more sensitive to 

the timing aspects of the experimental operation. This applies par

ticularly to the beam dynamics and to the overall stability of the 

cyclic measurement sequence. Thus, the measurement offers the oppor

tunity to refine the experimental system and measurement techniques 

under more exacting timing requirements than are necessary for the 

A 2nu states' measurements. Another advantage is an intense first 

negative (0,0) emission band in a readily observable region of the 

spectrum. Furthermore, the observation is not complicated by contri

butions of overlapping or near-by bands.

49

Reproduced w ith perm ission o f the copyright owner. Further reproduction prohibited w ithout permission.



The observations of the first negative (0,0) band are typically 

represented by the Figure 9 analog record of a MCA count distribution. 

The decay curve separates the two excitation peaks discussed in the 

Chapter IV section on multiple photoelectron distortion.

Figure 10 shows the single exponential behavior of the decay 

curve, where the photon count is the channel count minus the baseline 

value and the channel numbering is reassigned for rotational conven

ience. The decay information extends over 155 channels, although it 

is not shown completely in the figure because of space requirements of 

the logarithmic scale and the existance of negative values from the 

baseline subtraction. However, the continuation of the single expo

nential behavior is reasonably preserved in the later channels for 

another one and one-half decades. The solid line is the computer 

exponential fit to the data. The abrupt change from the end of the 

beam excitation period to the exponential decay illustrates the 

quickness of the beam's exit from the target chamber and the stability 

of the timing conditions during data accumulation.

The plot of the decay constants versus pressure in Figure 11 shows 

a rather flat pressure dependence for the decay constants. The error 

bars on a point are the standard deviations of the decay constant 

value taken from the single exponential least squares fit to the data. 

Linear extrapolation to zero pressure yields a value of 61.3 ± 1.6 

nanoseconds for the natural lifetime of the B (v' = 0) state 

(Gray et al., 1971). This value compares well with previous measure

ments. Bennett and Dal by's measurement (1959) of 65.8 ± 3.5 nanoseconds
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Figure 9. Analog record of Ng B v' = 0 decay at 3 X 10"^ torr pressure.
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Figure 10. Semi-logarithmic graph of B Eu v' = 0 decay.
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has been in the past generally accepted as the best value. The more 

recent measurements of Hesser and Dressier ( t  = 59 ± 6 nsec, 1966),

Head ( t  = 58.6 ± nsec, 1971), and Johnson and Fowler ( t  = 59.2 ± 4 

nsec, 1970) support the lifetime value being less than 66 nanoseconds. 

The relatively close comparison of the present measurement with 

these other values verifies the accuracy and precision of the measuring 

technique.

+ ?
B. N2 A nu v' = 2, 3, and 4 Lifetimes and N2 Quenching Cross Sections

The observation of Meinel radiation decay is typically represented 

by the Figure 12 analog record of (2,0) band radiation. The number of 

channels used to determine the decay curve range from 170 to 190. The 

single exponential behavior is evident in the Figure 13 semi-logarith

mic graph of the photon counts versus channels. The graph does not 

show the full extent of the record for the same reasons given in the 

previous section. All of the Meinel observations exhibit single 

exponential behavior over the whole range of the decay record except 

in two cases.

At an early stage of the experimental work, a loss of photon counts 

in the later channels of a decay record were increasingly evident as 

the operation pressure was reduced below 2 mtorr. The loss is attri

buted to the diffusion of excited ions to the chamber walls where 

inelastic collisions deplete the excited state population. This
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Figure 12. Analog record of Ng A 2ny v' = 2 decay at 7 X 10"4 torr pressure.
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Figure 13. Semi-logarithmic graph of A nu v' = 2  decay.
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additional loss mechanism is present at the later times in the decay 

period because of the ions' mean transit time to the wall. The low 

pressure feature derives from the reduced probability that an ion will 

be collisionally deactivated by a neutral molecule before reaching the 

wall, i.e. the mean free path of the ions in the neutral particle gas 

approaches the radius dimension of the interaction chamber. The dif

fusion loss problem was rectified with the addition of a small colli

mating magnetic field to the interaction chamber. The resultant 

restriction of the ions to the central viewing region maintained the 

radiative decay's single exponential behavior for the full extent of 

the decay record.

