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LABORATORY OPERATIONS

The Laboratory Operations of The Asrospace Corporation is conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military concepts and systems. Ver-
satility and flexibility have been developed to a high degree by the laboratory
personnel in dealing with the many problems encountered in the nation's rapily
developing space and missile tystems. Expertise in the latest scientific devel-
opments is vital to the accomplishment of tasks related to these problems. The
laboratories that contribute to this research are:

Aerodynamics and Propulsion Research laboratory: Launch and reentry
aerodynamics, heat transfer, reentry physics, propulsion, high-temperature
chemistry and chemical kinetics, structural mechanics, flight dynamics, atmo-
spheric pollution, and high-power gas lasers.

Electronice Research Laboratory: Generation, transmission, detection,
and processing of electromagnetic radiatinn in the terrestrial and space envi-
ronments, with emphasis on the millimeter-wave, infrared, and visible portions
of the spectrum; design and fabrication of antennas, complex optical systems
and photolithographic solid-state devices; test and development of practical
superconducting detectors and laser devices and technology, including high-
power lasers, atmospheric pollution, and biomedical problems.

Materials Sciences leontoq; Development of new materials; metal
matrix composites and new forms of carbon; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and components in radiaticn
and high -vacuum environments; application of fracture mechamcs to stress
corrosion and fatigue-induced fractures in structural metals; effect of nature
of material surfaces on lubrication, photosensitization, and catalytic reactions,
and development of prosthesis devices.

Plasma Research Laboratory; Reentry physics and nuclear wezpons
effects; the interaction of ant s with reentry plasma sheaths; experimenta-
tion with thermonuclear plasras; the generation and propagation of plasma
waves in the magnetosphere; chemical reactions of vibrationally excited
species in rocket plumes; and high-precision laser ranging.

Space Physics Laboratory: Aeronomy; density and composition of the
atmosphere at all altitudes; atmospheric reactions and atmospheric optics;
pollution of the environment; the sun, earth's resources; meteorological mea-
surements; radiation belts and cosmic rays; and the effects of nuclear explo-

sions, magnetic storms, and solar radiation on the atmosphere.
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A

I. INTRODUCTION

The Meinel band system of N;, A Zﬂu -X ZZ; , is not only one of
the strongest emission fcatures in normal auroras, but also might well play
a role in chemical reactions and charge transfer processes which occur in the
upper atmospherc. Observa.tionsl indicate that in normal auroras, the First
Positive system is the strongest emission feature, the Meinel system about
a facior of twe weaker, and the ()2 Infrared Atmospheric about 60 percent of
the Meinel system. Ang¢malies in the rotational and vibrational distributionrs
of the auroral Meinel bands have led to the Suggestxon2 that v! =1 of the

A zﬂu state is populated by the charge transfer process

o' #p) +N, x'£~0 (P ¥ N (42T, v =)
Recent laboratory measurements on the quenching of the 3 ZE: state of N;
suggcst3 that one of the products of the quenching might be the A-state of N;.
The Meinel band system has also been detectcd4 in the dayglow where it
appears to be populated by both photoionization and the O+ charge transfer
process.

The Meincl band system was discovered by MeinelS in the study of
auroral emissions and following a series of refined experimentsé, the correct
vibrational numbering and location of thre A Zﬂu state was obtained. Fedorova.7
and coworkers have made a series of auroral and laboratory measurements
on the Meinel band system in an effort to determine its radiative and excitation

properties, but have had considerable difficulty obtaining consistent results

[T
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because of strong quenching effects. Itis worth noting that the spectral region
0.95 t0 2.0 ym in both the aurora and dayglow has been little studied due to the
relatively poor response of detectors in this spectral region and yet it contains
some of the most intense spectral features. However, Vallance-Jones

and Gattinger, 8 and Harrison9 have recently begun a systematic study of the
auroral spectrum out to about 2.5 gm.

Before measurements of the atmospheric emission features can be
utilized to characterize the properties of the source of the excitations, the funda-
mental excitation and radiative properties of the band system of interest must
be known. In the casc of the First Positive system of NZ' the excitation and
radiative processes are well enough known trom laboratory measurements to
allow calculations to be made on auroral processes.10 In the case of the
Mecinel band system, the laboratory experiments have not yet obtained reliable
excii-tion cross sections and only very recently, through the use of time-of-

flight techniques, have v:x patural lifetimes for the A Zﬂu state been deter-

11,12

mined The fundamental information needed are (i) the transition proba-

bilities, (ii) the excitation cross sections, and (iii) the quenching rates,for the
lowest 6 or 7 vibrational levels of the A Znu state. With this basic information
1t is possible to evaluate the importance of secondary excitation processes for
the A-state such as quenching from the B-state and charge transfer with O+,
which are expected to be important at lower altitudes.

There have recently been a variety of experiments conducted on N2+
with the aim of obtaining one or more of the three fundamental properties for

the Meinel system mentioned above. The details of these experiments will
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not be discussed in detail here since the experimental groups 1-13 now working
on the properties of the Meinel system will address these questions more
completely. However, itis worth mentioning the peculiarities which have
been observed for thc Meinel system during the experimental work. The
difficulty which has plagued all the laboratory experiments on the Meinel
system, except the time-of-flight lifetime studies, is a combination of the
large quenching cross section for the A-state and its relatively long lifetime.
Conventional fluorescent decay experiments could not be conducted at low
enough pressure to permit reliable extrapolation to zero pressure. In addition,
pressurec dependence of the measured intensity in these experiments generally
cannot be described by a Stern-Volmer type relation and in some previous
cases, certain properties of the apparatus employed seemed to affect the
measured quantities.

The objective of this theoretical research was to go as far as possible
toward developing a consistent theoretical model of the optical excitation,
emission and deactivation properties of the N; Meinel molecular band system
excited by electrons. The goal was to develop a better understanding and pre-
diction of:

a) Excitation Paths

b) Excitation Cross Sections

c¢) Emission Paths and Processes

d}) Emission Cross Sections

e) Collisional Quenching Cross Sections

f)} Radiative Lifetimes

g) Absolute Fluorescence Efficiencies

S T S L O T I S A N i N W 8 ittt =

POEARERN

e oS o SNBSS T T




for the {0, 0), (1, 0), (2,0} and (3,1) N; Meinel bands. A good deal of under-
standing and information about the processes listed above covering the N;
Meinel band system has resulted from this theoretical study and the related
experimental research. The model which will be discussed below (Section II}

appears to explain the excitation paths of the Meinel system and hence satisfy

goal (a) above. The radiative properties and natural lifetimes of the lowest

ten vibrational levels are now well understood (see Section III) which fulfills
goal {f). The information avaiiable on the quenching of the N; states (Section
V) suggests a model which, although not yet completed, indicates that goal (e}
on the quenching cross sections may be fulfilled in the near future. The exper-
imental work being done at Utah State should help considerably on this import-
ant problem. The experimental work done by the Los Alamos group and that
which is about to be done at Utah State University13 on the excitation cross
sections should fulfill goals (b) through (d). When these theoretical and exper-
imental findings are combined, it should be¢ possible to obtain the fluorescence

efficiencies for the four Meinel bands desired.
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IL MCDEL FOR POPULATION OF MEINEL BANDS

The excitation of the Meinel bands by elcctron bombardment of NZ

could proceed by three possibie processes:

N, ¥ e —N, (a) #227 (1
N, £ e-—-rN; e
2
) 2}
l N; (a) # e”
N, £ e‘—»N«Z' (£>A) #2¢

L=l >
Nz (A) £ by

Process (1) represents direct excitatic: of one of the bound electrons of NZ into
the ionizzation continuum of the A-state and is useazily called “direct” excrtation
of the A-state. Process (2) represents excitation of N, w 2 Rydberg state
which is imbedded in the ionization continuum and can then autoionize into the
A-state. Process (3) represents excitation (direct or avioionization) ino 2

state of N, which can energetically cascade into the A-state. The charge trans-

2
: 2 .
fer process with 0?( D) producing N; (A) is not considered here.

Process (1) has in the past been considered as the only important pro- 4

duction mechanism of N; (A). This belief was based largely on the fact that
1\; {B), at least for the lowest two vibrational levels, was found to follew the
direct excitation process. However, for the N; {A), the situation seems more
O’Neil and Davidson! concluded from heir measurements that

comphicated.

the lower vibrational levels of the A-state were populated by a dual excitation




r""

process. Holland amd &we::.": using @ difierent experimentzl techmique, bare
found thai the expernmenizl excitztion cross sectons for v° = 4 through «" = 7,
relatiue o that for (2, 0), 2rc larger than that predicred by direct excitarion-
This evidence imfacates that there 1S an excit2Bon process in addition to the
derect process which s operative for producing the A-state.

