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I. INTRODUCTION

+ z >
The Meinel band tystem of N? A 17 - X gX, was first identified in

I2 z
auroral spectraI aind has since been the subject of numerous studies2 of aroral

emission features because of its strength and possible population by 0 (2 D)

charge exchangeza, 3 with N,(X Ifg). Accurate measurements of the lifetimes

for vibrationai levels v' : 2-5 have recently been reoorwed by iHolland and

4 5
Maier . for v' " 9 by Maicr and Hollard, and for levels v' 1-8 by Peterson

and Moseiey6 (pr ceding paper)- There is excellent agreement between the

two se:s of measurements ir those levels which were measured in both exper-

iments- The pape:s b,, Hollardi and Maier, and by Peterson and Museley 6

contain a discussion of the earlier lifetime measurements and the comparison

with their new results. The recent theoretical paper on electronic transition
.7

probabilities by Popkie and Henneker contains an excellent bibliography of the

other experimental work which i-as Leea done on the Meinel band system.

However, many of the basic properties relating to the Meinel system such as

the population mechaaiisms an.d 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 extrazt the internuclear dependence

89of the band strength of the Meinel system from auroral intensities or labor-

atory relative intensitiesI0 have been unsuccessful because of the long life-

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

the N2 First-Positive band system. Holland and Maier obtained some
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information about the internuclear dependence over a small wavelength interval

from their molecular beam measurements. Popkie and Henneker 7 combined

the lifetime measureraents of O'Neil and Davidson, and of Hollstein et al, 12

with the intensity measurements of Stanton and St. John13 to estimate the trans-

ition moment 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 estabi/sh the correct absolute value or the dependence over

an extended range in the internuclear distance. Popkie and Henneker also

reported ab ;nitio calculations of tht transition moments8b obtained by employ-

ing Hartree-Fock wave functions.

4
In this paper, the new lifetime measurements of Holland and Maier,

5 6
Maier and Holland and Peterson and Moseley, have been used to extract

the transition moment and its 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. This procedure

results in a non-linear r-lationship between the lifetime data and the param-

eters characterizing the transiL.'n moment, but is necessary in order to obtain

results which can be compared to theory The resulting band strengths are

considerably different from those obtained 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' 0 and 9, and hence their lifetimes,

ior which no experimental data exists.

-2-



II THEORY

A thorough discussion of the theory of molecular electronic-vibrational

transition probabilities is given by Henneker and Popkie14 in paper I of their

series dealing with the calculation of transition probabilities in diatomic mole-

cules, and the relationship of these molecular properties to absolute rotational

line intensities is discussed by Tatum 8 a and'by Schadee. 15, 16 As the latter

authors point out, there have been inconsistencies in some of the p:ruious

work with regard to the normalization of the rotational line strength factors.

The derivation of the band transition probability from that for the individual

rotational lines is therefore summarized below using the normalization recently
16

g'5ebted by Schadee, and the form of the band strength for the case of

electronic-viLy.ratioual coupling is discussed.

The transition probability describing a spontaneous transition from

an upper (F') to a lower (F") single rotational state can be written (atomic

units) as 14, 16

A 4e 4 AE,3 F" r +)
FF I jr 3c 3a me 3'F" (2J1 + (I

In Eq. (1), the energy separation, AEF,F,,. and the line strength, XF' F"'
17

are in atomic units. By convention, the upper state quantities are denoted

by single prime and those for the lower state by double primes. The quantity

a is the Bohr radius, and the others have their usual mean.ng. 17b Denoting

the electronic, vibrational and rotational quantum numbers, by n, v and J,

-3-



respectively, and the spin and parity substates by 16 and p, thenSF, F"

is the dipole-length form for the line strength of the transition between single

rotational states 1 6 F' = n'v' X' p'J' and P'=- n"v'" 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

z

p n v P n vF,- = •- 3  (2 1• n'v'--'p' 1 "p"J" •,, •-
(Z- 6o,A )(ZS' + 1) E p (2 - 6o,.X)(ZS' + 1)