The second case occurred for decay curves of the (2,0) band at 

pressures above 8 mtorr. In this range of pressure, they exhibit a 

double exponential time dependence. A possible source of the second 

exponential decay is first positive (7,6) band emissions which lie 

within the Meinel (2,0) filter's band pass. Previous work (Sheridan 

et al., 1964; Simpson and McConkey, 1969) shows that in the pressure 

range 0 to 20 mtorr, a greater than first order pressure dependence of 

the emission intensity can be expected for the first positive bands.

In comparison, the Meinel bands' intensity display less than first 

order pressure dependence. This behavior is attributed to the relative 

importance of two processes that are present in addition to the 

primary electron excitation and radiative decay of the excited state. 

First the secondary electrons produced from the primary collisions
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are also an excitation source for ground state neutral molecules.

The population of excited states by secondary electron collisions 

necessarily has a second order dependence on pressure. If the secon

dary excitation rate is significant relative to the primary excita

tion, the intensity of the state's radiative transitions should reveal 

the second order pressure dependence. Assuming that the mean energy 

of the secondary electrons is several tens of electron volts, the source 

of the first positive emission, the B 3Hg state, is more efficiently 

populated by the secondary process. The greater efficiency is due to 

the difference in excitation cross sections of the two electronic

states (the cross section maximum of the B 3ng states occurs near 15
o

electron volts compared to 110 electron volts for the A nu states).

Thus in the pressure range of interest the first positive intensity 

shows a second order effect whereas the secondary process has an 

insignificant effect on the Meinel intensity.

The other process reduces an excited state's emission rate by 

radiationless colli sional deactivation of the state's population.

This is also a pressure dependent process where the intensity is in

creasingly quenched at higher pressures. As a result, the first 

positive intensity has a less than secondary pressure dependence and 

the Meinel intensity is less than first order.

The possibility that the source of the second exponential of the

Meinel (2,0) band decay record is cascade transitions from the

+ 2 2
N2 D Tig state populating the A nu state is not likely. In this
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experiment, the Meinel (3,1) and (4,1) bands do not show a similar 

second exponential component in the higher pressure decay records.

It is expected that a cascade process would also affect the population 

of the v' = 3 and v* = 4 states.

The measured decay constants used for the Stern-Volmer graphs 

are restricted to pressures below 5 mtorr where strict single expo

nential behavior is observed. The graphs, Figures 14, 15, and 16, 

show a linear pressure dependence of the decay constants for the Meinel 

(2,0), (3,1), and (4,1) bands, respectively. The vertical error bars 

represent standard deviation values derived from the single exponential 

curve fit to the decay data. The error bars are not on the higher 

pressure points of Figure 14 as these values are within the drafted 

dimension of the points.

Table II presents the lifetimes and collisional deactivation cross 

sections determined from the intercept and slope of the Stern-Volmer 

graphs. Also tabulated is the wavelength, X, of the observed band's 

spectral peak emission. The error limits assigned the lifetime and 

quenching cross section values require further discussion of the 

experiment's pressure measurement. Recall that pressure values are 

obtained by a Pirani and an ionization gauge for which an absolute 

calibration was not attempted. In this regard the Stern-Volmer graphs 

offer two observations. First, the compatibility of the decay con

stants above and below 1 mtorr assures the match of the two pressure 

ranges at their common boundary. Secondly, the demonstrated linearity
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Figure 14. Stern-Volmer graph of A 2HU v' = 2  measured decay constants.
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of the Stern-Volmer graphs is the basis of the zero pressure extra

polation. Although there is a real possibility that the gauge scale 

pressures deviate from absolute values in a linear manner, the zero 

pressure intercept is not affected. The uniqueness of the intercept 

is readily apparent in the appropriate Stern-Volmer expression,

63

^ir(T+c7~P^

where the scale pressure Pg and the absolute pressure P^ are related 

by a calibration factor c. The other possibility that there exists 

a constant difference between the scale pressures and the correspon

ding absolute pressures, Pg = P^+c, is remote because of the two 

pressure gauges used and the Pirani gauge zero pressure calibration 

repeated during the experimental operation. The lifetime absolute 

error limits then are estimated from the scatter of the measured 

decay constants from the interpolated best straight line.