Theorciiczl considerations and recent experiment2l rescits from
shotoricciron speciroscopy (Section EV) suggest that 2 combinzanon of precesses

(23 and (3) pizy 2 role in population of the A-st2te. Amiciomezation is clearziy

h

operazve in éamir;g_x.\"z siztes 25 has been shoun by the work of Cook and
Metzger® who found that essentially 2Ml of the major 2bsorption pezks 2lso
zutnomzed. Some feeling for the magnitude of the zuilcicliz2B oD Process can
B whhzaineC by commparing the peaks with the costineum in Fig- 1, wiack shows

-«

e 2DsorpBo specirum  6f X, 25 2 func Bon of wavelength. The pezks repre-

seat &ffcrent members of Rydberg series converging io vibra2tionzi levels of
the vanious 1on si2tes. The members of the various series are indicaied 2loxz
the zop of the figure. Sindce each of these peaks auvioiomzes, 3 1t 1s clear that
they contribuie an appreciable amouni 10 the toial production of 1cn siaies.-
Cascade from higher electronic states, or from 2ny wvibrztional levels
that are encrgriicaliy 2bove 2 given level of the A-state fe.g., X(+v'2 5)] are
also 2 possible populaion mmechanism for the A-siate. The Janin-d'Incan
(D an -A 2[]u) systein 1s well known as is the Second Negative (C Zz: - X ZZ;)

2 - - - .
system.~ The Janin-d’'Incan t-ansitions tend to populate many vibrational

levels of the A-state although the tabulated transitions mainly termmnate on
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A-lcvels less than about 8. The strongest transitions for the Second Negative
system terminates on levels of the X-state greater than v'' & 5,

The modcl that suggests itself for the production of the vibrational
populaton in the A-state involves (i) population of vibrational levels of the
X-state greater than four by autoionization and cascade from the C-state, ii)
population of higher levels of the A-state by cascade from the D-state, and
perhaps some autoionization, and iii) intrasystem cascading between vibrational
levels of the X and A states to producc the final vibrational population of the
A-state. The non Stern-Volmer quenching which has been observedl' for cer-
tain Meinel transitions could be a result of the quenching of those population
processes other than direct excitation. To determine the applicability of this
model requires that additional theoretical and experimental work be conducted
on the Meinel system. The theoretical work required to understand the pro-
cesses taking place in the Meinel system was considered to consist of three
phases. Phase ] was the determination of the transition probabilities and
oscillator strengths for the Meinel system. These were felt to be the most
important quantities in understanding the Meinel system and they were obtained
during this research period. Phase Il was formulated to consist of the under-
standing of the various excitation processes for the levels of the A-state. A
good deal of progress has been made in dealing with the autoionization process
and this is discussed in Section IV. Phase [II is the understanding of the quench-
ing processes in the A-state and thus the fluorescence efficiency of the Meinel

band system.
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11I, MEINEL BAND TRANSITION PROBABILITIES

A. INTRODUCTION

The Meinel band system of N;. A Znu - X 22; , was firet identified in
auroral apectnl and has since been the subject of numerous ltudtelz of auroral
emission features because of its strength and possible population by O+(?'D)

3 wi th NZ(X l£;)- Accurate measurements of the lifetimes

charge exchmgez.’
for vibrational levels v' = 2-5 have recently been reported by Holland and
Maier‘. for v' = 9 by Maier and Holland, 5 and for levels v' = 1-8 by Peterson
and Moseleyb (preceding paper). There is excellent agreement between the
two sets of measurements for those levels which were measured in both exper-
iments. The papers by Holland and Maier, 4 and by Peterson and Mowley6
contain a discussion of the earlier lifetime measurements and the comparison
with their new results. The recent theoretical paper on electronic transition
probabilities by Popkie and Henneker7 contains an excellent bibliography of the
other experimental work which has been done on the Meinel band system.
However, many of the basic properties relating to the Meinel system such as
the population mechanisms and quenching cross sections are still unknown,
which makes the interpretation of atmospheric processes involving this N;
system somewhat uncertain.

Most of the previous attempts to extract the internuclear dependence

9

of the band ltrengt.hs of the Meinel system from auroral intensities’ or labor-

atory relative intcnlmelw have been unsuccessful because of the long life-

times for the levels of the A-state and the presence of overiapping bands from

4

the Nz First-Positive band system. Holland and Maier” obtained some

Praceding page blank

e13a



information about the internuclear dependence over a small wavelength interval

2

from their ion-beam mcasurements. Popkic and Henneker' combined

1 12

the lifetime measurements of O 'Neil and Davidson, = and of Hollstein et al,

lsto estimate the band

with the intensity measurements of Stanton and St. John
strength dependence on internuclear distance. However, the lifetimes of the
levels of the A-state were not well enough known at the time they did their
work for them to establish the correct absolute value or the dependence over
an extended range in the internuclear distance. Popkie and Henneker also
reported ab initiocalculations of the transition momcntssb obtained by
employing Hartree-Fock wavefunctions.

In this paper, the new lifetime measurements of Holland and Maier, 4
Maier and Holland, 3 and Peterson and Museley, 6 have been used to extract the )
transition moment and {ts dependence on internuclear distance. The data were
analyzed by expanding the electronic portion of the molecular dipole strength
as a polynomial in the internuclear distance, rather than applying the r-centroid
method to the square of the transition moment. The resulting band strengths
are considerably different from those derived previously by others. In addition
to providing accurate transition probabilities and oscillator strengths for the
Meinel band system, these results can be used to obtain reliable values for

transition probabilities from levels v' 2 0 and 9, and hence their lifetimes,

for which no experimental data exist.

“14-



B. THFEORY

A thorough dscussion of the theory of molecular electronic-vibra-
tonal transition probabilities is given by Henneker and Popl:ic:14 in paper I of
their series dealing with the ca2liculation of transition probabilities in diatomic
molecaies, and the relationship of these molecular properties to absolute
rotationzl line irtensides is discussed by Tatumsa and by Schadee-ls’ 16
The Einstein coefficient describing 2 spontaneous transition from an upper

asl4’l6

(T’) o 2 lower ( T™) single rotational stzte can be written (atomic units)
-k4

s 8 gz
& . = AEB: Ir

- 5.3 .3 3 oo .
rr 3c a_ m_ r (23" + 1j

n

in Eg- (1). the energy separation, AEp,yn, and the line strength, S, are

in a2tomic units.n By convention, the upper state quantities are denoted by
single prime and those for the lower by double primes. The quantity a is the
Bohr radius, and the others have their usual meaning.”b Denoting the elec-
tronic, vibrational and rotational quantum numbers by n, v and J, respectively,
and the spin and parity substatessb' 16 by 2 and p, then the quantity ,S’rfr.,
appearing in Eq. (1) is the dipole-length form for the line strength of the trans-
ition between single rotational states,“’ ' =n'v'L'p'J'and I" =n'v"Yy'"p"J".
it is usually a good approximation to neglect the interaction of the rotational

motion with the electronic-vibrational motions, in which case the total line

strength can be factored into

-15-
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A

2
n lvllzllp"

' n " Z z U RN g | o Tt n"v"

s -—Qu J&Ep" nvIp _ ZPJ sll
rre p'J* = QE- p'J’ (2)

2 - 60,7[)(25' +1) 2 - 50,5)(25' +1)
The first factor on the right-hand side of Eq. (2) is the Héni-London factor,
normalized so tha.tlb
zllp"Jll

E EZ S rpty = (2 -0y, x) (25" 1) (23" +1) (3)

J" zlzu

The symbol Ais the least of the quantities A' and A" involved in the transition,
and has been defined this way to insure that the line strength has the desired
properties. If the transition involves a X -state, (2 - 6o7§) =1, butit equals

2 for all other transitions. The second factor in Eq. (2) is the square of the
electronic-vibrational transition moment, summed and averaged over the final
and initial degenerate levels, respectively. Within the framework of Schadae's
electronic-vibration degeneracy concept, 16 the degeneracies are taken to be the
parity and spin substates. The quantity Sn:.v.'l is customarily called the band
strength.8a It is noted that because of this factorization and the normalization

of the Honl-London factors, the transition probability connecting two electronic-

vibrational states reduces to (atomic units)

-16-
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A)

4 nllvll
11y, 11 4e 3 1,8
AL = 33 AE i, = (4)

(2 - 8o,0") (28" +1)

and in cgseéd units, is

e, 11

n''v
n''v'"' _ 64 71’4 3 Sn'v'
Anlvl T e— VV'V“ (5)
3h 2 -8, p) 28" *1)

where Vi is the energy separation between (n'v') and n''v'') in wavenumbers
(cm -1). These transition probabilities are independent of the initial rotational
state because of the assumption stated earlier of no coupling between the rota-
tional and the electronic-vibrational motions.