The first factor on the righ:-hand side of Eq; (2) is the H6nl-London factor,

norrr -lized so that16

" E " = (Z - 6o,A,) (7S' + 1 1(2J' + 1) (3)

The symbol Nis 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 traisition involves a Z-state, (2 - 6oA) = I, but it equals

2 for all other transitions. The second factor in Eq. (2) is the electronic-

v.brational band strength, summed and averaged over the final

and initial degenerate levels, respectively. The degeneracies have been

taken to be the parity and spin substates, which is termed by Schaddee
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the "electronic-vibrational degeneracy concept, " in which the transitions are

between (nv E p) substates, irrespective of the specific rotational transitions
11 El

involved. The quantity S-P, I appearing in the second factor in Equation (2),

is customarily called the band strength8 a. Because of the factorization in

Equation (2) and the normalization of the Honl-London Factors, the transition

probability between two electronic- vibrational states simplifies to 5 (atomic

units)

-1t 4e 4  3P I__ _ _ __ _ _

3 n AE

A, ~ 2 AE 1,, (4)An'v' 3c 3 ao 3e v'v 4
Sme (Z - 6o,A') (2S' + 1)

and in cgses units, is
nVIv"

An"V" - 64 ir 3 Sn v (5)3h (Z - 6o,AV) (ZS' + 1)

where y .Iv,, is the energy separation between (n'v') and n"v") in wavenumbers

(cm- ). 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 rm' tions.

The band strength, Sn~v,,, defined here in Equation (2) to include the

summation over the parity and spin substates, is the fundamental quantity

that characterizes the electronic-vibrational transition. It can be written

in many equivalent forms14 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 that is the

-5-



form most frequently employed1 8 in the interpretation of experimental data-

The natural lifetime, Tv,, of any particular vibrational level- v', of

the excited electronic state is related to the decay constant, A - V. by

S: • , . .(6)

1 n167l,3 D v" n

and the absorption band oscillator strength is given by16

i =v Z E, Snx>' - (atomic units) (7)v AE v,,

871 m Sn -"

=e Vv"n•" (cgses units) (8)
3 he (Z - o,*')(s" + 1)

The analysis of experimental data to obtain information about the

electronic-vibrational interaction has been the subjec: of a good deal of research

the past few years, with the majority of the discussion centered around the use

18,19of the r-centroid approximation. , This approximation was introduced to

quantitatively account for the fact that the electronic portion of the transition

moment8b varies with internuclear distance for many transitions in diatomic

molecules. This method of dealing with electronic-vibrational coupling is

generally successful19 from an empirical standpoint, but has been criticized2 0

because of its weak theoretical foundation and the difficulty of interpreting the

r-centroid as an average internuclear distance. Employing the matrix notation

-6-
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!6 and swmpressimg tfhe St~inmatin over the degemerate Stibstates, dhe band stremgdh

can be Witten in terms of the transition IMCaent as (cgses Units)

a <'M(S"> (9)

where r dencies Che co~rdin--tes of the electros in a ncecular-&ied referee

frame. e is the eectrca c..rge,. a-d the integration is taken over all eecarom

coordinates,, boa ý-z t:-e radiall coordinates off ite n-clei The cuswon-ary

r-centroid a~zaoiwrizes Eq- (9) as

R2 e

. = (a • r ,.1. ÷ r , •. , - -. -,,..