Table II. Measured Values of Lifetimes and N2 Quenching Cross Sections 

for Some A 2nu Vibrational States of NjJ.

x 2jJ

X

(A) (ys^c) (10'15 cm2)

v* = 2 II O 7853.6 9.4 ± 1.0 5.5 ± 2.5

3 1 8082.9 9.5 ± 1.0 8.0 ± 4.0

4 1 7064.5 8.9 ± 1.0 7.8 ± 3.9
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A systematic error in the pressure measurement, however, directly 

results in an inaccurate calculation of the deactivation cross sections. 

In this experiment it is doubtful that the size of such error is more 

significant than the reading uncertainty of the Pirani gauge alone 

(±0.2 mtorr). Nevertheless, these pressure considerations lead to 

assigning rather large error limits to the quenching cross section 

values.

C. Comparison to Other Work

At the beginning of this experiment the results of previous

+ 2
experimental work presented a confusing description of the Ng A nu 

state's deactivation processes. The values reported for the natural 

lifetimes were widely disparate. Furthermore, there appeared to be 

an unusual deactivation process dominating low pressure (<2 mtorr) 

behavior of the state's radiative decay in electron beam experiments.
2

As a result, previous measurements of the A nu excitation cross 

sections were doubtful. In order to resolve the conflicting results, 

the present investigation was a pulsed electron beam experiment de

signed to overcome the weaknesses of the O'Neal and Davidson, and 

Shemansky and Broadfoot experiments. These weaknesses are: suscepti

bility to diffusion loss effects, and the inability of the particular 

measurement techniques to record an emission decay of sufficient detail 

and extent to identify the effects of all contributing processes.
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At pressures less than 2 mtorr where the mean free path is a few 

centimeters, thermal ions diffuse approximately 0.5 cm in 10 ysec.

Such a distance is a significant fraction of Shemansky and Broadfoot's 

observation region dimensions (1 cm). The observation region of O'Neal 

and Davidson is determined by a condensing lens and a spectrometer 

aligned along the electron beam axis. Although no estimates of the 

region's dimensions are given, a spectrometer's viewing region is 

generally restricted by the slit width. Ion diffusion can be enhanced 

by space charge effects induced by large beam currents, or when there 

is an external electric field in the observation region. Shemansky and 

Broadfoot used currents up to 500 yA with both electric and magnetic 

fields present in the viewing region. Currents up to 10 mA are used in 

the other experiment. The present investigation uses small beam 

currents (1 yA) and a larger observation region that is free of exter

nal electric fields.

The previous two pulsed electron beam experiments used similar 

modifications of the delayed coincidence technique (Heron et al.,

1956). In their procedure, the intensity decays of the periodically 

interrupted excitation are sampled by a gated detector, the narrow 

gate being delayed in time from the interruptions. By varying the 

time delay sequentially, a time distribution of the decay signal is 

recorded. From this record a decay constant is determined for the 

Stern-Volmer analysis.

The measurement sensitivity is hampered by the scanning procedure
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of the variable delay and the width of the sampling gate. In 

Shemansky and Broadfoot's case, the gate was 1 ysec wide. These 

constraints limit time resolution in the beginning of the record, 

where signal change is greatest, and signal resolution in the "tail" 

of the record (t greater than 2 lifetimes). The information in the 

tail is extremely important when cascade processes or overlap radia

tion contribute to the record. Detection of these contributions and 

accurate data analysis rely on this information, particularly when the 

lifetime of the process is very near that of the principal radiation. 

Since the decay constant is calculated from the slope of the record's 

semi-log plot, a small undetected contribution to the record from some 

extraneous source can induce significant error to the data analysis.

In this regard, the time length of Shemansky and Broadfoot's decay 

records are 14 ysec with less than 30 data points. O'Neil and Davidson 

do not show the extent of their decay records. The present measurement 

replaces the timing and scanning function of the variable delay with a 

capability to monitor the whole extent of the decay in real time. At 

least 170 data points record the decay with intervals corresponding 

to gate widths of 0.217 ysec. In this manner the investigation is 

far more sensitive to the observable molecular processes than the 

previous electron beam experiments.