The band strength, defined here by Eq. (2) to include the summation
over the parity and spin substates, is the fundamental quantity that character-
izes the electronic-vibrational transition. [t can be written in many equivalent
fOl‘l'l’lS14 by using the commutation relations between the position coordinates
and their conjugate momenta. The approach employed here, however, utilizes
just the dipole-length formulation because thatis the form most frequently
employed18 in the interpretation of experimental data.

The natural lifetime, T, of any particular vibrational level, v', of

(R
the excited electronic state is related to the decay constant, Ag.v., by

1 - n" N n''y"
-7-_;-' Anl v = §' Anlvl (6)

-17-




and the absorption band oscillator strength is given byl6

[ ] " 35,11
f;:::: = ‘z’ AEvlvu nl“”l {atomic units) (7)
1ot
8”2 me ) Sll:'\‘r"
= — Vy'lv® (cgses units) (8)
3 he (2 - 601\“)(25" +1)

The analysis of experimental data to obtain information about the
electronic-vibrational interaction has been the subject of a good deal of research
the past few years, with the majority of the discussion centered around the use

of the r-centroid approximation.ls’ 19

This approximation was introduced to
gquantitatively account for the fact that the electronic portion of the transition
momentsb varies with internuclear distance for many transiticns in diatomic
molecules. This method of dealing with electronic-vibrational coupling is
generally successfu119 from an empirical standpoint, but has been criticized*®
because of its weak theoretical foundation and the difficulty of interpreting the
r-centroid as an average internuclear distance. Employing the matrix notation

and suppressing the summation over the degenerate substates, the band strength

can be written in terms of the transition moment as (cgses units)

", 11 2
St <'| M (R)|v">] (9)
|- e 2 [vians|’
= levin'{ -2 e T|v'n'>| , (10)
R )
-18-
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where l denotes the coordinates of the electrons in a molecular-fixed frame,
e is the electron charge, and the integration is taken over all electron coordin-
ates, but only the radial coordinates of the nuclei. The customary r-centroid

approximation writes Eq. (9) as

n"V"

2 2
S = (at Brvlvn + Yrvlvll + ...) qv:v..

nv

(11)

1]

2
Re (rvlvll)qvlvu ’

where Qe is the Franck-Condon fa.ctor18 and T is the r-centroid, defined

in terms of the internuclear distance by

- <v! ]Rlv")

r . n . (12)
Vv <v' | vi'>

Rather than employing the r-centroid approximation, one may simply expand
the electronic portion of the transition moment in Eq. (9) as a power

series in the internuclear distance

M(R) = i§=:0 a, Rl (13)

in which case Eq. (9) becomes

1" 2
Soir < [ao v vi>+oa <y IR| v'> + 3 <v! lel vi> ¢ } (14)

-19-
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As emphasized by Klemsdal, 20e this latter apprcach not only is free of the
assumptions incorporated into the r-centroid approximation, which have been
shownzo to fail in some cases, but also permits a direct comparison of the

obtained transion moment with that predicted by theory.-
This approach of utilizing an expansion in terms of matrix eiements

rather than the r-centroid has been employed by Jain and Salmizob’ d

and by
Popkie and Henneker7 in their analyses of intensity data to obtain the iater-
nuclear dependence of the ;ransition moment, and has also been used in the
present analysis of the lifetime data.
C. NUMERICAL TECHNIQGES

The extraction of the internuclear distance dependence of the transi-
tion moment from lifetime data requires the solution of a2 nonlinear problem
when using either the r-centroid approximation or the matrix approach. ‘ This
is because the lifetime is related to a sum of transition proi:abilities. Eq- (6),
which are proportional to the square of the transition moment, and hence not
linearly related to the unknown coefficients. This is in contrast to intensity
data, which are prof;ortional t; a single transition probability, and which
allows the construction of a linear relationship between the data and the
trangition moment itself by taking the squareA root of both sides of
the appropriate equation. The method employed in this study to determine
the trangition moment was the following. Combining Eqs. (14), (4) and (6),

the relationship between the lifetime and the transition moment becomes

-20-
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The uoknown paracreters, 2., were determined by miziznizimg the weighted sum
of the squares of the residrals, XZ » defired byzg
N
f:):i-’z—[%-:&f]}. ()

7 1%

where the ‘{i 2re the uncerzintes {standzrd desiations) in the data (Eh}),
N is the number of dztz points, and the A; are the caiculated decay constants.
It is noted that bec2use of the inverse reiztionship between the lifetime 2nd the
decay constant, equal uncertaiities in z2ll the measured lifetimnes become
unequal uncertzinties in the decay constan?s and therefore vary froam ope vibra-
tional level to another.

The solution of the nonlinear eguation (15) to obtzin the parameters
(ai) from the measured lifeimes was accomplished by usicg e differensial
corrector, or linearization procedure.ZZ The essence of this method is the
Taylor’s series expansion of the function which contains the parameters, in the
unknown parameters,and the retention of terms through the first derivatives.
This approach results in one equation for each unknown parameter, which is
still nonlinear in that parameter, butis now linear in the change in that

parameter. If there are B parameters to be determined, then the resulting

221-
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where C is a symmetric matrix, A, is the decay constant for level v*, calcu-

lated with the 2ssumed values for the parameters, ‘.'i is the ckarge in the i!33

parameter, and D, = - [Av._. - ;1] is the weighted residual caiculated for

ov- g

level v' with the assumed parameters. The solutions of the matrix ecuation {17)

are the changes in the parameters (Jai ), and from these, a new improved esti-

mate for the parameters can be calculated using

a. = a. +6a.(i=1,..., B) .
i i i

These improved estimates for the parameters can again be inserted into Eq.

(17) and the procedure of solving for the change in the parameters repeated

~22~
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until the magnitude of the changes in the parameters has decreased to an accept-
ably low level. Some care must be exercised in the choosing of the initial
guesses for the unknown parameters to insure convergence to the true, rather
than a local, minimum in X2, It was found that reasonable initial yuesses for
the nonlinear parameters were obtained by first solving the linear problem
formed by expanding the band strength itself (i.e., the square of the transition

moment) according to the r-centroid approximation

Iet)
:l s qV'V"(aO +al rvlvn) ’ (19)

s™,
where Qg0 is the Franck-Condon factor, T is the r-centroid, and LA and o
were determined. In this case the unknown parameters (ai) are linearly related
to the data points and can be obtained by a straightforward application of the
leastsquares method. Initial estimates for the unknown parameters (a,) in the
nonlinear problem were obtained from the values of a and ay in Eq. (19)

according to

a
- = l -
30 /ao » al 2—:— » a.z =0 . (20)
(o]

4

The Franck-Condon factors and r-centroids were calculated :'u.xmerit.:ally2 from

RKR potential eénergy curves obtained from spectroscopic data on N; provided by

Albrittongg_l.zs The matrix elements were obtained by making the appropriate

24

modifications in Zare's”" original programs.
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By the use of matrix methods, which return the inverse of the curva-

ture matrix C,

€ = g'l , (21)

where C is defined by Eq. (17), the uncertainties in each of the parameters

a, due to the uncertainties in the basic data and the quality of the fit can be

obtained from26

o2, = €, (22)

D. RESULTS FOR THE MEINEL SYSTEM OF N;

l. The Transition Moment

The method described in the previous section has been applied to

4 of Peter-

the analysis of the new lifetime measurements of Holland and Maier,
son and Moseley, 6 and of Maier and Hollands which include levels v' =1-8 and
v' =10. Although the lifetime is the measured quantity, itis the inverse of the
lifetime thatis directly related to the band strength. Figure 2 summarizes the
experimental measurement327 on the lifetimes for the vibrational levels of the
Meinel band system, in which the decay constant (inverse lifetime) is plotted as

a function of the vibrational quantum number. Also shown in the figure (right-

because some indication as to

3
hand ordinate) is the quantity §" Vot Qytyn

the variation of the transition moment with internuclear distance can be obtained
by comparing this quantity with l/Tv. . Thatis, if there were no variation of
the transition moment with internuclear distance, these two curves would be

parallel. This qualitative comparison can be made more quantitative by plotting

-24-
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Fig. 2. Inverse of the measured natural lifetimes for the Meinel band system

of N;. as a function of the vibrational quantum number (v'). The data

ll; x - Popkie and Henneker7;

i &- Gray 232_1_27‘; ® - Holland and

were taken from: O - O'Neil and Davidson

O - Shemansky and Broadiootmb

Mcier‘; O - Maier and Hollands; A - Peterson and Moueleyb. The
3

lower most curve is a plot (right-hand coordinate) of ; v
v [ V'V" qvlvn

as a function of v'.
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the ratio of l/'rv. to v:' "3'v” Q1,1 28 2 function of v', as has been done

in Fig. 3. As seen from the figure, except for the data of Shemansky and

10b this ratio increases with increasing vibrational quantum number

Broadfoot,
(y'). One might expect that those data whose ratio in Fig. 3 increases with
increasing v' would resultin a transition moment with a different functional
dependence on R from those which generally decrease. This indeed turns out
to be the case.