2

where qv. v is the Frarnck-Condon -factor and r *,is the r-centroid, defined

in terms of the internuclear distance by

r <vRI v">

Rather than employing the r-centroid approximation, one may simply expand

a the electronic portion of the transition moment in Eq- (9) as a power

series in the internuclear distance

M(R) = X a- R', (13)

-7-
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2 Z
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where the or are the uncertainties (standard deviations) in the data (Il/T),
1 J

N is the number of data points, and the Af are tLe calculated decay Constants.



r -IP

It is mot dit. bec~sc off t4e ivc~rs~ rela LmSEMP beam rem aE ifed~r -- taw

&ca'ccsr..e4 tqrc-Z ~c~e ians in all &c mmcm-sred fifedes Lecatme

=em =rewmairmv-S in 6ýc de-C. comstmts amd d~reffore %ary tfram cmb Viismr-

tivz-J level % lb hr

The sacdom C4 Pone mooi-a e omatic (151 to tubrai &e pm-met-ers

a. from &e reasr.0wed 1iffcd~es wra~s .,Cccpfi-s-red bF iasing t~ dffferendal

cor-mctor.Or. r~cd~e-22 Th-e essc~ee off tr'.s =etrhd is ta~e

Ta~-1orss scezies off te if rmrcdo %-Bier Contains dlbe -mr-Ce~rs, in l

mmmomp-, a-maerwsin ee retendom~ off Eerrs th tmz~h d.- fis driwzxiwcs

TEMs1 appcaLBA re.-bafs im C=C dn-ý-cr for e~a& 0r±=0 pra~erer,. w4ich is

srnhI momime.ar in cthat pzx mrleer. bct is no lisezr in fhe cbzrze is atnm

pamanelber. If Vle-e are B pzraresers ro be determimeo e-t tbhe rescIuisg

equadcos for r.t c~mg in pa~rameters cam be rearramvgeI ior' dhe

mmatrix fform

or

a.0 v a 0 a.

s O8? aa21
a0  a1 G aa B Iaa

I -
V2 + A A ~a~

L aa, ;aa V~s G a BV7 [ p2 ¶



weee is~t~n Sauri'C A is tc aa m stmv fo feuel vr" cactm-

L~a" wiL% uzlzcz LA;i dý* qzamtr. i ýccug mdei

pazrýr~r &= .0 ~ s is tie4 a vreiae r&M= c~iCMze1 --tea

-~ CL. e.a: : awaz~egers, crn ~azzim be metdit q

(171) & rd t:= Ir e£, frr deCB2r irn Te p rzn~ereL; repated

gll& n~Parare-ter-s ba e&-e--e ro arn acegz

2-& IOU IdMCL SOT~t 'Lre~ bt LeXL~rCiStd i=n de CB~SkM Off Lre iA'66ail

z~esseS for r-- eSi~srre co~-ergernc& rao vbe arme raVtber

am V~~-_ It Mas focng 11atZ wcasemnaut i~itizi gcesses f~o-

a N~ed LI C. L eLJ itselff (L~e.., &e .sq~are. of ±Cb rtzrAsitic~a

17 . 09

were d{egcrns -n. "s~ Ltas~ ---c 1:4 cmnow~m paramueters (a.) are lirneaz.Iy related

to the data points ind zz be oAzained. by a straightifoz.w rd application of the

ie~ast.squares ine' -_i. 1ritiA! estnsn-ates for the un3know--n parameters (a-) in the



~~i::

-RRprm:A =r crasmzr& C3Set,5pc aM = 11?pwzdL

BT tle C~se eff zr-Iiz =Cbý va--C re rr:) C6e cde cm-rwa-

va-ere C is 43eLce by F-q 079L 6e cr= ;~;; im rae~ci ofmte qa7-~rerS

a- -- to & V~crzwadizes im fne basac &aw ama te Sm-ity~ af tb- fi a be

2i2



&-,e~wi. nidn~ is iiffe e =z~~ v y it FS adh Miversee -

27C -e Mae"Ae ffor te vibratsc~a1 leweis cff t!:

W- t- nd nk Eýýs* i EE~ e decay co~M=(uiners-e !iffetne) is ziottea as

a ~dma 1a ;* rEýazm- IMU =ber. AAso Sbh& fin &C fig~re (rigbe-

E.and 0o-nare-) is r:h.c 4;ia-~dtr E v becamse SCn~e i ecaticcm as to
VI TO- 10l-Wowin

Sof 21 tzziO =anent %id imlernnrear 46arm2e can be obtaimed

by ec~arimg d-zis cm-amdlywf~-tb I/-;- That is, if there vwere no unarciatico off