The time-of-flight method of Hollstein et al. measures the 

intensity of a beam of excited N^ ions at two fixed positions along 

the beam axis. By selecting different beam velocities, the two inten
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sity observations scan the decay curve. The ratio of measured 

intensity pairs versus velocity yields the time dependence of the 

emission decay. The slope of a semi-log plot of the ratios yields 

the lifetime value. There are two major advantages to this technique 

relative to the electron beam experiments. Since the emission source 

in this method is an extracted beam of n£ ions, experimental operation 

is at much lower pressures (10"^ torr to 10"6 torr) than the electron 

beam experiments (10"^ to 10“^ torr) where the production of ions 

is in the observation region. Thus collisional deactivation is not a 

significant depopulating mechanism and zero pressure extrapolation is 

not required. Secondly, the method does not have to contend with com

plications from N2 first positive overlap emissions.

Some aspects of the method are limiting however. Since it relies 

on the ratio of two intensities, obtaining information in the tail 

region of the decay is restricted. In the measurement of Hoi1 stein et 

al., the decay data span only 6 ysec. The measurement then is subject 

to errors from undetected, longer-lived cascade effects. Also, a 

contribution to the decay data from ion-ion interactions cannot be 

observed by this technique, whereas it would appear as a second order 

effect in the data of the electron beam method.

The results of the present investigation give values for the
o

A nu lifetimes that are between the lower values (T~6ysec, v‘ = 2) 

reported from previous electron beam experiments and higher values 

(t~12 ysec, v' = 3) of the time of flight measurement. The demon-
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strated linearity of the Stern-Volmer data to low pressures in the

present case provides a notable comparison with results of the other

electron beam experiments. First, it identifies the decay constant's

unusual low pressure behavior previously observed as most probably

due to diffusion loss effects and eliminates the suggestions that the 
2

A IIU states are subject to a complex radiation!ess deactivation pro

cess. Second, it allows zero pressure extrapolation in a pressure 

region free of complicating first positive emissions. O'Neal and 

Davidson's extrapolation relied on measured decay constants at pres

sures ranging up to 20 mtorr. It can reasonably be argued that their 

higher pressure data more adequately represented the apparent life

times of contributing B 3ng states. Measurements of first positive 

emission decay show that B 3ng lifetimes are shorter than the A 2nu 

values measured in this experiment. The B ng v' = 7  state, which emits 

photons in the energy range of the Meinel (2,0) band, is reported to 

have a lifetime value in the range 4 to 6 ysec (Jeunehomme, 1966;

Hoi1 stein et al., 1969; Fowler et al., 1967; O'Neal and Davidson,

1967; Johnson and Fowler, 1970). In comparison, O'Neal and Davidson's
2

measured value for the A nu v' = 2 state is 6.3 ysec. Other aspects 

of their experimental data led them to speculate that anomalous low 

pressure (<2 mtorr) behavior was in part consistent with radiation 

contributions from a longer lived state. Thus it appears that their 

interpretation of the higher pressure data as solely from Meinel 

radiation is mistaken.
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The reason for the disparity between this investigation and the 

Hoi 1 stein et al. time of flight results is not readily apparent. 

However, nearly coincident with the publication of this experiment's 

results, Holland and Maier (1972) reported time of flight measurements 

that reduced the discrepency (see Figure 17). The later report of 

Peterson and Mosely (1973) further improved the agreement between time 

of flight measurements and the results of this electron beam experi

ment.

One feature of the latter two measurements that is not similarly 

evident in this investigation is a demonstrated monotonic decrease in
p

the A nu lifetimes with increasing values of the vibrational state's 

v' quantum number. Such an effect is anticipated when there is an 

appreciable variation in the electronic transition moment due to small 

changes of the internuclear separation r centroid associated with the 

different vibrational states. Shemansky and Broadfoot also show a 

similar variation of lifetime with the v' quantum number. In this 

instance, measured relative band intensities are used with Frank Condon 

factors to calcualte the variation of the electronic transition moment 

and then O'Neal and Davidson's lifetime values are used to normalize 

their relative values. It appears that in comparison to Peterson and 

Mosely's later values, this investigation's lifetimes value for the 

v' = 2 states may be too low, relative to the v' = 3 and v' = 4 values. 