In the analysis of the new lifetime measurements, 4-6 e data were
divided into two groups. The fir'st group, calied Case I, was taken to be the
lifetimes for levels v' = 1-8 determined by Peterson anci Moseley.6 The life-
times for levels v' = 2-5 determined by Holland and Maier‘Ir are 8o close to the
values assumed in Case I, that their usage in Case I made no substantial differ-
cmce28 in the results obtained for the coefficients. The second group, called
Case 1], was formed from Case I by adding the lifetime for v' =10 reported by

Maier and Holland. 5

Cases | and II were analyzed assuming both a linear (two
parameter) and a quadratic (three parameter) dependence of the transition
moment on internuclear distance [Eq. (13)]. The linear dependence was found
to be superior to the quadratic form for both cases on the basis of a combined
statistical and physical argument. The statistical consideration is that the
confidence limits for the coefficients determined in the quadratic form were at
least a factor of five greater than those found for the coefficient in the linear

form. This indicates that the linear dependence is a better determined form for

the transition moment. The physical reason is based on the fact that both the
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X POPKIE AND HENNEKER )
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|| ® HOLLAND AND MAIER -
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1.7

v-A 2l'lu

Fig. 3. The ratio of the inverse of the measure lifetimes to the quantity
S Vytyn Qyiym 88 8 function of v'e The symbols used for the data
are the same as in Fig. 1. The results from the data of Shemansky

and Brocdtootwb have been reduced by a factor of two before plotting.

«27-



ng and A zﬂu states dissociate into the same atomic states and therefore
the transition moment must vanish at sufficiently large internuclear dependence.
The linear dependence monotonically decreases over this range of R-values,
but the quadratic form has a minimum near the center of this range and then
begins to increase at the larger R-values. These two considerations clearly
indicate that the linear form for the transition moment is the better representa-
tion of the true moment over this internuclear range.

The coefficients determined for the linear transition moment for both
Case I and Case Il are given in Table I along with their standard deviation
uncertainties. These coefficients were determined using the uncertainties in the
lifetime reported for each vibrational level (converted into an uncertainty in

the decay constant) as the weights in Eq. (16).

Table I
Optimum Two-Parameter Coefficients in Eq.(13) for Case I and II Data

a, (Debye)t a, (Debye £y 1
Casel [v'=1-8 (Ref. 6)) | 2.412 = .0417 -0.9912 &.0383
Case Il [v' =1-8 (Ref. 6), | 2.675 % .0365 -1.231 4.0336
v'! =10 (Ref. %))

1 1 Debye = 1018 cgesu



The transition moment for Cases ! and Il is shown in Fig. 4 as the
heavy solid lines. The shaded region around the solid line for Case I indicates
the uncertainty in the transition moment due to the one standard deviation
uncertainty in the coefficients (Table I). The uncertainty range in the transi-
ﬂbn moment for Case Il is similar to that for Case I, but has been omitted
from the figure for clarity. The dashed curve labeled PH(T) is the theoretical
dipole-length transition moment calculated by Popkie and Henneker' using
Hartree-Fock wavefunctions. The shape of the theoretical curve is very
similar to that for the present results, butitis a factor of about 2.4 smaller
in magnitude. The curve labeled PH(E) is the ""experimental' transition
moment obtained by Popkie and Henneker7 by using the relative intensities for

the Meinel system obtained by Stanton and St. J <>hn13

in a laboratory electron
impact excitation experiment, and the preliminary lifetime measurements for
levels v' = 3-5 by Hollstein M.IZ for absolute normalization. This transi-
tion moment was limited to R~values less than about 1.1 A because there were
not sufficient experimental data available at that time to allow determination

of the transition moment at larger R. There does not appear to have been

any other exparimental or theoretical determination of the internuclear depend-
ence of the transition moment.

If the transition moment depends linearly on R, then the band strength

can be written, without approximation, in terms of the Franck-Condon factor



) it

(R) [DEBYE]

=

0.9 .0 110 1.20 1.30 .40

Fig. 4.

R(A)
Dipole-length transition moment (Debye) for the Meinel band system
of N; as a function of the internuclear distance (A) . The two param-
eter results obtained for the Case I and Case Il data sets are the solid
lines. The shaded region around the Case I line denotes the uncertainty
in the transition moment due to one standard deviation uncertainties in
the coefficients. The curve labeled PH(E) is the dipole-length result
obtained by Popkie and I-Ienneker7 from earlier data. The curve
labeled PH(T) is the theoretical dipole-length moment calculated by

Popkie and Henneker7 using Hartree-Fock wave functions.
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times a function of the r-centroid only. Thatis, Eq. (14) can, in this case,

be rewritten as

2
1 '
Sn:'v" = <V"V”>z a +a _(_V__l_R_L!_'_') =q .0 Rz (r_, "). (23)
nv o 1 <vivt> viv!! Vel Vv'v

The quantity Ril is sometimes called the electronic band strength although

that term is misleading since any dependence of Ri on the r-centroid repre-

1
sents a coupling between the vibrational and electronic motions. Except for

the work done by Popkie and Henneker, 7 the previous analyses of experimen-
tal Meinel band intensity data have all utilized the r-centroid approximation.
Figure 5 compares the present results for Ril, as a function of the r-centroid,
with the previous determinations. The heavy solid lines represent the two
parameter results obtained for Case I and Case II data as labeled and the
shaded region around the Case I line represents the one standard deviation
uncertainty in Ril due to a one standard deviation uncertainty in the parameters
a and a,. The dashed curve labeled SB is the result obtained recently by
Shemansky and Broadfoot'°P using relative intensities of the Meinel bands
excited by electron impactin a laboratory experiment. They found it necessary
to normalize their results to the lifetimes determined by O'Neil and Da,vidsonll
for levels v' = 0-2 rather than the more recent beam experiment results of
Hollstein g_t_g}_.lz in order to insure that their excitation cross section for the

Meinel band system did not exceed the total electron-impactionization cross

section for NZ' Their Ril then clearly represents an upper limit to the mag-
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Fig- 5. The "electronic’ portion of the band strength, Ril in Debye, 2 s a
function of the r-centroid (A). The solid curves are the two parameter
results for the Case I and Case II data sets and the shaded region is

the uncertainty due to one standard deviation uncertainties in the

parameters. The curves labeled N, F, KKGF and SB are, respectively,

Nicholls, %2 Fedorova, 9% Koppe et _z'x_!_.w‘ and Shemansky and Broad- ‘ J
footwb- The short vertical lines at the bottom of the figure are the

minimum and maximum values in the range of the r-centroid for fixed 3
v'. See text for discussion of these results. i,
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nitude of the true value. However, it also demonstrates an incorrect depend-
ence on the r-centroid. Thatis, Ril increases with increasing r-centroid
while the present resulis decrease as they should, according to the physical
argument stated above. The curves labeled N and F are results obtained from
the analysis of auroral relative intensities by Nicholls9a and Fedorova, %
respectively, and have been normalized to the present resultat the r-centroid
corresponding to the (2, 0) band. The curve labeled KKGF is the laboratory
result obtained by Koppe g_ta_l.loa from relative intensities of the Meinel bands
excited by electron impact in the laboratory. This result has also been
normalized to the present result at the (2, 0) band. The Ril obtained in these 3

three determinations all increase with increasing r-centroid rather than

decrease as in the present results. The short vertical lines at the bottom of

A A

Fig. 5 represent the minimum (at the left) and maximum (at the right) values

of the r-centroid for each v' and the usefulness of this information will be

P Y

discussed in the next section.

e

. . 2 . .
Some estimates of the quantity Rel have also been obta.med29 using
absolute intensity measurements of the near infrared emissions produced by ‘ |

O
2% obtained an estimate

shock wave through N, and air. Krupriyanova et al.
of the average value of Ril for emissions in the wavelength region 0.9-1.1 ym
which agrees fairly well with an upper limit estimate by Wurster.zc)b However

these estimates are somewhat more than a factor of two larger than the pres-

ent results.