C'ea-a-iio ==vni aidi imtern~clear c~sta~je, tiese twro cn-r%.es wocd be

ParAleI. This c ia ieonprs can be r2a-de more qum~ative bT P1oiting

the ratio of 117 . to Y:v3 v as a functicm off -v , as bas been dome

anFig- 2- --'s seen irom. the figure, except for the data of -San~sky and

IC5Broadfool, ::Us ratio incrtases with increasing --ibration-A quanlnzn num~ber

''.One m~ight expect that those data wzhose ratio in Fig 2 increases w~ith

mcrea=.'ig v ' would result in a transition moment wi th a diffe rent func tion-l

dependence on R from those which generally decrease- This indeed turns out

'to be the case.



- -

0~ ~ E aI6 W

zr

. .ZW3Mi

014

C5 •

4 7

.- I

Shmask lo ? - oln n

4

Maere LaE; -n Ma-e and Holland DA- Ptdso;x- on Ii and MsleynIzicJe

lower most curve is a plot (riglit-hand coordinate) of Yq

as a function of v".

-14-



1-7-

- , =:- I ( L --/LI

0 " "EIL AM DAVIDSO 4
X U P M, M HUMBER

-6 0 SHEM Y MI BROADFOOT

9190 EOLLAUD AWD MAIER

Cox

FELARE0 MUD 1IOSE[AE

!! r--- -. i i- -

/ x

//X /. --a'- -

.I3 xx12

0 2 4 6 8 10
v'I A 2IHu

Fig- 2 The ratio of the inverse of measured natural lifetimes to the quantity
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and Broadfoot10b have been reduced by a factor of two before plotting.
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4-6

In the analysis of the new lifetime measurements, the data were

divided into two groups. The first group, called Case I, was taken to be the
lifetimes for levels v' ý= 1-8 determined by Peterson and Moseley. The life-

times for levels v' = 2-5 determined by Holland and Maier4 are so close to the

values assumed in Case I, that their usage in Case I made no substantial differ-
28.-

ence in the results obtained for the parameters The second group, called

Case II, was formed from Case I by adding the lifetime for v' = 10 reported by

Maier and Holland. 5 Cases I 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

concluded to be superior to the quadratic form for both cases on the basis

of a combined statistical and physical argument. The statistical basis is

that both the chi-square and the "F" test 29 indicate that the linear depend-

ence is better than the quadratic. That is, the chi-square value was smallest

for the linear form, and the "F" test indicates that termination of the expan-

sion [Eq. (13)] at the linear term has a probability of about 65% of being

correct. The physical reason is based on the fact that both the X 2 • +g

and A 217 states dissociate into the same atomic states and therefore
u

the transition moment must vanish at sufficiently large internuclear distance.

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 bettei representa-

tion of the true moment over this internuclear range.

-16-
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The parameters determined for the linear transition moment for both

Case I and Case II are given in Table I along with their standard deviation

uncertainties. These parameters 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)1.

Table I

Optimum Parameters in Eq (13) Determined From Case I and I Data

a (Debye)t a. (Debye A
0 1

Case I [v' 1-8 (Ref. 6)] 2.412 * .0417 - 0.9912 .0383

Case II [v' 1 1-8 (Ref. 6), 2.675 + .0365 - 1.231 -. 0336

V1 z 10 (Ref. 5)]

tI Debye = 10- cgsesu

The transition moment for Cases I and II is shown in Fig. 3 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 parameters (Table I). The uncertainty range in the transi-

tion moment for Case II 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 7 using

Harti-ee-Fock wavefunctions. The shape of the theoretical curve is very

similar to that for the present results, but it is a factor of about 2. 4 smaller

-17-
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-PH(EE)I, \
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R (A)0