It is not known if the value is indicative of some other effect on the 

v ' = 2 state population than primary electron excitation, radiative
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transfer, and collisional deactivation. A value near 10.5 ysec is 

required to match the v' dependence of the recent time of flight 

values. This would necessitate a substantial relocation of the Stern- 

Volmer graph (Figure 14). On the other hand, the v' = 3 value could be 

too high as the Stern-Volmer data is the least accurate due to the 

combination of smaller relative band intensity and reduced sensi

tivity of the detector. In this case, the lifetime dependence on v' 

would tend to be significantly different from the time of flight 

results.
2

Previous investigations of the A nu states' radiationless

deactivation have not provided a complete description of the quenching

processes. Table III lists the results of all the work in terms of the

deactivation rates measured. In two cases, the investigators' measured

quantities are normalized to a 10 ysec lifetime value for the v' = 2

state for purposes of comparison. Sheridan et al. (1964) estimated

-9  3
the rate of quenching by N2 for the v' = 2  state to be 1.0 x 10 cm 

sec"1. O'Neal and Davidson (1967) measured N2 deactivation cross 

sections from Stern-Volmer analysis of the (2,0), (1,0), and (0,0) band 

emission decays. The cross section values correspond to deactivation 

rates of 4.7 x 10"10, 4.3 x 10"10, and 3.2 x 10~10 cm3 sec"1, respec

tively, where it is assumed that the N2 ions have thermal velocities.

The Simpson and McConkey investigation (1969) of several A 2nu 

states excited by 80 and 120 ev electrons determined ratios of a 

quenching coefficient to the radiative transition probability,
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Ay ,v„. The deactivation rates listed in Table III are obtained from 

the ratios by using calculated transition probabilities (Shemansky and 

Broadfoot, 1971) normalized to a 10 ysec v 1 = 2 state lifetime.

The comparison of the listed quenching rate values must be treated 

with caution because of the weaknesses of the experimental efforts 

described earlier. It appears that a value of 4.0 ± .5 x 10’^° cm3sec“^

may be tentatively assigned to the rate of v' = 2  state quenching by

ground state N2 - Simpson and McConkey show an apparent dependence of 

Meinel radiation quenching on the energy of the electrons incident on 

the N2 target molecules. O'Neal and Davidson also report an apparent 

energy dependence. The mechanism for such an effect is unknown. The

values for the other states are inconclusive. There is evidence, how

ever, that the collisional deactivation is vibrationally dependent 

with the quenching rate increasing with v'.

Table III. N2 Collision Deactivation Rates of N2 A 2nu Vibration States.

__________ Deactivation Rate (X 10~^° cm3sec"b______________

Band This Work Sheridan O'Neal and Simpson and McConkey
 et al. Davidson 80 ev 120 ev

72

(0,0) 3.2
(1,0) 4.3
2,0 3.9 4.0 4.7 4.2 3.3
(3,0) 4.3 4.2
(3,1) 5.6
(4,0) 4.6
(4,1) 5.5 8.5 4.5
(5,2) 19.5 14.1
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Comes and Speier (1971) have proposed a model for radiationless 

transitions between electronic energy states that require an increase 

of the quenching rate with the upper state vibrational quantum number. 

By regarding the collision as a perturbation of the excited energy 

state, transitions to a closely lying vibrational level of the lower 

energy state is made possible. The quenching effectiveness of the 

collision perturbation then is dependent on the proximity of the 

initial and final states. The application of the hypothesis to the 
2

A nu states deactivation can be roughly described by the potential 
2

energy curves of figure 1. The A iru electronic state curve crosses

2 +
the lower lying X Zg state at a small angle near v ' =6. The colli- 

o
sional deactivation rate of the A Zu vibrational levels then is 

expected to show a rapid increase as v' energies approach the curve

intersection. Comes and Speier further suggest that the different

+ 2 +
quenching cross sections that they measured for the N2 B Z v 1 = 0  

and v' = 1  states are also due to perturbation enhancement of deacti

vation for energy levels near a curve crossing. In this case, the

final product of the proposed deactivation mechanism increases the
2

population of the upper levels of the A nu electronic state.