2. Transition Probabilities and Oscillator Strengths

Once the transition moment has been determined, it is straight-
forward to calculate the band strengths, transition probabilities and oscillator
+
strengths for the Meinel baad system oi NZ." The transition moment deter~

mined obtained using the Case Il data were used to generate these quantities

H

which are tabulated in the form of a matrix in Table II. The rows of this
matrix are v' and the columns are ¥"'. Each “element" of this matrix is com-
posed of three numbers. The uppermost is the band oscillator strength, the
middle one is the band t;-ansition proba_bilit.y, and the lowermost is the t;and
origin wavelength in angstroms. The two columns at the far riéht are, from
left to right, the experimental lit:eﬁrhes and those calculated from the tabu-
lated transition probabilities. These results are significantly different from

9b, 10b

previously tabulated results, not only in absolute magnitude, but also

in relative magnitude for different (v', v"') pairs. The results obtained using

the transition moment from the Case I data differ only very slightly from those !

tabulated here. . . i

The maximum and minimum range of the r-centroid for fixed v' shown
near the bottom of Fig. 5 leads to the following useful result. The range of = J

the r-centroid variation for'bothv! =0andv ' =9 is contained within the

{

ranges for the other v-levels for which the lifetimes have been measured. As
, .

a consequence, the Ril determined the v' levels 1-8 and 10, which is an

accurate values for the transition probabilities and oscillator strengths for
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tramsiisons frwm «° - G and @ These imterpolited valnes are the oxes showm
i Table H 2ad shoald 2¢ 25 2ecurate 25 the entries imolcing the otker v~
levels. Stmce the tramsition protabilities coxnecting levxels «* = 0 20d P wighk
2i! fower v"-levels are koown, tRey can be semmed to provide rezsomably
accurate life-times for levels «" = 0 2nd §. zrd the reselting valves are

given im the righs-kand column in Table [i. Thess are wseful resuits because

the wavelength region of the fluorescent processes from v* = § are in the exper-

imentaliy difficult near infrared regicn.
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. ARAUTOXONIZATION

Ao ARLICETIZARIR PrOCesses oM O SFslerms have beem stumdied
for & memiher of gc-.hxm.n thiy bave post recentdly Beem 4 scbject of tolerest =
e c2se of dhatormmed rrolleseles . The appliscziom of phowelectrom s;;:ect!r@sccpyz
e tre sty of amwome moleccies hrs reselited 1o 2 oember of interesting mew
problems refated oo 1o Prodod oz ProCesses in stmple maolecties. A mrrmber
of recens sm::f:\es; iz X, wsog this o bmgue bas jead (0 the postrlate that 2
larpe fracmor of e w2k ton popclaton 1s prodeced by curmomizanor processes.-
AR of the resulis of Frese sindies cont2in meces 6f evrdence 0 SUPPOr: his
postclate, bt the work of Sahr er 2. 3@ and Natzlis eg 28 3e skow most clearly
bow he tesulnrg szhranionzl _opulation may deviate from thar predicied by
GiTeCt c2ri2ron. khe problem of dealing with the excitation of each of the
many poss:ble Ryéberg siztes and 21l the possible avtmmomzation p2ths appears
2t farse 0 be imposs:bry complicaied. For inslence, there are six Rydberg
sertes converging io the B-state 2nd 10 cons erging to the A-state, that could
aunicionize inw levels of the A-state. However, examinzticn of the possible
cuioicmzation dec2y channels and the energetics involved provides some insight

into the spec:fic final states,2s can be seen as follows. Those Rydberg states

converging io the B-state basically have the configuration
2 4,2
16 107 207 20, 1, 3 Q_, (1)

where th denotes the mth Rydberg orbital of angular momentum projectionA.

The configuration of the ground state (X ZZ;) of the ion is

-4]-
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KKK Zaz Am& 3@ 2}
e owm g

2d that for the AZHm state is

KKK Zai bx3 362 3)

When ore of the Rydberg states converging to the B-state autsionizes, the final

iom st2te must be the X or the A staie sirce the Rydberg state is below the 4
iomization irmit for the B-stzate- [Tﬁmse Rydberg series that converge to the

higher vibrational levels of the B-siate, and hence 2bove the -

tomizaion limit, are very weak because of the Franck-Condon principle-l
By comparing Eqgs- {1} - (3), it is evident that the 2utoionization is a two
eleciron iransiticn involviang ccre relaxation- Furthermore, on examina-

tton of the core transition, the finzl state of the autoionization is found to

primarily be the X-state because in that case the core relaxation (or internal

R R U AN N SRRy

conversion) process is dipole-allowed (3og—>20u_\_ If the final state were

the A-state, it worilld be dipole-forbidden (but quadrapole allowed) (1 Tru-—’Zou)-
By smmilar arguments it 1s noted that those autoionizing Rydberg states con-.
verging to the A-state also most likely produce an X-state ion (3o’g—»l 7ru).

In this case., the B-statc is energetically inaccessible for levels of the A-
state below v' =10. These arguments lead to the conclusion that most of the
autoionization processes will produce ions in various vibrational levels of

the X-state. Two important aspects of the argument given above need to be
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examined in detail to determine the quantitative details of the autoionization
branching ratios- The first is the relative strength of the dipole and quadra-
pole internal conversion process for the various Rydberg series and the second

is the factor or factors that determine the final vibrational population in the
X-state- The first aspect can be examined theoretically and some compari-~

sons can be made with the rates known for appropriate transitions in NZ' There
seems to be no direct experimental information available for the N; states. The
recent results from Natalis et al. 3 clearly show that an enormous enhance-
ment can be expected for levels of the X-state greater than v'' = 0 as a result

of the autoionization. This vibrational enhancement, which is a result of ithe
autoionization, is governed by the Franck-Condon factors for transitions con-
necting the Rydberg state and the X-state. These factors are in turn governed

by the shapes of the potential energy curves and their relative internuclear dis-
tances. Some preliminary information has been obtained by Bahr ﬁﬂ.s'd

who found an internuclear distance for the autoionizing Rydberg state that differed
from that for the A-state to which it was converging. A good deal more theo-
retical and experimental work needs to be done in order to answer both ques-
tions. As a first step toward understanding the Rydberg states, calculations
have been dorxe4 on the ground state of N, and the three lowest states of N;-
These calculations employ a newly developed generalized valence bond method5
which considerably improves on many of the deficiencies that exist in Hartree-
Fock calculations. The results of the calculation for the ion states are shown

in Fig. 6 as the solid curves. The dashed curves denote the Hartree-Fock
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Fig. 6. Potential energy curves for the N; states as calculated using |
the GVB method (solid lines) and the Hartree~-Fock method T

(dashed lines).




results of Cade et al. 6. The ordinate is the total molecular energy in Hartrees
(27.21165 eV) and the abcissa is the internuclear distance in Angstroms.
Hartree-Fock calculations for the N; states have two major failings. The first
is their improper dissociation behavior, and the second is that they place the
A-state below the X-state at the equilibrium separation of the X-state. The new
results remove most of these deficiencies and when the proposed configuration
interaction calculations are completed, the calculated states are expected to

dissociate, and be ordered, properly. These theoretical calculations of the ion J

states will then serve as the basis for examining the autoionization details men-
tioned above. With at least a basic understanding of the autoionization from

Rydberg states, it is believed that thc more complicated processes of interest

such as resonance fluorescence and dielectronic recombination can be examined.

The understanding of these processes requires that two additional problems .
be solved. That is, the quantitative rates of excitation to the Rydberg states

must be known, and the competition between autoionization and radiative decay

of the Rydberg state must be examined. The theoretical work reported here

also serves as the foundation for this work which will hopefully be completed

in the near future.
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V. QUENCHING OF THE B 22: AND A Znu STATES

In developing a model for the quenching of the A-state, it is worth-
while examining the quenching of the B-state because of possible similarities.
The lifetimes of the B-state are reviewed first because the reported quenching
rates depend on the value of the lifetime used.

2t
A. Lifetimes for the B Eu State

The lifetime of the zeroth vibrational level of the B-state has been
. -12 Lo . .
measured many times -1 because of its importance in atmospheric processes

and the relative ease of measurement. The older measurements for the life-

time of v' = 0 generally differ by somewhat more than ten percent, but the more
recent measurementis appear to have converged to a value of about 59.0 ns. On
the other hand, the lifetime of level v' = | has been reported only three times
and the values reported differ in their inagnitudes relative to that for v' = 0.
Those lifetimes which have been found in the open literature or technical reports
are summarized in Table III, i
Many different experimental techniques have been employed to populate
the B ZE: state of N; and all but two of the measurements reported use the

measured time dependence of the decay of the fluorescence to determine the life-

times. Both Fink and Welge, 1 and Hes sch used the phase shift method which
measures the Iifetime directly. To produce a population of the B-state,
Jeunehomme7 used an RF discharge, and Fowler and Holzberlein8 used a
Holzberlein gas discharge. Buttrey and McChesney3 used a shock wave, and

Nichols and Wilson4 employed a high-energy pulsed-proton beam to excite the

Preceding page blank
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Table 1L Lifetimes for B L. of N,
(nsec)
A -

vi=0 v =1 . ;Reference
58.6 £ 5.0 62.0%5.0 . i
59.2 4 4.0  58.5%4.0 - 2
62.0 £18.6 - | 3
65.9% 1.0 4
59.2 % 6.0 | ‘ 5
66.6+ 1.3 | 6
1.5+ 4.0 75.844.0" . 72
82.0 % 8.0 ' | | 8
40.0£20.0" : . 9
65.0 % 2.0 ! 10,
60.0% 4.09 ' 11

65.8 % 3.5 oo 12

Also contains rough lifetime estimates for v' =2, 3 and 4.