Fig. 3 Dipole-length ' ransition moment (Dcbye) for the %MIeinel band system

A--

of NZas a function of the internuclear distance (A) - The two paranm-

eter results obtained for the Case I and Case II 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 parameters. The curve labeled PH(E) is the dipole-length result

obtained by Popkie and Henneker 7 from earlier data. The curve

labeled PH(T) is the theoretical dipole-length moment calculated by

Popkie and Henneker 7nusing Hartree-Fock wave functions.
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in magnitgde. The curve labeled PH{(E) is the "experimental"' transiti•n

moment obtained by Pop~ie and Hezmeker 1 by using the relative intensities for

the Meinel system obtained by Stanton and St- John!3 in a laboratory electron

impact excitation experiment, and the preliminary lifetime measurements for

levels v' = 3-5 by Hollstein et al- 1 for absolute normalization.. This transi-

tion moment was limited to R-values less than about I-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 experimental or theoretical determination of the internuclear depend-

ence of the transition moment.

If the transition moment depends 1; nearly on R, then the band strength

can be written, without apprr,:dmation, in terms of the Franck-Condon factor

times a function of the r-centroid only. That is, Eq. (14) can, in this case,

be rewritten as
n~v" R 1212

SnvI" =<v Iv,,>2 [a+ <v'lRiv"> -q2VVUR" e (rvv}) " (23)
nov <v 1v" >

The quantity R2 is somefimnes called the electronic band strength although
el

that term is misleading since any dependence of R2 on the r-centroid repre-el o h -etodrpe

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

7
the work done by Popkie and Henneker, the previous analyses of experimental

Meinel band intensity data have all utilized the r-centroid approximation, so

the present results need to be written in that form [Eq. (Z3)] for purposes of

comparison. Figure 4 compares the present results for as a function ofee,

the r-centroid, with the previous determinations. The heavy solid lines repre-
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Fig. 4. The "electronlc" portion of the band strength, Rz el in Debje, as a

function op the.r-centroid (A)o Tne solid curves are the two Parameter

results for the'Case I and Case II data sets and the shaded region is

the uncertai•ty due to one standard deviation Incerlainties in the

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

9a 9b 10a
Nicholls, Fedorova, Koppe et aL. and Shemanský and Broad-

foot lb. The short vertical lines at the bottom of the figure are the

minimum and maximum -,alues in the range of the r-centroid for fixed

v'. See text for discussion oi these results.
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rhesut and bry do=e ws. r relative inzenies ofE te Meme! bendS

excited by electron impact in ae laboratory. e Thi riresult h15& rac it so ces-

sar l to edormnaize presir reslts to the ,ifef does w he R oaed by O'Ninl ah6

1el

Davidson 1 for !ewrels w" = 0-2 rarher uathe t~nore recent Ebeazexen-

-resaltCs off HOflSeim et at- 1 2 EM Order to insre u~tha- eir excimdo= cross Section

for IN-- Wiinel barnd system did xxgx exceed &be to-Al electron-imtpact iocization

cross section for ". MTeir R then clearlyrpesns2 urlittt

Eke true waluie. Hawewer, fit also d-e=.onstrates an incorrtect. depemdence

on the r-ceteroidni 'Mat is. R eincreaseswiwh increasinger r-cerroid aile
el

the eresent resultss decrease as te shup!d accordicl ws the phbsica

argumient stated above. 1"he curvtc.s labeled N~ and F are resc~its ob~ained from

the analysis of auroral relativ~e intensities by Milol aand Fedorova, 0

respectively, and -have been nonrmalized to the present retiult at thie r-cenaroad

corresponding to the (2, 0) jand. The curve labeled 1(KGF is &.e laboratory

result obtained by Koppe eta!. 16 rom relative intensities of the Meinel bands

excited by electronL irrpact in the laboratory- This result has also been

normalized to the present result at the (2, 0) band. The R2Obtained in these

three determinations all increase with increasing r-centroid rather than

decrease as in the present results. The shcrt veytical lines at the bottom of

'Fig. 4 represent the minimum (at the left) and maximum (at the right) values
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the transition moment from the Case I data differ only very slightly from those

tabulated here.
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