The anomalous low pressure effects (p < 2 mtorr) of earlier
2

efforts to measure the A Hu lifetimes with electron beam experiments 

have also appeared in several measurements of the excitation cross 

sections. Simpson and McConkey (1969) and Stanton and St. John (1969) 

interpreted the effect as an abrupt absence of collisional quenching.
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Shrivastava and Mirza (1969) also regard the pressure region 10"^ torr 

to 10 torr as free of quenching. In contrast, this experiment 

demonstrates that when the experimental design anticipates the pre

sence of long lived states, colli sional deactivation is significant

at pressures below 2 mtorr. Thus it is likely that the reported values 
2

for the A nu absolute excitation cross sections are incorrect.

D. Conclusions

+ 7
This investigation shows that the N2 A nu states have lifetimes 

substantially longer than the values claimed in previous electron beam 

experimental efforts but not as long as time of flight measurements 

indicate. Subsequent time of flight measurements have in part sub

stantiated the results of this measurement. The agreement has added 

importance because of basic differences in the experimental conditions 

and measuring techniques employed by the electron beam and time of 

f1i ght methods.
O

Earlier investigations indicated that at low pressures the A nu 

states may have significant population contributions from an unknown 

secondary excitation process or depopulation by an unusual colli sional 

deactivation process. This experiment eliminates these possibilities 

and establishes that the deactivation is governed only by natural 

radiative transitions and first order collision deactivation. This 

conclusion is supported by the compatibility of the lifetime values
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with the subsequent Peterson and Mosely time of flight measurements.
2

In this regard, past measurements of A Hu excitation cross sections 

are then questionable. Hence, there is a need to re-evaluate these 

results for unaccounted collisional quenching and diffusion loss 

errors. Any future attempt to accurately measure the cross sections 

must successfully eliminate diffusion loss problems posed by the long 

lifetimes.

This experiment's attempt to measure collision cross sections of

+ ?
the N2 A nu states by N2 had limited success. Although the first 

order pressure dependence of collisional deactivation is demonstrated, 

deficiencies of the pressure measuring instruments in the range of 

interest led to the assignment of rather large uncertainties to the 

cross section values. There is evidence that the cross sections have 

a vibrational and energy dependence. Comes and Speier (1971) have

proposed an interesting hypothesis for the vibrational dependence.
2

However, the description of the A nu states' collision quenching will 

not be complete until detailed experimental information of the colli

sion participants and/or a proven theoretical basis for the deacti

vating mechanism is obtained.

E. Suggestions for Improvements

There are several ways in which this experiment can be improved. 

Clearly, the selection of a capacitance manometer with the low pressure
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heads that are currently available would reduce the uncertainty and 

difficulty of the measurements in the 1 to 10 mtorr range experienced 

with the Pirani gauge. This would correspondingly reduce the uncer

tainty of the calculations for the quenching cross sections and the 

lifetimes. When measuring long lifetimes, this experiment and others 

of its type demonstrate the need for a large observation chamber to 

escape complex diffusion effects at low pressure operation. To 

increase the observation region would also require either a larger 

diameter photomultiplier or light gathering optics for the popular 

2-inch diameter tube used with interference filters. The use of a 

spectrometer, desirable for its ease of band selection and for band 

width control, poses serious problems in attainment of a large obser

vation region.
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APPENDIX

The electron gun is taken from a 3BP1-A cathode ray tube. Figure 

18 shows the voltage divider network that supplies the gun. The inclu

sion of the battery V3 offsets the beam vertical position range of the 

Rg potentiometer for a more suitable alignment of the beam at the 

aperture plate. Since the beam position is slightly dependent on the 

beam current, the addition of V3 for this particular gun allows R2 

adjustment to maintain the beam position over the effective operating 

life of the filament.
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