Unc ¢rtainty assumed to be the same as for v' = 0.

Value taken from Reference l.

Obtained by considering only electron energieé greater than 70 eV.

i
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2 10 12
radtauion. Johnson and Fowler, Sebacher, Bennett and Dzlby, Hesser,
and Fink and Wclgcu a2ll employed a pulsed electron beam for excitation.
and Desesguelles et ai.é used static target gases to excite accelerated

.:r - -
3\‘& ions into the B-state.
Based on the most recent measurements, a value of about 59.0% 2 _
nsec appears to be the best value for the lifetime of the v* = 0 level of the B-
state. This value 1s about ten percent smaller than the previously accepts
12 . "
value  of 65.8 £ 3.5 nsec.
. - .. - 1
The situation for v' =1 is not as goed as for v' = 0. Head reported a

lifeime which 1s longer than that for v' = 0, while Johnson and Fowlerz and

also qunchommc7 reported a value that is smaller than for v! = 0. Some
additional information on this point can be obtained by using the recent results
of Brown and La.ndshoffw who reported an improved determination of the
electronic transition moment for the First Negative system. If their depend-
ence is used to calculate the transition probabilities, the lifetime for v' =1 is
found to be slightly smaller than that for v! = 0. The functional dependence
determined by Brown and Landshoff is used to calculate the transition proba-
bilities for the First Negative system in which all the values have been adjusted

to give a lifetime of 59.0 nsec for the v' = 0 level. The obtained transition

probabilitics are given 1in Table IV. The resulting lifetimes for the B-state are

given in the last column of Table IV.
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B. Quenchime Rates for the B-Stute

A thorough review of the grenching rates for v" = 0 of the B-state

- &

; V
is given by Mitchell > so the discussion here will forus on the rates cbrined

using the improved lifetimes, the work done since the public2tion of Miichell's

-

paper, and the grenching rate for v°" = 1. The kRope of this procedure is that
some informaiion will be gaired that can be 2pplied toward vnderstanding the
quenching of the A-state.

Table V summarizes the quenching rates of v* = 0 and 1 of '!!hje B-
state by four different gases. These quenching rates have been 2ll referenced

io 2 lifczime of 59. 0 ns for boih levels even though the lifetime for v =1is

- -

probably slightly shorter (see Table Iif). Johason and E‘owler,ll and Mackay

14,2

. - 0
and March19 used a pulsed eleciron source, Comes and Speier used 2

-

pulsed He I (584 A) photon source, Smelle-_.'b and ‘{“ialters16 used a2 1.5 MeV

. 8 . T
proion beam, and Mitcho::lll used 2 soft x-ray source, to excite the Nz B-state-

The quenching rates were then determined by examining the pressure depend-

ence of the mntensity in the First Negative system. .

The value for the quenching rate of v' = 0 by N, appears to be reason-

ably well determined at about 5.0£1.0 x 10710

10

em>/sec. For quenching of

v' =0 by O,, a rate of 6.9£1.5 X 10~ cm3/sec is also consistent with the

experimental findings. The quenching values for v' =1 are less certain however.

. 20
Both Comes and Speier, and Johnson and Fowler17 found v' =1 to be quenched

more rapidly than v' = 0, and by about the same relative amount. Mackay and

Ma.rch,19 however, found v' =1 to be less rapidly quenched. This is an import-

ant point for the Meinel study because the result of the quenching of the B-state




Table V. Quenching Rates for BZY, (1070 em®/sec)

ﬁm‘==0)-fii :Eg_ fﬁz :Egg_ Referemce
5.4 £1.0 14
2.24% _32 6.36 = .89 15
3.60x}1.0 9.70x2.2 16
2.70 £1.3 17
5.5+ .9 8.21
(6-1-7.8)%1.7 8.6%1.7
6-87=1.5
(v* =1)
13,222.3
4.8 =j.3
4.9 =1.9 3.0 1.3
14.6 3.0
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e
is postalited by Comes aod S;neierza te be the A-state of NZ". Their mrodel, amd

berce the formation of the A-state 25 2 final product of the guenching, regeires

the rate (o increase with increasing w". Unfortenarely, it bas not yet beem

possible to evalvate thelr model qmmﬁit&ﬁiv&iy but the available-experimental

evidence does secem to favor 2n increase iorthe quenching rate with increasing

v®. Ehis is an interesting mods for populztion of the A-state in 2tmospheric

processes and would becomme important at 2ltitudes below about 70-90 krn. A

Le)

rate of 13.2£2.3 x 107 em’Jsec appears to be 2 good value for the cuench-

10

ing of v =1 by N,, and 14.623.9 X 1070 cm>/sec for quenching by O,

informaticn ci ihe temperature dependence of the quenching of

Some
v! = 0 has been obtained by Fiagan and Appletonu through the analysis of shock
iube dzia. Their lowest temperziure point was 500001{, but the extrapolation of
their rate to 300°K resuits in 2 rate that is two orders of magnitude too large-
Inspection of their Fig- £ and their temperature dependence indicates, however,
that the 300°K rate could casily be combined with their high temperature results
to given an overall temperature dependence that is consistent with their inter-
pretation.

For completeness, the relationship between the quenching constant,

that appears in the fluorescence efficiency, and the quenching rate is given here

18
as

16

- 3 -
K(torr l) = a(cm” /sec) . [3.22 X 10 cms-torr 1-‘rv. (sec)] .

The fluorescence efficiency, at any pressure P(torr), is then given by
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nE) = 2 ,

i ¥ KF)

The guenching results summarized in Table V can then be vsed with the n, ‘

vakies of Mizckell, 18 to estimate the fluorescence efficiency of the First Nega-

<  _
tive of NZ in the atmosphere.-




3

C. Quenchizg Rates for the A-State

The quenching processes for the A-state of NZ have oot been 25
estensively siedied as those for the B-state because of the experimental diffi-
culiies assoriated with its long lifetimes. Sheridan et 31_.22 estimeated the
quenching rate, by N,, for the v' =2 level tobe 1.0 X 10—9 cm3 sec—l. based
on 2 lifetime for that level of 3 isec. If the new lifetime of about 12 gsec is
used (Section IL jthe quenching rate they measured becomes zbont 3.8 X 10-10
cmslscc- The extensive measurements of O'Neil and Dawidsonz"' o the fluor-

escence cfiiciency of air exciteé by high energy electrons resulted in 2n esti-

mate of the NZ quenching rate for the lower levels of the Meinel baads cf

0

- -1 - - -
3.7xX10 cm3l sec. This is surprisingly close to the correcied result due 2o

3
. Sheridan ct 2l. }.\‘iiu:haell2 " has also independently estimated the NZ quenching

10 cm3lsec-

rate for the lower levels of the Meinel system io e about 4.0 X 107
Simpson and Mc(‘.'gnkcyzs measured the ratio of the N, quenching cross section

to the Einstein transition probability for the Meinel bands excited by 80 and 120
eV electrons. If the transition probabilities reported in Section Ili zre uéed to -
extract the quenching rates from their ratios, one obtains the results summar-
ized in Table VI.

The quenching rate obtained from the data of Simpson and McConkey

for levels v' =2 and 3 are thus very similar to that rate found by Sheridan etal.

O'Neil and Davidson, and Mitchell. Based on these independent experimental

determinations of the quenching rate for v' = 2, a reasonable value for the quench-

.
ing of this level N2 (X Zg) is
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Table VI

Quenching rates for the Meinel bands obtained from dat2 of Simpson

-

and MchEseyZ: and transition probabilities of Section I

a(no’m cmslsec)

L% v™) 80 eV 20 eV
(2, 0) 3-8 3.6
3.0) .3 4.2

2, 0) 5.1 -

(4,1) 7.1 4.4

(5.2) 18.6 13.4
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b 4

4.0 £.5x 10-lo cm3/sec

It is noted that this value is nearly the same as that found for the analogous
quenching of v' = 0 of the B-state- One might expect this to be more-or-less
the case for non-resonance quenching because the A and B states are fairly
similar. However, the vibrational dependence of the quenching ratio is still
uncertain since the only measurements that are available are those by Simpson
and McConkey 25 for v! =2-5. The source of the energy dependence of the
quenching rate, scen by O'Neil and Davidson23 and Simpson and McConkey, 25
is not yet understood, nor are the details (e.g., final states, etc.) of the
quenching process itself. The research presently being conducted at Utah State
University should provide some of the information needed to understand the
quenching processes.

Until more experimental information becomes available and/or a theo-
retical model is developed to explain the quenching, reasonable estimates for
the vibrational dependence of the quenching would be that found by Comes and
Speierzo for the quenching of the A 217 state of CO+ by CO. This process is
exactly analogous to the quenching of the A-state of N; by NZ’ and for non-
resonant quenching, they should provide rcasonably good values. These values
are given inTable VII. One notes that the quenching rates for the lower levels of
the CO+ (A) state arce indeed very similar to those found for the same levels of

+
the N, (A)-state. Although it is believed that the increase in the quenching rate
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Table VII. Quenching®® of CO" (A 2 IT) by CO

v' (10—10 cm3/sec)
0 3.2 £ 1.9
1 5.5 £0.9
2 7.0 £1.2
3 8.0 £0.9
4 8.0+ 1.4
5 1.9 £ 1.5
6 12.0x£2.7
7 14.7 £2.5
8 15.7*2.7

as a function of v' shown in Table VII is probably reasonable for the
quenching of N; (A) by NZ’ some caution should accompany its application for
the higher N; (A)-levels because of the possibility of resonance quenching
effects. Simil-r resonant effect: are not expected for CO+ (A) because of the
somewhat different shapes for the potential energy curves of CO+ from those

for N;.
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VI. EXTRACTION OF LIFETIMES FROM FLUORESCENT DECAY DATA

A. INTRODUCTION

Knowledge of the natural {radiative) lifetimes of excited states of atoms
and moleccules is important in many areas of basic and applied science. From
analysis of lifetime data it is possible, in most cases, to extract the band
strengths which characterize completely the absorption and emission proper-
ties of the isolated atom or molecule. For example, itis these properties
which are essential for the analysis of a potential laser system and for the
interpretation of emissions observed from the upper atmosphere. One of the
most reliable and often used experimental techniques for obtaining the radiative
lifetimes is the measurement of emission decay curves. The method described

here was developed to analyze emission decay curves which contained contri~

P

butions from two or more excited states. The model assumed in fitting the data

- is described in Section B. The structure of the program and interpretation of
the results are treated in Section C. Examples of the use of this method in
the analysis of NI, N, and N2+ emission decay curves are given in Section D.

The primary reason for developing this computer program was to provide
Drs. Bill Pendleton, Jr. and Larry Weaver of Utah State University(who are |
studying excitation and quenching processes in the Meinel Band system) with a
means to check their data analysis which does not utilize the program
FRANTIC.

B. METHOD

1. Theory

An excellent review of the different techniques used to extract

natural lifetimes from decay curves has been given by Bennett et 9._1.1. Follow-

ing development given there, the instantaneous number of photons detected

from the excited state is represented by
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~A.t
N(t)y = z C.o I , ' (1)
1 j=l j .

where N is the instantaneous number of photons (counts), P is the number
of componen.ts present, Cj and 'A-j are resbectively the amplitude(number of
"atoms' in the excited state j) and the decaiy rate of the jr'h component. |

Instcad of measuring the ir:stantaneous decay, each c'n;mne‘l actually detects

the decay in a time interval Ati .corresponding to channel i. Equation (1) ‘can

be integrated from t, to t, +Ati to give

. B A .—AjAt-i L
N At = D, C.e J‘<1'e' > | (2)

where Ni is the number of counts collected in channel i (t.1 to ti + Ati). Divid-
ing both sides of Eq. (2} by At,, one arrives at the functional form to which the

basic data (Ni) is to be fit

P -A.t, - A4t '
N_ = E C e J 1 - e J
S T e (3)
) 1 A. At, .
. ' ) 1 ¢

b
'

The unknown parameters, Cj and Aj’ are determ‘ined,by a léasf squares fitting
procedure to the experimental data. Although the parameters C. are linear
in Eq (3), the AJ are nonlinear which ma;kes the actual fitting procedure con-
siderably maore difficult. A'desczixption of the computer prograrri TAUFIT,

which determines the parameters Cj and Aj from experimental data, is given

in the next section. '
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2. Program Description

The program TAUFI'T has two capabilities which results in a very
flexible fitting routine. The first is the nonlincar least square subroutine N
cailed GAUS:\.US,& which forms the heart of the program. The second is the
CDC NAMELIST3 option, which allows one to read and write without format-
‘ ing, and provides considerable flexibility in data manipulation. The options

for data handling, weighting and smoothing are controlled via input data

through the use of NAMELIST.

Smoothing :

N data-smoothings are performed by setting
NSMOOTH = N, where Nis an integer. A
1-2-1 triangular smoothing is employed and
the program is constructed such that smooth-
ing does not destroy the input data. This
allows other manipulations of the data to be
performed without rerunning the data set.
Weighting :

Weighting 15 accomplished by setting IWEIGHT = 2
or IWNEIGHT = 3. When IWEIGHT = 3, the pro-

! gram fits the data first without weighting and then
refits the original data using the residuals from

from the first attempt as weights for the second

try  When IWEIGHT =2, the data 1tself 1s used
A

N

1 1

. . . 1
for weighting, i.e., w.l = -07 -




The program parameters and options are given in the program listing
in the Appendix. Note that the variable format, IMAT, and the NAMELIST
options allow for very flexible inputting of data; e.g., the variable format,
IMAT, can dictate that any number of data cards and fields be skipped before
the desired data points are read-in. The number of data points may exceed
th.ose skipped and read-in since NAMELIST will skip them looking for the
proper declarations. This allows one to keep data decks intact and still only
fit that selected portion of data sequence corresponding to decay.

It is emphasized that although the NAMELIST option is convenient, it
is not essential in using this program. The main routine can be easily mod-
ified to use the conventional input procedure without altering the us efulness
of the program.

C. USAGE AND INTERPRETATION

1. Data Set Structure

Data Card(s)
1. and 2. Title cards (ITITLE)
3. Variable format (IMAT) card for reading
multichannel analyzer data.
4. Number of data points (NOB) to be used
during the fitting process.
Multichannel analyzer data (OBS)
NAMELIST program options.
a. Each program option section is preceded by a $OPTIONS card,
and followed by a $ card. In both cases the $ must be in column
~. See the appendix (card section B) for those items which are

included in the options section. NOTE: Only those options
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. actually speciiied are affected, 2] others remain as they were

or assume their default values.

b. As many option sections as deemed necessary may be used

Any number of data sets may be submitted.

2. NAMELIST Options

Aside from reading multichannel analyzer data, all program

parameters are handled through NAMELIST. These parameters include:
LL,P,UL: Arrays specifying the lower limits, initial guesses and
upper limits, respectively, for the coefficients, lifetimes !
and background components. When specifying these
parameters, all the coefficients are specified first, then
the lifetimes followed by the background components.
These parameters must be specified initially as they have

no default values. They need only change when the number

y
of lifetimes change, or multichannel analyzer data warrants "
it. )

d
NTAUS: An integer specifying the number of lifetimes to be used in

the fit. NTAUS must be specified initially as there is no

default value.

NBKG: An integer specifying the type of background (polymonial)

used. The initial default value is no background, NBKG = 0,
but any assigned value stays in effect until changed.

) NPROB: User problem number. The default value is one. It has no

affect on program operation; it is merely for user con-

veniences.
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NSMOOTH: An integer specifying the number of times the data is to be
smoothed. No smoothing is the default condition, and
smoothing must be specified in each options section, if !
desired.

IWEIGHT: An integer specifying the type of weighting to be used in the
fit. No weighting is the default condition, and weighting
must be specified in each options section, if desired.

TO: Channel relative to the first channel in the multichannel

analyzer data at which the fit is to start. For example, if
three data cards were skipped when reading data, and
there were ten channels per card, TO = 31.0. The initial

- default value is TO =1.0.

C Ok 4 e

DT: Dwell time per channel. Must be initialized by the user.

DEND: A logical variable specifying that the last options group for .
a particular data set has been encountered, i.e., when
DEND = TRUE. After performing the various tasks dictated
by the other namelist parameters, the program will look
for a new data set. Of course the default value is
DEND = FALSE.

3. Results

a. Output ‘

The raw data, model and residuals are listed with appropriate
titles. The initial parameter guesses along with their ranges are listed with
the data. The final parameters values and their confidence limits are listed
with each model. Also listed are RMS and notes concerning weighting and

smoothing. For each model used, the program plots the raw data and the
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best fit on the same plot.
b. Interpretation and Usage
As with all nonlincar least-squares programs, a great deal of

subjectivity is required by the user. In TAUFIT, reasonable initial guesses
must be made for the parameters, c¢specially for the linear coefficients. If
the sum of the coefficients is too large or too small, say ten times N(t = 0)
or 0.1 times N(t = 0), respectively, the program will not be able to reduce the
sum-of-squares, and hence will not improvc the parameters.4 The parameter
limits should not be overly tight, as one or more parameters may be con-
strained by a range limit resulting in a poor fit.

In dealing with data for which the lifetimes, or number of lifetimes,
are unknown, it is suggested that the following procedure be used. First, fit
the data with at least one fewer lifetimes than suspected. Then increase the
number of lifetimes by one in each subsequent fit. For each fit, compare the
RMS ceviations and parameter confidence limits. One might expect that the
lowest RMS would accompany the tightest confidence limits. In practice this
is often not the case. When the number of parameters is over or under spec-
ified, the confidence limits are usually poorer. On ther otherhand, the more
parameters specified, the lower the RMS. Hence, the subjective aspect of
fitting. Generally, one should question confidence limits which are greater
than 50 percent of the parameter value, unless its contribution to the total
fit is small.

The plots produced are usually useful in determining when a good fit has
been obtained for a given data set. When the fit is poor, it is usually imme-

diately obvious from inspection of the plots.
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D. EXAMPLES

! The 1200 A Doublet of NI (3 2P - 2 1)

This computer program was tested using fluorescent decay data
containing two components with known lifetimes. These data were kindly
provided by Dr. George Lawrence of the University of Colorado who has
analyzed these data using the program FRANTIC. Table VIII shows a compar-
ison of the lifetimes obtained with this program and those obtainedlby Lawrence

using FRANTIC.

Table VIII. Fluorescent Decay of the 1200 A Doublet of NI

Lifetime (nsec) Components

Present Lawrence (FRANTIC)
e " —— —mmm—
Data Set 7 T2 T T2
A 2.51%.07 54.4%£2.0 2.51%.05 53.5 £ .48
B 2.48 +.08 53.0+2.3 2.47 £.05 54.0£1.9
C 2.29 .07 54.6+2.0, 2.31 £.05 54.8 £ .45

There is excellent agreement between the results obtained by the two inde-
pendent methods. The uncertainties quoted in the present results are confi-
dence limits based on one standard deviation. The reason that the uncertain-
ties quoted by Lawrence are smaller than the present values is not clear, but
probably reflects a slightly different treatment of the statistics in his case.
Figure 7 shows the raw data (points) and resulting fit to the data (solid

line) for each of the three cases. In general the fits are excellent.
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ARBITRARY UNITS

PRESIES R 1 S

i 1 i [’ ) I 1 l ] ' I
DECAY OF THE 1200 A DOUBLE OF NI
(3%-2%)
TIME, sec x IC°
Fig. 7+ Fluorescent decay data and the best fit to them for the NI

doublet at 1200 A.
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2. The N, (3,1) (9, 6) First-Positive Bands

Dr. W. Pendleton provided fluorescent decay data for the (3,1)
band of the First-Positive system which alsc contains a contribution from the
{9,6) band. The input data, which has been smoothed once, and the resulting
best fit are shown in Figure 8. The result obtained for the largest component
(4-12 £.24 pusec) agrees very well with the results of .'Ieunehomme5 for
v' = 3 at the same pressure. The value for the second component also agrees
well with the major unidentified contribution to the First-Positive system.
That is, Jeunehomme found an effective lifetime of 17.9 £ 3.0 y#sec while the
results from the present analysis give 21. 0+ 3. 8 Usec.

+
3. The Meinel Bands of N2

+
The analysis of the Meinel Band system of NZ was the primary
reason this program was developed. A number of cases containing one and

two decay components have been analyzed and a few representative examples

6

are given below.

2, One Component
Figure 9 shows the input data which has been smoothed once
and resulting best fit to low-pressure lifetime data of the
(2, 0) Meinel band. In this case, one component is the only
reasonable fit since any attempt to fit two components
resulted in two components of the same value as the single
component.

b. Two Components
Figure 10 shows the input data (points) which has been
smoothed once, best two component fit (solid line) and best

single component fit (dashed line). The two component {it
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ARBITRARY UNITS

x 10¢

10.340 L L L L
K Ny ist  POS. (3,1)4(9,6) i
8.265 9-23-7TI(RUN4); E=500eV, P=50 mtorr |
\ 7, = 412 £ 0.24 psec |
6.184— %= 210 & 3.8 psec ]
4.103 — —
2.023 |— —
5.769 —_1 R .1 - | :l.. |1 |
0 8 16 24 32 40 48 56

TIME, psec

Fig. 8 Fluorescent decay data and the best fit to them for the (3,1) *
(9, 6) bands of the N, 15t Positive band system.
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x 102

9.624

7718

5812

3907 —

2.00I—

0.96] =

ARBITRARY UNITS
T

U (L LN L N e

N} (2,0) MEINEL BAND
\ |9-3-7I(RUIN5); E=500¢V, P=3x10%m torr

r = 975 + 0.09 psec

Fig. 9.

8 6 24 32 40 48 56
TIME, psec

Low-pressure fluorescent decay data and the best fit to it for

+
the (2, 0) N2 Meinel band.

- T4




ARBITRARY UNITS

x 10°

9.752 T 1 7 ] 1 1 T T T T [ 7 ]
"\ N5(2,0) MEINEL BAND g
7.835 [-1-T2(RUN 3); E =500eV, P =5.80mforri]
B T = 2.78 £ 0.26 usec .
59191 \ h=1.84 £ 24 psec -
- ——— 1= 367 £0.06 usec -
4002 — —
2.085|— —
6826k AR i D =
10 | 4 /18 22 26 30 34 38

TIME, psec

Fig.10. Same as Fig. 9, but at higher pressure and for which two

components are present.
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gives 2 berter € 1o the date, parficeizrly at early imes

and i the regica 5.2 10 2.6 % 107 seconds in the éecay

o -
Fizure 3 ghows resciis on the same band system as in

Fagure 16, bat tzken 21 2 lower pressure and higher beam

curreni- 2zaim two components give 2 better £t to the

gz, Emiim is case the difference is not as apparent
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ARBITRARY UNITS

Fig. 1l Same 2s Fig- 10, but az lower pressure and higher beam current.
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. APPENDIX
!
The listing of the program is too long to provide here, but can be
obtained by contacting either of the author's at Thé Space Physics Laboratory,

The Aerospace Corporation, P. O. Box 92957, Los Angeles, California
90009; (213) 648-7012 /648-5990.
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N(t = 0)
at

when specifying initial guesses and limits.

4. The relation Cj = X (% contribution to ‘rj) should be considered

(62}
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M. Jeunehomme, J. Chem. Phys. 45, 1805 (1960); (See his Fig. 2).

6. Data provided bv Drs. W. Pendlcton and L. Weaver of Utah State

University.
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VII. CONCLUSIONS

Through the combined experimental and theoretical research efforts

discussed in the previous sections, a good deal of new information concerning

. . - + . .
the excitation and radiative processes of the N2 Meinel system has been obtained.

A model has been suggested (Section II) for the population of the levels of the
AZHU state in whick autoionization (Section IV) plays an important role. Some
insight into goals a) [excitation paths] , b) [excitation Cross sections,] and

c) [emission paths and processes| has thus been gained but more work must
be done before quantitative details can be obtained. In Section III, transition
probabilities and oscillator strengths werc obtained from the newly determined
lifetimes for the A-state. These results are basic to the successful comple-
tion of goal ¢) [cmission paths and proccsses] and the interpretation of atmos-
pheric Meinel tand emissions. The quenching processes for the A-state are
presently being studied experimentally and when resuits become available,
they can be combined with what is currently known [Section V] about the
quenching of N; (B ZZ: :) and co’ (A 21]) to satisfy goal e) [collisional quench-
ing cross scctions] and the role of quenching of the B-state in goal a)

[ excitation paihs.] The work of Holland and Maier at Los Alamos has

resulted in importiant information about the emission cross sections

for ‘e Meinel system [goal dl.

At this peint, goal ) { radfalive :ife:imes] an-, the raajor portion
of z02al ¢} [ emission paths ard p:-occs.:es} are essentizlly complete. Zxper-

imenizl measuremenic on the quenching cross seciions 2nd on the emission
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cross scections need to be performed to complete goals d) and e). Additional .
theoretical work should be done to determine quantitatively the role of auto-

ionization in those processes for goals a), b) and c). Goal g [absolute fluor-

esence efficiencics] should then follow from the successful completion of these

unfinished tasks.
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